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Preface

One of the looming challenges in organizing
an international conference on permafrost is
determining the timetable. What should be the
deadline for abstract and paper submittals? Early
in the process we agreed that we wanted the
proceedings published before the conference,
and this challenge has become more taxing as the
size of the conference has increased. We made a
concerted effort to compress the timetable so that
papers published in the proceedings were to be
submitted only eight and one-half months before
the conference. Still, there are those who want to
report on their latest research at the permafrost
conference. In the recent past, the International
Permafrost Association (IPA) introduced the
concept of extended abstracts (two pages in
this case) that were published in a separate
document. The idea was that the collection would
represent the latest in permafrost research. It is
clear that some researchers, finding the English

language challenging, opted instead to submit the
shorter extended abstract in lieu of the six-page
manuscript. We have one hundred eighty-four
extended abstracts that will be presented at the
Ninth International Conference on Permafrost;
this can be compared with the three hundred fifty-
eight papers published in the proceedings. As in
the past, the extended abstracts were not reviewed,
and except for some minor changes (formatting,
deletion of an abstract in the extended abstract,
etc.), they are published as they were submitted.
As with the proceedings and abstract volumes,
we appreciate all the assistance we received from
Thomas Alton and Fran Pedersen in producing
this volume. We hope that you find these extended
abstracts and accompanying poster presentations
informative.

— Douglas L. Kane and Kenneth M. Hinkel
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Introduction

The deep geological disposal of high-level and long-lived
nuclear waste requires a comprehensive understanding of
the possible impacts of long-term future climate change on
a repository environment and the surrounding rock mass.
Despite the general scientific consensus that global warming
is underway due to anthropogenic greenhouse gas emissions,
future glaciation scenarios have to be taken into account
and included in the long-term safety analyses of disposal
systems, especially in Fennoscandian countries, Britain, and
Canada.

The Lupin gold mine, situated in the territory of Nunavut,
Canada, is located in a subarctic tundra environment,
where continuous permafrost reaches depths of 400-600
m. The bedrock of the Lupin area consists of Archean
metasedimentary crystalline rocks, which are considered
to be good analogues for host rocks at potential repository
sites in the Fennoscandian Shield. Consequently, several
nuclear waste management organizations, together with
the Geological Survey of Finland and the University of
Waterloo, started a joint venture to study the hydrogeological
and hydrogeochemical conditions below and within the
permafrost at the Lupin mine (Ruskeeniemi et al. 2003).

Several important uncertainties relating to the potential
effects of permafrost on the safety of nuclear waste disposal
were identified as follows:

*  Depth range and rate of formation of permafrost in
crystalline rock and the controlling factors.

*  Hydrogeological conditions in frozen rock, the
importance of taliks as possible flow paths and the
freezing of water in major fracture zones.

*  Hydrogeochemical effects of permafrost, formation
of saline segregations (cryopegs) in and/or below the
frozen rock mass.

e Methane hydrates, the abundance and formation of
methane in crystalline rock and the nature of any
accumulations below the permafrost.

Research Activities

The research project at the Lupin mine was conducted
in three phases. During the first phase, background data on
geology and hydrology were compiled, potential fracture
zones were identified by a seismic refraction study, and
underground waters were sampled (Ruskeeniemi et al.
2002). Phase II activities included an electromagnetic survey
(SAMPO), drilling of two research boreholes from inside
the mine upwards through the bottom of the permafrost,
water and gas sampling, crush and leach studies of the
rock material, and freezing experiments of water samples
(Ruskeeniemi et al. 2004, Frape et al. 2004).

Phase III (Stotler et al. 2008) focused on the collection
of representative data concerning the chemistry and isotopic
composition of waters and dissolved components from
packed-off boreholes, the long-term monitoring of hydraulic
heads in the boreholes, mineralogical studies of fractured
rock, and a ground penetrating radar survey.

Hydrogeological Conditions

In the mine, the bedrock below the permafrost down to
about 900 m appeared distinctly dry, as observed along the
ramp roadway. Mine statistics indicate pumping rates of
about 6 m*h (in 2003), of which a major proportion was
identified to be fresh water supplied for various purposes in
the mining process. Most of the water-producing boreholes
situated at the level 1130 m were plugged. At higher levels
the seepage of groundwater through frozen bedrock does not
appear to take place at all. Measured effective porosities of
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the Lupin rocks were less than 0.5%, which indicates that
only major fracture systems are likely to serve as significant
hydraulic conductors.

Lupin mine is situated near the large freshwater Lake
Contwoyto, which—based on its size and elongated form—
could potentially maintain a water-conducting talik beneath
the surface. A ground penetrating radar study confirmed that
there is only a narrow band of frozen ground along the shore
of the lake.

Boreholes, most of them situated in the exploration drift
at the 1130 m level were packered off with mechanical
packers and equipped with valves for water and gas
sampling and pressure gauges for monitoring of hydraulic
heads. Hydraulic heads were monitored in 9 boreholes for 2
to 3 years, and the highest hydraulic head values measured
in 2 of the boreholes correspond to the expected pressures
arising from a hydrostatic column of water with its top at
the base of the permafrost. Thus, there does not seem to be
a clear hydraulic connection between the boreholes and the
nearby lake through any non-frozen fracture zone. Lack of
uniform hydraulic conductivity of the deep bedrock was also
demonstrated by the large differences in hydraulic heads (up
to 160 m,, ) between monitored boreholes. On the other
hand, traces of tritium in the deep saline waters indicate that
a small portion of recent surficial water may be recharging
to depth.

Drilling through the base of the permafrost indicated that
the bedrock was not water-saturated, but a dry zone exists
below the permafrost. A cone of depression generated by the
mine drainage, together with the very limited recharge of
surficial water, is the most likely explanation. However, it is
also possible that given the limited potential for recharge, the
piezometric surface below the permafrost may fall regionally
over the very long time periods involved.

Hydrogeochemical Conditions and Gases

Permafrost waters sampled along the ramp down to the
base of permafrost were typically very saline (TDS up to
about 40 g/L). Geochemical and isotope studies indicate
the contribution of drilling brine used for drilling in cold
conditions, but the introduced salt has mixed with a natural
salt source and subsequently been altered by the freezing
process. Permafrost waters contained a high concentration
of sulfate, which could not originate either from the salt used
in drilling or from surficial fresh water, but rather indicates
oxidation of the sulfide ore body.

The possible formation of saline water by segregation at the
base of the permafrost was studied by drilling two boreholes
at 570 m depth. With time, groundwater contamination by
drilling water (labeled with a tracer) and other mine-induced
contamination (e.g., nitrate) fade out, and representative
water samples seeping from the bedrock were obtained in
the upwards-directed borehole. The salinity of the basal
permafrost water (TDS 3—5 g/L) was observed to be lower
than in waters within the frozen bedrock. No distinct basal
cryopeg was observed below the permafrost. Based on
molar ratios and isotopic compositions, it is evident that

the groundwater at the base of the permafrost is similar to
deeper sub-permafrost waters, but more dilute.

Deep sub-permafrost waters sampled in one borehole at a
depth of 890 m, and in several boreholes of the exploration
drift at 1130 m were typically saline (TDS up to about 40
g/L). Interestingly, the salinity of the waters varied not only
between different boreholes, but also in the same borehole
at different times. Hydraulic connections between fractures
are evidently very limited, and the water composition varies
between different fracture systems.

Waters contain dissolved gases, mainly methane, in
abundance (up to about 0.5L gas/L of water). Isotope
compositions of methane samples plot within a relatively
narrow range: 0D = -330 — -350%o, 6C-13 = -45 — -50%o.
Isotope geochemical interpretation of the data suggests a
thermogenic origin for the methane, but the contribution of
bacterial methyl type fermentation cannot be ruled out. A
carbon-14 model age of dissolved bicarbonate in deep sub-
permafrost water was interpreted to be about 25 ky, while
C-14 in methane was below the detection limit. Continuous
monitoring of redox potential in a flow-through cell over
several days indicated Eh-values around zero and dissolved
oxygen concentrations were below detection limit (0.1 mg/L)
in all measurements.

References

Frape, S.K., Stotler, R.L., Ruskeeniemi, T., Ahonen, L.,
Paananen, M. & Hobbs, M.Y. 2004. Hydrogeo-
Chemistry of Groundwaters at and Below the Base of
the Permafrost at Lupin: Report of Phase II. Ontario
Power Generation. Report 06819-REP-01300-10047-
RO00. Toronto: Ontario Power Generation. 74 pp.

Ruskeeniemi, T., Paananen, M., Ahonen, L., Kaija, J.,
Kuivaméki, A., Frape, S., Morén, L. & Degnan,
P. 2002. Permafrost at Lupin: Report of phase I.
Geological Survey of Finland Report YST-112.

Ruskeeniemi, T., Ahonen, L., Paananen, M., Blomquvist,
R., Degnan, P., Frape, S. K., Jensen, M., Lehto,
K., Wikstrdm, L., Morén, L., Puigdomenech, I.
& Snellman, M. 2003. Groundwater under deep
permafrost conditions. In: S8th  International
Conference on Permafrost, Zurich, Switzerland, July
20-25, 2003. Extended abstracts reporting current
reserch and new information. Zurich: University of
Zurich, 141-142.

Ruskeeniemi, T., Ahonen, L., Paananen, M., Frape, S., Stotler,
R., Hobbs, M., Kaija, J., Degnan, P., Blomgvist, R.,
Jensen, M., Lehto, K., Morén, L., Puigdomenech, I.
& Snellman, M. 2004. Permafrost at Lupin: Report of
phase II. Geological Survey of Finland, Report YST-
119.

Stotler, R.L., Frape, S.K., Ruskeeniemi, T., Ahonen, L.,
Paananen, M., Hobbs, M.Y. & Zhang, M. 2008.
Hydrogeochemistry of Groundwaters at and Below
the Base of the Permafrost at Lupin: Report of Phase
I11. Ontario Power Generation Report (in print).



Effect of Fire on Pond Dynamics in Regions of Discontinuous Permafrost: A State of
Change Following the Fires of 2004 and 2005?

Garrett Altmann
School of Natural Resources and Agricultural Sciences, University of Alaska Fairbanks

Dave Verbyla
School of Natural Resources and Agricultural Sciences, University of Alaska Fairbanks

Kenji Yoshikawa
Water and Environmental Research Center, Institute of Northern Engineering, University of Alaska Fairbanks

John Fox
School of Natural Resources and Agricultural Sciences, University of Alaska Fairbanks

Introduction

Climate change at high Iatitudes affects both the
disturbance and hydrologic regimes of boreal forests.
Throughout Interior Alaska, wildfire is the dominant
disturbance regime regulating boreal forests associated
with discontinuous permafrost. In recent years, fire activity
has signaled a potential shift in this disturbance regime, as
significant increases in total burned area and burn severity
have occurred. The effects of a potential regime shift may
have profound impacts on the permafrost and hydrologic
features associated with it.

Previous studies have examined the effects of fire on
permafrost and have attributed a deepening of the active
layer, as well as increased soil moisture resulting from the
removal of insulating vegetation during fire (Yoshikawa et
al. 2002, Liljedahl et al. 2007, Burn 1998). Ishikawa et al.
(2008) has further implicated fire severity as a significant
source of variability among these effects. To examine the
relationship between fire, burn severity, and pond dynamics,
this study uses remote sensing and GIS to compare ponds
affected by fire, to ponds not affected by fire.

Data and Methods

We use remote sensing and geographic information
systems (GIS) to examine the effect of fire on pond sizes
throughout four Interior Alaska basins: Tanana Valley, Yukon
Flats, Innoko Flats, and Minchumina Basin (Fig. 1). Using
Landsat TM/ETM+ imagery and historic fire parameters
attained from the Alaska Fire Service, a multi-temporal
analysis from 1980 to present is used to observe surface area
changes in ponds following fires. To observe pond dynamics
in fire-affected areas, historic burn parameters are overlaid
on pre-fire and post-fire georeferenced Landsat scenes. All
GIS layers are analyzed using the Alaska Alber’s Equal Area
projection to provide accurate representations of surface
area. Pond dynamics within burn areas are then compared to
ponds outside burn parameters. Ponds displaying variability
are tagged and compared at varying time periods. To evaluate
the influence of fire severity, we examine thermal IR (band
6) data within the burn area from imagery attained one year
post-burn. As a test of our methodology, a pilot study was
applied to the Yukon Flats portion of our study area. Despite

YUKON FLATS

INNOKO FLATS

TANANA VALLEY

P Study Regions
a Es Layout: Garrett Altmann <figla@uaf edu>
& Source: httpi/agc.usgs.govidataldatasets.htmi

Figure 1. Study area locations.

the inability to assess pond depth from a remote sensing
perspective, we feel confident our methodology will allow us
to observe pond dynamics in relation to fire in the remaining
study areas.

Results

Initial results reveal a static state of pond sizes following
fires prior to 2004. During the larger, more severe fires
occurring in 2004 and 2005, ponds located in burn areas
show greater variability in surface area than ponds located
outside the burn area. Increased shrinkage was observed
within burn areas during the years immediately following
the fire. Short-term observations (1-3 years) in burn areas
prior to 2004 do not reveal this effect. Periods 5-15 years
following a fire show little/no variability in surface area,
and fluctuations tend to be dominated by the regional water
table. Long-term (15-25 years) reveal similar trends to those
experienced during short-term observations associated with
high fire severity.

Discussion

In our initial hypothesis, we expected pond sizes within
burn parameters to increase as a result of the removal of
a transpiring vegetation layer. Contrary to this hypothesis,
we observe a decrease in surface area of ponds in areas
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of high burn severity. This is attributed to either the loss
and/or depletion of the insolating vegetation that provided
protection from incoming solar radiation and prevented
evaporation, or to an increase in the active layer thickness
which results in more lateral and vertical drainage, and/
or thermokarsting. The period 5-15 years following a fire
showing little variability in surface area are likely attributed
to seasonal refreezing of the active layer. Refreezing of the
active layer prevents drainage and talik expansion, thus
stabilizing ponds and minimizing changes attributed to fire
disturbance. The mechanisms responsible for shrinking
during long-term (15-25 years) periods is attributed to a
more developed deciduous vegetation community with
higher evapotranspiration (ET) flux and reduced levels of
moisture availability.

Results from our pilot study in the Yukon Flats reveal
evidence that our methodology is capable of attaining
desired observations. Even though parameters such as lake
depth and permafrost abundance are not quantifiable using
this method, we are confident that examining our other study
regions will allow us to anticipate changes as a result of fire.
Further analysis will include remaining study areas, and
results will be presented during the NICOP.
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Cryological Status of Russian Soils: Cartographic Assessment
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Soil maps contain valuable information on the cryological
conditions encoded in the names of soils and in knowledge
of soil morphogenetic properties. In the new Russian soil
classification system (Shishov et al. 2004), the presence and
character of permafrost are not taken into account (except
for an order of the cryoturbated nongley soils, Cryozems).
A separate classification of soil cryological regimes is
suggested (Sokolov et al. 2006). The following criteria are
taken into account.

(I) The presence/absence of permafrost and seasonal
freeze-thaw processes: (1) seasonally thawing soils (the
depth of winter freezing exceeds the depth of summer
thawing, the freezing layer merges with the permafrost
table), (2) seasonally freezing soils (permafrost is absent or
is below the depth of winter freezing), and (3) nonfreezing
soils (cryogenic processes are absent).

(IT) Duration of the thawed (group 1)/frozen (group 2)
state of soils in the root zone (months): long-term (> 5),
medium-term (3-5), short-term (1-3), and very short-term
(< 1). The stability of soil freezing-thawing patterns in
interannual cycles (stable, unstable, episodic) is considered
as an additional criterion.

(IIT) The ice content in the transient layer of permafrost
(group 1) or in the seasonally frozen soil layer (group 2):
ice-rich (ice schlieren > 2 mm, the ice volume exceeds
soil porosity in the thawed state); medium-ice (fine ice
segregations, ice volume is approximately equal to soil
porosity); low-ice (separate ice crystals; ice volume is less
than soil porosity); and dry frost (no visible ice crystals; soil
moisture after thawing is about maximum hygroscopy). For
group 2, the ice content in the frozen state can be judged
from the soil morphology and from the soil water content
before freezing.

(IV) Depth of permafrost table (active layer thickness,
seasonal thawing depth, cm) (group 1)/depth of seasonal
freezing (group 2): superficial (< 25), shallow (25-50),
medium (50—100), medium deep (100-150), deep (150-250),
and extremely deep (> 250). The criterion of stability of the
thawing/freezing depth may also be introduced (see II).

(V) The dynamics of phase transitions of soil water
(freezing-thawing): Arctic type (in summer), Boreal type (in
spring-early summer and in the late summer-fall), and Sub-
boreal type (in winter). Additionally, the frequency of phase
transitions in the root zone is to be taken into account.

A schematic pedocryological map of the FSU developed
by us on a scale of 1:35 M (Fig. 1) contains information
on the depth of soil seasonal thawing/freezing, mean annual
temperature at the depth of zero seasonal temperature
fluctuations, soil temperature characteristics at the depth
of 20 cm, duration of the frozen state of soils, merging of
permafrost table with the layer of seasonal freezing, the one-
sided (from the top) or two-sided (from the top and from

the bottom) character of soil freezing, etc. It is considered a
part of the integral system of soil maps for the FSU (Ananko
et al. 1998) developed for the cartographic assessment of
the proper pedogenic, lithogenic, and regime (water and
temperature) soil characteristics. The initial soil information
was obtained from the Soil Map of the Russian Federation
(1:2.5 M; 1988) and from the State Soil Map (1:1 M). In
the presented variant, soil polygons are renamed according
to the WRB system (2006) with due account for the earlier
elaborated correlation tables (Goryachkin et al. 2002).
Estimates of soil cryological characteristics are based on
the Geocryology of the USSR (1988—1989), the monographs
by Dimo (1972) and Romanovskii (1993), and numerous
regional works. A fragment of the database to the map is
shown in the table below; soil cryological characteristics for
the polygons along meridian 120°E are included in it. The
estimates are given for predominant soils. The real spatial
and temporal variability of the cryological parameters within
the polygons is much greater.

Information about cryogenic soil processes (cracking,
ice-wedging, heaving, cryoturbation, dehydration, ice
segregation, migration of solutes to freezing fronts, etc.) is
included in a separate database. Their character and intensity
depend on many factors—soil texture, water content, and
freezing intensity being the most important.

Mean annual data reflected on the map were obtained from
1950-1980. Since the 1990s, a tendency for some warming
of the climate (due to extremely warm winters or extremely
warm summers) has been registered in many regions. Climate
change results in a certain alteration of the soil cryological
conditions (though its range is much less than the range of
changes induced by anthropogenic impacts on soils and
vegetation). Seasonally freezing soils beyond the permafrost
zone become nonfreezing soils, and this phenomenon can be
traced not only in the southern parts of European Russia but
also in its northern regions (Mazhitova 2008).

In sharply continental regions with a shallow ice-rich and
low-temperature permafrost, the buffer role of the latter in
regulation of the soil temperature increases. At the same
time, the upper layers of permafrost, being involved in
seasonal freeze-thaw cycles, are subjected to degradation,
which in enhanced by the development of thermokarst and
thermal erosion in the case of ice-rich permafrost. A negative
feedback in this system may occur due to the more active
development of moss layers on the surface of waterlogged
soils and a gradual increase in insulation properties of the
moss and peat in the summer. In the areas of discontinuous
permafrost, soils with a deep active layer merging with the
permafrost table may lose their contact with permafrost. In
general, the cryological response of soils to climate changes
is as diverse and complicated as the diversity of different
combinations of cryological parameters in the soil profiles.



NINTH INTERNATIONAL CONFERENCE ON PERMAFROST

| “~Chukchi

‘ 120 ) Sé%\

"\ East Siberian Se T~
| /|

Laptev Sea

[« Fee e [2]

Figure 1. Cryological status of Russian soils. Thawing depths for permafrost-affected soils, cm: (1) < 50, (2) 50-100, (3) 100-150, (4)
150-200, (5) > 200; (6) boundaries of the zones of (1) seasonally thawing, (1 + 2) seasonally thawing and seasonally freezing, (3) seasonally
freezing, and (4) nonfreezing soils; (7) soil polygon no. in the database; (8) pedocryological zones.

Note: Soil names are given according to the WRB (2006) codes. Soil texture (for predominant soil): S, sand; LS, loamy sand; L, loam; CL,
clay loam; LC, loamy clay; Gr, gravelly; St, stony (bouldery). *Soil water content at the moment of freezing in the upper/lower parts of the
profile: CR, capillary rupture; FC, field capacity; TC, total capacity; WP, wilting point. **FR, freezing regime: slow () or fast (]) freezing
from the top and slow (1) or fast () freezing both from the top and from the bottom.

Table 1. Cryological parameters of soils along transect 120°E.

Poly- Dominant soils Temp. at the Annual Water Thawing  Freezing Frozen
on (WRB) Texture depth of T ,°C status* FR= depth, m  depth, m state,
¢ Ty = 0, °C ampl P, pth, months
13 CRoa,tu; CR LS(Gr, St) <-10 13-24 FC/TC £l 0.5-1.0 — 9-11
12 CRgl,tu; CRtu; L -5to-10 11-21 FC/TC ) <0.5(1.0) — 9-11
31 CRoa,tu; CL -5to0 -10/ -1 to-3 13-21 FC-TC 17 0.5-1.0 — 9-11
32 HI; GLhi Peat -5to-10 13-17 TC 1K) <0.5 — 9-11
67 CRca; CMca,ge CL -1to-3 >24 FC-CR/TC 0.5-1.0 — 9-11
68 CMlv,ge; CMca,ge CL -1to-3 >24 FC-CR/FC 0.5-1.0 — 9-11
66 CMeu,ge; CMdy,ge CL, SL -2t0-5 21->24  CR-FC/FC 1.0-2.0 — 9-11
71 CMca; LPrz CL,SL(Gr) +2to -2 13-24 FC/FC 1.5-2.5 1.5-2.5 7-9
73 PZet; ARab; CRet,sd  LS(Gr, St) -1to-3 11-21 FC/<FC 1l 2.5-3.5 2.5-3.5 7-9
90 CMdy LS (Gr, St) +2t0 -2 2124 <FC/<FC 1 — >3.0 4-7
88 PZha; PZet LS (Gr, St) +2to -2 21-24 <FC/<FC l — >3.0 >8
89 PHha; CH; PHab; KS CL, LS +2to -2 17-24 FC-CR/FC l — >3.0 5-8
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Introduction

Now methane hydrate is spotlighted as a next-generation
energy resource to replace oil and natural gas. It is estimated
that the methane hydrate deposits around Japan, a nation
otherwise poor in energy resources, would be enough to
last over 100 years, based on present levels of natural gas
consumption (Matsumoto 1997, Sato 2001).

Many echo sounders have been effectively used for
fisheries and surveys (McLennan & Simmons 1992). Echo
sounders are classified into three types: depth measurement,
including the detection of the sediments under sea floor;
fisheries echo sounders; and quantitative echo sounders
(Urick 1967). Figure 1 shows an echogram of a depth
sounder. The horizontal line on the center part of this figure
shows a sea floor. This echogram looks like no acoustic
data under the water. On the other hand, Figure 2 shows an
echogram of a fisheries echo sounder. This “candle-flame”
phenomenon is likely due to density differences originated
either by gas bubbles, abrupt water temperature anomalies,
or the nucleation of gas hydrate crystals in the water column.
Accordingly, we used a quantitative echo sounder on
acoustical surveys of methane hydrate.

Figure 1. An echogram of a display of a depth sounder. It showed
only a sea floor line.

mo)

e

Figure 2. An echogram of a display of a fish echo sounder. It showed
a sea floor line and a water column.

Echo sounder s principle

Acoustical observations were made using the quantitative
echo sounder. The basic components of its hardware function
are to transmit sound, receive, filter and amplify, record, and
analyze the echoes. Fisheries hydro-acoustics uses sonar to
detect fish.

Experimental Method

Figure 3 shows a schematic diagram of the quantitative
echo sounder. As the sound pulse travels through water,
it encounters objects that are of different density than the
surrounding medium, such as fish that reflect sound back
toward the sound source (Jitsuyoshi et al. 1990, Aoyama &
Hamada 1997).

To change the ejection amount of methane hydrate bubbles,
at the methane hydrate seep point, bubbles were captured
with the funnel, whose volume is about 2000 ml (Aoyama et
al. 2007), and the MT bottom sampler (inner diameter, 110
mm; length, 285 mm), fixed at the two manipulators of the
vehicle that is called Hyper Dolphin (Fig. 3). With bubbles
in the funnel and the MT bottom sampler, Hyper Dolphin
was moved to 750 m depth underneath Natsushima, and then
the funnel was turned upside down to release the methane
hydrate bubbles from it. The MT bottom sampler was turned
upside down to release the methane hydrate bubbles (second
ejection). The upwelling of methane hydrate bubbles were
observed with the quantitative echo sounder (transducer
frequency, 38 kHz) to obtain acoustic data.

Quantitative Echo Sounder

cTr Pdethane Hydrate

Figure 3. Schematic diagram of the method of the calibration.
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Next, to change the depth for bubble release, bubbles
were captured with the MT bottom sampler at the methane
hydrate bubbles seep point, and Hyper Dolphin was moved
to 400 m depth underneath Natsushima; then the methane
hydrate bubbles were released. The upwelling of methane
hydrate bubbles were observed with the quantitative echo
sounder (transducer frequency, 38 kHz and 120 kHz) to
obtain acoustic data.

Results

Figure 4 shows the echogram of the calibration experiment.
The vertical axis represents depth. The grid lines were
added at 250 m intervals. The seabed is at 930 m depth. The
horizontal axis represents time; the right region shows the
later state. The grid lines were added at 4-min intervals. The
trapezoidal line that is in the center-left region of the figure
represents the cruise line of Hyper Dolphin. It is obvious
that Hyper Dolphin moved again from 750 m depth to 930
m depth. The two diagonal bands in the center region of
the figure represent the reflection from released methane
hydrates. These two “bands” are parallel, and so it can be
understood that the bubbles ascend on the straight toward
the ship at constant speed, without depending on the amount
of methane hydrates. The left one shows the image of the
reflection from the methane hydrates released from the
funnel (whose volume is about 1000 ml). The right region
shows the reflection from the methane hydrates ejected from
the MT bottom sampler (whose volume is about 500 ml).
This indicates that as the bubbles ascend, they diffuse while
weakening its reflection.

With this, it is possible to study the previously obtained
acoustic data of the methane hydrate plume in the past three
years, and grasp the approximate state of the real methane
hydrate plume.

In addition, the data is obtained with two kinds of
transducers of 38 kHz and 120 kHz, concurrently, and then
frequency characteristics are calculated.

Figure 4. An echogram of the quantitative echo sounder
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Introduction

Surface geophysical methods can be used to accurately
and rapidly map permafrost extent over limited areas and to
measure changes in permafrost extent and thickness through
time. We investigated discontinuous permafrost sites near
Fairbanks, Alaska, using electrical resistivity tomography
(ERT), ground-penetrating radar (GPR), and electromagnetic
induction (EMI). Discontinuous permafrost in this region
is present to depths as great as 60 m, and the active layer
ranges from <I to 3 m.

Between2004and2007,threesitescontainingdiscontinuous
permafrost were investigated: Fort Wainwright at the base
of Birch Hill, Eielson Air Force Base near Mullins Pit, and
the CRREL Permafrost Research Site at Farmers Loop Road
(Fig. 1). The objectives were to determine permafrost extent
and to test the ERT technique compared to more traditional
techniques including GPR, EMI (using an EM-31), soil
probe, and borehole data.

All three study locations contain relatively flat topography.
TheBirch Hilland Eielsonsites are located on alluvial outwash
sands and gravels that contain abandoned river channels.
The Farmers Loop Research Site contains approximately 20
m of loess overlying gravels (Linell 1973a). Bedrock at all
of these sites is below the depth of investigation. All three
sites contain a combination of undisturbed areas and cleared
areas.

Methods

Electrical resistivity has been used to define alpine
permafrost (Hauck et al. 2003, Hauck & Kneisel 2006),
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Figure 1. Study site locations near Fairbanks, Alaska.

and northern latitude permafrost (Osterkamp et al. 1980,
Gilmore et al. 1995, Fortier et al. 1993). At temperatures
less than 0°C, resistivity increases exponentially as ground
temperature decreases, making it possible to interpret frozen
boundaries. Generally, apparent resistivity values above
2000 Q-m are considered permafrost in alluvial gravels in
this region (Astley & Snyder 2005); however permafrost
near 0°C in low-moisture silt can have significantly lower
values, and apparent resistivity of clean, frozen alluvial
gravels has been measured as high as 18,000 Q-m.

ERT data were collected with an AGI Supersting R8/IP
multi-channel switch resistivity meter and passive cables
using Wenner and Dipole-Dipole arrays. Resistivity data were
processed using Res2dinv (by Geomoto), a 2-dimensional
resistivity inversion program. The inversion process uses
forward modeling to produce a best-fit model to the apparent
resistivity data (Loke & Barker 1996).

GPR has previously been used to characterize permafrost
(Arcone et al. 1998, Lawson et al. 1998, Hinkel et al. 2001).
GPR data were collected using GSSI 100- and 400-MHz
antennas at the Mullins Pit Site and 50-MHz antennas at
the Birch Hill Site. GPR was not attempted at the Farmers
Loop Site due to expected signal attenuation in the thick silt
there.

EMI methods have been used to map near-surface (<6m)
permafrost for decades (Hoekstra & McNeill 1973, Arcone
et al. 1979). The advantage to the EM-31 is a relatively fast
survey speed compared to other methods. EM-31 data were
only collected at the Birch Hill site.

Results

Birch Hill, Fort Wainwright

At the Birch Hill site, a disturbed area appears thawed
to depths of 4-19 m. Adjacent, undisturbed areas contain
permafrost within 1 m of the surface greater than 30 m thick
according to ERT models. We compared the ERT models to
EM-31 results and found high correlation for near-surface
(<1.5 m) frozen ground. GPR (50-MHz) detected the top of
permafrost consistently, but bottom of permafrost was only
detected in a few profile segments at depths of 15 to 20 m.

Mullins Pit, Eielson Air Force Base

At the Mullins Pit site, we combined ERT with GPR
and frost probing. The 400-MHz GPR detected the active
layer depth and thaw zones and the 100-MHz detected thaw
zones and the bottom of permafrost. A power line clearing
that bisects the study area was found to be significantly
thawed, with sporadic permafrost based on the ERT and
GPR results.
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Table 1. Depth to top and bottom of permafrost at three study
locations near Fairbanks, Alaska based on ERT, GPR, EMI, soil
probing, and borehole data.

Site Top (m) Bottom (m)
Birch Hill

Undisturbed <1 17->30

Cleared 4-9 20-28 or NE
Mullins Pit

Undisturbed <1 18-22

Cleared 5-10 or NE 10-17 or NE
Farmers Loop Sections

A. Undisturbed <1

B. Trees removed <1-7

C. Cleared 10

NE = not encountered

Farmers Loop research site

ERT data were collected from two research plots that were
created in 1946 by the U.S. Army Corps of Engineers to study
the effects of vegetation cover and climate variability on
permafrost (Linell 1973b). Section C (cleared plot) appeared
thawed to 10 m, while Section B (trees were removed but not
the moss layer) had varying depths of 1 to 7 m to permafrost
(Table 1). The top of permafrost was detected within Section
A (undisturbed) by probing.

Conclusion

Permafrost has thawed to depths as great as 9 m or more
at Birch Hill, 10 m or more at Mullins Pit, and 10 m at the
Farmers Loops site, where land was cleared and graded
over 50 years ago and has remained clear of trees since that
time.

The ERT technique was the most accurate compared to
boreholes in arecas where the permafrost boundaries were
continuous and horizontal. Areas with sporadic permafrost
containing thin (<1 m thick) frozen layers were not always
apparent in the ERT model results. The dipole-dipole
inversions were the most accurate for detecting shallow
permafrost, while the Wenner inversions were most useful
for deep permafrost. GPR interpretations of the top of
permafrost matched the ERT data to within 0.5 m; however,
the interpretations of the bottom of permafrost depth varied
between the two methods. ERT data correlated with EMI
data for detecting permafrost within 1 m of the surface. Soil
probing and EMI are efficient methods for determining the
presence of shallow permafrost (<1 m), while ERT and GPR
are more useful for detecting deeper permafrost boundaries.
For permafrost delineation, the capabilities and limitations
of each geophysical technique should be considered in order
to select the best methods for a particular location.
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Introduction

The thermal and distributional state of permafrost in
alpine environments is widely discussed in recent times due
to hazardous geomorphic events threatening infrastructure,
tourism, or residents. Subterrain processes in environments
influenced by permafrost degradation might cause severe
problems to alpine infrastructure (e.g., alpine huts, cable-
cars). However, such processes are not fully understood so
far.

The meteorological observatory at the top of the Hoher
Sonnblick (3106 m a.s.l., 47°03'N, 12°57'E, Fig.1) has faced
problems of permafrost degradation since the 1990s, leading
to intense protection activities during the last years. This
observatory has been operating continuously since 1886,
presenting one of the longest records of meteorological data
in the entire alpine arc. Data from this observatory indicate
a rise of the mean annual air temperature (MAAT) by 1.6°C
since 1886 (Auer et al. 2002), which is substantially above
the global average of 0.74°C (IPCC 2007). The summit area
of Hoher Sonnblick is stage of several investigations that
focus on the relationship between recent climate change and
alterations of a mountain permafrost body in a mountain top
detritus environment. One of the most important projects
investigates the thermal state of the uppermost 20 m of the
summit area monitored at three boreholes—each equipped
with 25 temperature sensors—aligned along a south-facing
slope (Fig. 2). These three boreholes are the first permafrost
boreholes installed within Austria and will therefore deliver
important temperature data relevant for the mountain
permafrost distribution of the Eastern Alps. However, no
temperature data are published so far (Staudinger & Schoner
2008, pers. com.).

In order to get more information about the spatial
distribution and temporal changes of the subsurface
temperature conditions within shorter periods at Hoher
Sonnblick, the installation of a permanent geoelectrical
measurement profile is currently carried out. Logistical and
technical information regarding the relevant preparatory
work is presented here.

Methods

Geoelectrical investigations of areas underlain by
permafrost have been carried out at numerous study areas
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Figure 1. Location of the study area Hoher Sonnblick within
Austria, as well as the Austrian part of the European Alps (grey).

in the Alps (e.g., Hauck et al. 2003, Kneisel 2004). Hilbich
et al. (2008) report from repeated electrical resistivity
tomography (ERT) measurements coupled with borehole
temperature data at Schilthorn (Switzerland), thereby
focusing on active layer dynamics. The application of ERT
allows the determination of specific electrical resistivity
within the subsurface structure. This parameter is mainly
dependent on porosity, water saturation, conductivity of pore
fluid and clay content. Minor influence is given by particle
shape and pore geometry.

Two measurements have been carried out manually so
far (August 2006 and March 2007) but are planned to be
remote controlled in the next project stage. So this test stage
verifies the capability of the GEOMON4D for remote-
controlled measurements of geoelectric pseudo-sections.
Several requirements have to be considered: high-resolution
measurements, possibility of snapshots of the underground,
high reliability, and quick availability of data.

Preparatory Work and Outlook

The first ERT measurements, consisting of 16 electrodes
at a spacing of 1 m, were carried out in August 2006 with
a Sting RI (AGI) multi-electrode and the GEOMON4D
system for comparison. Within the second campaign in
March 2007, a permanent profile with 41 electrodes at 0.5 m
spacing and 20 m length was installed near the profile of the
first campaign. Three thousand measurements were carried
out, each sampled for 1000 times. Furthermore, a lightning
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protection system was developed in winter 2007/08 to
consider the special location on this mountain top.

The ERT profiles were measured with different electrode
configurations (Wenner/Schlumberger, Gradient). The results
of the inversion for both periods are shown in Figure 3.

Figure 3 indicates an increase of electrical resistivity
during winter time. In the measurements of March 2007,
high electrical resistivities—representing bedrock or frozen
ground—occur in shallow depths in comparison to the
measurements of August 2006 (from 1.5-2 m). The overlying
structure is characterized by a heterogeneous distribution of
resistivity anomalies, ranging from a few hundred up to some
thousands of Ohmm. This is addressed as the fragmented/
broken rock with some silt fillings, and represents the active
layer in such permafrost regions. Therefore, a change of the
permafrost table can be interpreted of 1.5 m in 2006 and 0.5
m in 2007 (Fig. 3).

The accomplished test measurements for the installation
of a permanent ERT station at the top of Hoher Sonnblick
show that observed changes in resistivity allow a monitoring

Figure 2. Location of the meteorological observatory (1), alpine hut
(2), geoelectric profile (3), and the three boreholes (4). View towards
the north. (Photograph kindly provided by M. Staudinger.)

(I ] [ [ . - -
000 Se0a0 88900

Figure 3. Electrical resistivity tomography (ERT) results from
August 2006 and March 2007.
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of seasonal changes of the thaw and freeze processes in the
active layer. This should lead—in combination with other
monitoring techniques—to a better understanding of the
processes in the mountaintop detritus of Hoher Sonnblick.
After field tests, the permafrost monitoring system will
be installed at Hoher Sonnblick in May 2008. The system
should then operate completely automatically and can be
remote controlled from the Geological Survey of Austria in
Vienna.
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Introduction

A provisional soil map has been prepared for the
Transantarctic Mountain region of Antarctica in three wall-
size (A0) sheets, each at a scale of 1:1,000,000. The maps
contribute to the ANTPAS (Antarctic Permafrost and Soils)
effort to develop a soil map of the Antarctic continent and
pdf files of the maps will be made available on the ANTPAS
website http://erth.waikato.ac.nz/antpas/.

The Transantarctic Mountains extend 3500 km across the
Antarctic continent from 69°S in northern Victoria Land to
87°S in the upper Scott Glacier region. The Transantarctic
Mountain region has an ice-free area of 21,000 km?, which
constitutes 42% of the total ice-free area (49,500 km?) of
Antarctica. The climate ranges from ultraxerous, with
temperatures rarely exceeding 0°C, on the inland margins
of the Transantarctic Mountains, to subxerous, with
temperatures greater than 0°C for several weeks in summer
and liquid water present for short periods, on coastal margins
(Campbell & Claridge 1987). Soil parent materials are
predominantly glacial tills with mixed lithologies, mainly
dominated by sandstones, granites, and dolerites. Altitude
ranges from sea level to peaks of over 2500 m with many
steep valley sides. Topography has a strong influence on
local microclimates. Soil surfaces range from Holocene
to Pliocene in age. Over much of the area the influence of
organisms on soil development is limited to microbial life.
In warmer, moister, coastal sites small areas with extensive
moss coverage occur and penguins have an impact on soil
development, providing guano-rich soils, in small areas of
nesting colonies.

While the general pattern and properties of Antarctic soils
are well known (e.g., Tedrow & Ugolini 1966, Campbell &
Claridge 1987, Bockheim 2002), little attention was paid
to mapping the spatial distribution of Antarctic soils until
recently, when soil maps of the Wright Valley (McLeod
et al. 2008, this proceedings), the McMurdo Dry Valleys
(Bockheim & Mcleod 2008), and the Seabee Hook (Hofstee
et al. 2006) have been published. This paper is a “partner”
to Bockheim et al. (2008, this proceedings), which describes
permafrost maps of the Transantarctic Mountains.

Methods

The soil maps have been compiled from existing
data, including published data and data archived by the
National Snow & Ice Data Center (http://nsidc.org/cgi-bin/
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get metadata.P1?id-ggd221) and New Zealand Landcare
Research (http://www.landcareresearch.co.nz). Scanned and
geo-rectified 1:250,000 topographic maps prepared by the
U.S. Geological Survey (http://usarc.usgs.gov) were joined
in ArcGIS 9.2 and used as a base map. Aerial photograph
and topographic map interpretation were used to extrapolate
to arcas where field data are limited. Because some parts
of the region are more readily accessible, with more data
available than others, a “confidence” rating was applied to
each map unit as described in McLeod et al. (2007). Recent
fieldwork was undertaken by the authors in the Darwin
Glacier, Wright Valley, and Cape Hallet areas to add to
existing data and corroborate our data, topographic map, and
photo, interpretations.

Table 1 Provisional physiographic legend.*

Soils of the subxerous coastal regions
Formed on patterned ground
Typic Haploturbels + Typic Haplorthels
Formed on ice-core drift
Glacic Haploturbels + Glacic Haplorthels
Formed within penguin colonies
Ornithic Haplorthels
Formed on nunataks or rock outcrops
Lithic Haploturbels + Lithic Haplorthels
Formed in areas with patterned ground and rock outcrops
Lithic Haploturbels + Orthic Haploturbels + Lithic
Haplorthels + Typic Haplorthels
Soils of the xerous and ultraxerous inland areas
Formed in areas with dry permafrost to > 70 cm depth and
no patterned ground
Typic Anhyorthels
Formed on patterned ground with dry-permafrost to > 70 cm
depth
Typic Anhyorthels + Typic Anhyturbels
Formed on patterned ground with ice-cement or seasonally
moist soil at < 70 cm depth
Typic Haploturbels + Typic Haplorthels
Formed on patterned ground with ice-cement or seasonally
moist soil at < 70 cm depth and rock outcrops
Typic Haploturbels + Typic Haplorthels + Lithic
Haploturbels + Lithic Haplorthels
Formed on ice cored drift with dry-permafrost to > 70 cm
depth
Glacic Anhyturbels + Glacic Anhyorthels
Formed on nunataks or rock outcrops including areas with
dry permafrost to >70 cm depth
Lithic Anhyorthels + Typic Anhyorthels

* + denotes a soil association.
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Soil Map Units

Soil classification

The soils were mapped to the Subgroup level following
USDA Soil Taxonomy (Soil Survey Staff 2006). All of the
soils key out within the Gelisol Soil Order. Typic Haplorthels,
Typic Haploturbels, and Typic Anhyorthels predominate
with Lithic, Salic, and Ornithic subgroups also recognised.
The Ornithic subgroup has been included to informally
distinguish guano-rich soils in penguin colonies.

Soil associations

At the small scale of this map, it is impossible to show all
the detail of the soil landscape pattern. Where the pattern is
predictable from interpretation of the surface topography, soil
associations are mapped. The most common soil association
occurs where there is patterned ground with Typic Haplorthels
in the centre of the polygons and Typic Haploturbels in the
strongly cryoturbated polygon margins. In areas where
nunataks or rock outcrops occur, a soil association between
Lithic and Typic Subgroups is recognised.

Map legend

The provisional physiographic legend (Table 1) provides a
guide to the soils in relation to their landscape position.

Within the ultraxerous climate region of the dry valleys,
seasonally moist soils (Haploturbels and Haplorthels) occur
on lake margins and adjacent to ephemeral streams fed from
glacial meltwaters. While calcic, salic, nitric, petrosalic, and
petronitric soil Subgroups are described in the region they
are not recognised on the small scale of these maps.

Concluding Statement

The maps presented here are an overview of the soils in the
Transantarctic Mountains, and are intended to complement
similar maps to be prepared by other ANTPAS workers to
contribute to a soil map of the Antarctic continent. Work
remains to develop a more detailed understanding of the
diversity and distribution of Antarctic soils at larger scales
(1:50,000 or larger). With over 30,000 tourists predicted
to visit Antarctica in the 2008-2009 summer (www.iaato.
org), one immediate application for a more detailed soil
mapping effort is for identification and interpretation of
the vulnerability of Antarctic soils to the effects of human
activities. Detailed soil maps will also provide a benchmark
against which effects of global change can be measured in
the future.
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Introduction

The high abundance of hydrogen detected by the Mars
Odyssey Neutron Spectrometer (MONS) and High Energy
Neutron Detector measurements (e.g., Feldman et al.
2007, Mitrofanov et al. 2004) are consistent with a high
concentration of water ice in the shallow subsurface on
Mars. Martian high latitudes also have thermal properties
consistent with an extensive high thermal inertia layer
within a few centimeters of the surface. These results are
in agreement with models of theoretical water-ice stability
(e.g., Leighton & Murray 1966).

The purpose of this abstract is to show global and local
thermally-derived permafrost depths and compare these
results with neutron-derived water ice depths. We use the
term “permafrost” to describe a buried high inertia surface
detected using temperature measurements and “water
ice” to describe the high latitude hydrogen concentrations
detected using neutron measurements. Both models assume
a relatively simple two-layered geometry of relatively dry
soil cover on top of a semi-infinite water-rich layer that is
assumed constant throughout the measurement field of view.
More complicated systems are likely to be common on
Mars, but the datasets do not have the leverage to converge
on unique solutions with complex geometries.

Methods and Data

This study utilizes the surface kinetic temperature
derived from the Mars Global Surveyor Thermal Emission
Spectrometer (TES) and Mars Odyssey Thermal Emission
Imaging System (THEMIS). TES data were averaged in
bins of 2° latitude, 4° longitude and 4.5° L_ (1/80 year) to
construct seasonal surface temperature profiles. THEMIS
100 m/pixel temperature images were acquired over a
surface at two seasons to estimate the seasonal cooling
rate. We use a thermal model (developed and provided by
H.H. Kieffer) to predict surface temperatures. This model
allows for customization of a wide variety of parameters
such as changes in subsurface thermophysical properties and
atmospheric aerosol properties.

The TES- and THEMIS-derived surface temperatures are
fitusing anon-linear least squares fitting routine. Allmodeling
parameters were fixed except surface cover thermal inertia
and depth of the permafrost layer. The seasons used for
fitting were restricted to summer and early fall seasons. The
model permafrost layer has fixed thermophysical properties,
but was allowed to vary from 1.15 to 20.3 diurnal skin
depths. As a result, the model and fitting routine is sensitive
to permafrost at 0.3—6 and 12-220 cm depths for dusty and
rocky surface covers, respectively. Water ice and solid rock
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have similar thermal inertias (primarily because of offsetting
heat capacity and density values), and it is not possible to
determine the concentration of water in the permafrost layer
from the temperature data. Methods and uncertainties are
discussed in detail in Bandfield & Feldman (in press).

The thermal and epithermal neutron currents derived from
MONS are translated into the water equivalent hydrogen
(WEH) abundance of a semi-infinite buried layer of soil.
The top layer has the same composition as that of the bottom
layer, but restricted to a WEH abundance of 1 wt. % (e.g.,
Feldman et al. 2007). The burial depth of the bottom layer is
also determined from this model.

Results and Discussion

A qualitative comparison of Neutron Spectrometer hydro-
gen and TES permafrost depths displays remarkable agree-
ment, considering the fundamental difference in the measure-
ments (Fig. 1). In the Northern Hemisphere, water ice and per-
mafrost depths are greater within lower latitude, higher surface
cover thermal inertia, and low albedo regions. This shows that
the water ice depth is generally following its predicted stabil-
ity, as all three of these properties generally increase the depth
of water ice stability. At higher latitudes, all surfaces are char-
acterized by shallow water ice/permafrost depths.

In the Southern Hemisphere, water ice/permafrost depths
are shallow at latitudes poleward of ~65°S. A relatively steep
increase in depths appears between 60—-65°S that, as in the
North, coincides with an increase in surface cover thermal
inertia and a decrease in latitude and albedo. This is relatively
constant with longitude except between ~50—140°E, near the
southern rim of Hellas Basin. In these regions, the surface
cover thermal inertia remains low and the albedo is relatively
high, which allows for water ice to remain stable at relatively
shallow depths at lower latitudes.

Despite the similar spatial patterns present in the neutron-
and temperature-derived water ice depths, temperature-
derived depths are greater than neutron-derived depths at
depths greater than ~10 cm. Part of this discrepancy may be
explained by differences in the depths of sensitivity of the
two techniques. There may also be a physical explanation
as well. At greater burial depths, the neutron measurements
may be more sensitive to layered hydrated minerals closer
to the surface than more deeply buried deeper water ice.
An additional explanation for the discrepancy may lie in
the simplistic assumptions of a two-layered dry regolith/icy
permafrost model. The general agreement of the neutron-
and temperature-derived water ice depths adds robustness
to the accuracy of both datasets and techniques. However,
disagreements between the two sets of results may also lend
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Figure 1. Albedo, surface cover thermal inertia, and
permafrost/water depth maps. The temperature-derived depth
map is shown twice: at full resolution (third from top) and
spatially filtered and masked (fourth from top) to match the
coverage and resolution of the neutron-derived water depth maps.
The maps cover all longitudes and 50-80 N/S latitude.
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239.5E
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Figure 2. The permafrost depths derived from THEMIS seasonal
temperature data are in reasonable agreement with the TES data
from the same region. The area shown here includes the primary
landing site for the Phoenix spacecraft. The region shown is
approximately 250 km across.

insight into their inherent flaws as well as provide clues
about the nature of the subsurface structure.

Although a general pattern of increased permafrost depth
with decreasing latitude is present globally, the surface cover
thermal inertia is also highly correlated with permafrost
depth (Fig. 1). A surface with high thermal inertia conducts
more energy into the subsurface and to a greater depth than
a low thermal inertia surface cover. An exception to this
correlation appears between 70-80°N and is concentrated
near regions of permanent water ice exposures detached
from the main polar cap from ~90-270°E. The most likely
explanation for these high surface cover thermal inertia
values is that the permafrost is shallow enough to influence
the derived surface cover thermal inertia. These exposures
are probably extensions of the exposed ice deposits covered
by a lag of residual dust.
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It is clear that there are regional variations in permafrost
depth at the scale of the TES and Neutron Spectrometer
measurements. Local slopes, surface cover thermal inertia,
and albedo can all have significant effects on the depth of
the permafrost. Permafrost depths have been shown to have
this variability at the sub-km scale (Bandfield 2007). Figure
2 displays permafrost depths determined from THEMIS
seasonal temperature data over the region of the 2007
Mars Scout Phoenix spacecraft landing site. The average
permafrost depth retrieved from the TES data for the region
is 4.5 cm. The THEMIS data has slightly higher values
of 6.2 cm. This comparison shows that the low resolution
measurements retain an overall accuracy, but are not able to
resolve a large amount of detailed variability that is clearly
present. Spatial variability in water ice/permafrost depths
is present at all scales and the THEMIS data provide an
important bridge between the tens to hundreds of km scales
of the TES and Neutron Spectrometer measurements and the
<1 m scales to be accessed by the Phoenix Lander.

Summary

It is possible, and indeed likely, that the current distribution
of water ice is attributable to both recession of residual
surface ice deposits as well as emplacement via vapor
diffusion (Schorghofer 2007). Temperature and neutron
measurements show water ice distributions largely consistent
with the present stability limits. The subsurface distribution
of the water ice may be more complicated than an icy/not-
icy model that the simple nature of the datasets restrict us to,
however. Climate cycles can be variable in both magnitude
and duration, and these variations may leave their imprint on
the subsurface water distributions.
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Introduction

Microwaves can penetrate cloud cover and are
independent from daylight conditions. Active systems
onboard satellites provide coarse (scatterometer) to medium
resolution data (ScanSAR and SAR). An increase of spatial
resolution always goes along with reduced revisit intervals.
In general, satellites with microwave sensors are polar-
orbiting platforms. This means that data coverage increases
at higher latitudes due to overlapping footprints and swaths,
respectively. Scatterometer can provide here several
measurements per day, and medium resolution ScanSAR, up
to daily acquisitions.

The backscatter intensity depends on the used wavelength,
polarization, incidence angle, and surface conditions
(Henderson & Lewis 1998). The latter include dielectric
properties and surface structure. Even surfaces such as lakes
produce low backscatter compared to forests, where multiple
scattering causes higher signal returns. Microwaves have
a high application potential in hydrology, since dielectric
properties are related to water content. Time series can be
used to monitor soil moisture, snowmelt, and inundation.
This extended abstract gives an overview of some available
datasets and application examples in permafrost areas.
Additional information can be found on http://www.ipf.
tuwien.ac.at/radar/.

Near-Surface Soil Moisture

The ERSI and ERS2 C-band scatterometer have been
proven useful for derivation of relative soil moisture
(Wagner et al. 1999, Wagner et al. 2007). Such data are
available globally with 50km resolution since 1992. The
long dataset allows the determination of deviations and
thus anomalies. Continuation is ensured due to the launch
of Metop in October 2006. The new ASCAT instrument on
Metop provides even shorter revisit intervals and increased
spatial resolution (25 km; Bartalis et al. 2007).

The near-surface soil moisture can be determined by time
series analysis (Wagner et al. 2003). A dry and wet reference
is identified for each grid point and each single measurement
scaled between these limits. This results in a relative measure
of near-surface soil moisture. By application of a simple
infiltration model, profile soil moisture is derived (Wagner
et al. 1999). The latter is referred to as Soil Water Index
(SWI) and is available globally as 25 km grid cells in 10-day
intervals (Wagner et al. 2007). The observed near-surface
soil moisture variations are related to river discharge (Scipal
et al. 2005). Although snowmelt is more important for the
magnitude of discharge in high latitudes, a close relationship
to soil moisture can be observed during the summer (Bartsch
et al. 2007b).
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The European satellite ENVISAT has a C-band SAR
instrument onboard. This Advanced SAR (ASAR) provides
higher resolution data (image mode) as well as medium
resolution ScanSAR (Wide Swath and Global Mode). The
latter has a wider swath (405 km) than high-resolution
modes, which allows coverage of larger regions and provides
shorter revisit intervals (with varying incidence angles).
Therefore, a similar time series analysis, as developed for
scatterometer data, can be applied to ScanSAR data for
extraction of near-surface relative soil moisture. This has
successfully been carried out for Southern Africa (Bartsch
et al. 2007¢) and Oklahoma (Pathe et al. 2007). It could be
transferred to high latitudes where ENVISAT ASAR Gobal
Mode (1km) data provide up to daily measurements (Bartsch
et al. in press a). Such medium resolution ScanSAR data can
also be used to derive spatial scaling properties, which allow
an interpretation of coarse-resolution soil moisture from
scatterometer (25 km) at local scale (1 km) (Wagner et al.
2008). Other new microwave sensors, such as the ALOS
PALSAR (L-band, 12.5 m in fine beam mode), provide
increased spatial and nevertheless low temporal resolution,
but have potential for soil moisture retrieval (Bartsch et al.
2007d).

Snowmelt

C-Band (~5.6 cm) as well as K -band (~2.1 c¢m) radars
are suitable for snowmelt detection. Changes in the
snowpack, however, have a stronger impact on backscatter
at shorter wavelengths. The SeaWinds Quikscat is a K -band
scatterometer, which provides measurements with 25 km
resolution since 1999. Re-gridded datasets are available with
up to 5 km resolution (Long & Hicks 2005). The first entire
snowmelt period on the Northern Hemisphere is covered in
2000. Large changes in backscatter between morning and
evening acquisitions are characteristic for the snowmelt
period, when freezing takes place overnight and thawing of
the surface during the day. A change from volume to surface
scattering occurs in case of melting. This may cause changes
up to 6 dB (Kimball et al. 2004). When significant changes
due to freeze/thaw cycling cease, closed snow cover also
disappears (Bartsch et al. 2007a). For the identification of
melt days over permanently snow- or ice-covered ground,
only evening measurements are considered (Ashcraft &
Long 2006). Diurnal differences (Bartsch et al. 2007a) on
the other hand are calculated for the delimitation of the final
spring snowmelt period. The exact day of year of beginning
and end of freeze/thaw cycling can be clearly determined
with consideration of long-term noise. Such an approach
allows not only the monitoring of disappearance of snow.
Areas which undergo thaw at a certain day can be identified
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as well. The QuikScat-derived thaw patterns relate to spring
river discharge in high latitudes (Bartsch et al. 2007b).

Lakes and Wetlands

Due to the backscatter properties of open water (even
surface), lakes can be easily identified with active microwave
data. Although wind may increase the surface roughness,
lakes can be identified based on time series (Bartsch et al.
2007e, Bartsch et al. in press b). Due to the wider swath and
thus increased spatial and temporal coverage of ScanSARs,
large regions can be processed. For example, ENVISAT
ASAR Wide Swath data with 150 m resolution provide
considerably more detailed information in tundra regions
than land cover products from MODIS (500 m; Bartsch et al.
in press b). The spatial distribution of lakes larger than 2 ha
can be used for the determination of tundra wetland extent
and also estimation of methane emissions.

Peatlands are characterized by high soil moisture
conditions. They can be identified due to the sensitivity of
microwaves to moisture/dielectric properties (Bartsch et al.
2007¢). ENVISAT ASAR Wide Swath (150 m) as well as
Global Mode (1km) time series are suitable for mapping of
large regions such as the West Siberian Lowlands (Bartsch
et al. in press b).
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Introduction

The Qinghai-Xizang (Tibetan) Plateau is a key area
concerning the environmental evolution of the earth at
regional as well as global scales and proves to be particularly
sensitive to anthropogenic global change, especially in
areas affected by permafrost. It is the youngest, largest, and
highest plateau in the world, comprising an area of more
than 2.4 million km? with an average altitude exceeding
4000 m a.s.l. and containing the largest high-altitude and
low-latitude permafrost area on Earth with 54.3% of its total
surface affected by permafrost (Cheng 2005). These areas are
characterized by strong diurnal patterns, high radiation on the
surface, as well as a distinct geothermal gradient (Wang &
French 1994) that mainly control the permafrost distribution
and, thus, soil temperature and soil moisture conditions.
Further, the proposed decay of Tibetan permafrost will have
a strong impact on soil hydrology. Global environmental
change, largely caused by human activities, affects climate
as well as soils, and consequently reassigns their role in
ecosystem functioning (Vitoussek et al. 1997). The major
parameters in this context are the organic carbon (Corg) stock
of'soils and the decomposition of organic matter, whereas the
Qinghai-Xizang (Tibetan) Plateau stores the highest amount
of C_, and total nitrogen (N,) in Chinese soils (Wang & Zhou
1999). Therefore, periglacial environments of Central China
play a major role in the global C and N cycles, especially
due to the pronounced sensitivity of this region to climate
changes.

During two expeditions in 2006 and 2007, in total 60 sites
were investigated on the central-eastern Tibetan Plateau
along a 1500 km long northeast—southwest transect. The
research focused exclusively on alpine steppe and meadow
grassland vegetation. Sites containing continuous or
discontinuous permafrost as well as areas without or heavily
degraded permafrost were studied for comparison of soil
dynamics under changing environmental settings. The main
objective was to figure out how carbon and nitrogen contents
of the investigated soils on the Tibetan Plateau respond to
other pedological parameters, such as texture, acidity and
carbonate content, since the sites along the transect show a
distinct variety of climate conditions, relief locations and
geology. Another major goal was to assess impact of global
change on permafrost and its implication concerning the

19

carbon and nitrogen cycles related to the above-mentioned
feedback paths. Permafrost, pedogenesis, and ecosystem
functioning are, therefore, closely linked. Study of their
detangled feedback processes and mechanisms allows a better
understanding of the role of geological and anthropogenic
factors controlling the development and the functioning of
Tibetan Plateau ecosystems.

Methods

At each site a soil profile pit was established reaching the
parent material of soil formation or permafrost, respectively.
The detailed field investigations included soil profile
descriptionaccording to FAO (2006) and WRB IUSS Working
Group (2007). Soil moisture was determined in the field by
TDR-probes connected with a moisture meter type HH2
(Delta-T Devices Ltd, UK). Aboveground and belowground
biomass as well as soil respiration and temperature were
investigated. Moreover, on-site | M KCI extractions for the
determination of mineralized N (N . ) were carried out.

The laboratory analysis included a combined sieving and
pipette grain-size analysis. Electrical conductivity (EC) and
acidity (pH) were determined potentiometrically. CaCO, was
tested volumetrically with HCI treatment. N, and C_ were
measured by heat combustion (CNS-elemental analyzer
VARIO EL III, Elementar, Germany). The KCI extractions
were analyzed photometrically for N . (Continuous Flow
Analyzer SAN Plus, Skalar, Netherlands). Water content
was determined gravimetrically.

Climate data for each site was calculated by Kriging out of
a 50-year time series of 680 climatic stations in China (1951—
2000) (He et al. 2006). The whole dataset was investigated
by descriptive statistics, one-way ANOVA, as well as
correlation and regression analysis (SPSS for Windows, R)
for the relationships of variables.

Results and Discussion

Highest C and N contents occur in permafrost and
groundwater-influenced soils. The lower amount in soils not
influenced by permafrost can be explained by shorter duration
of pedogenesis and different temperature-moisture regimes.
Pedogenesis is described here by acidity, carbonates, grain
size distribution, and other soil parameters. Particularly at
sites with initial soil formation, frequently influenced by
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acolian sedimentation, extremely low contents of C and
N combined with a high spatial variability were observed.
These layers are composed of sandy and coarse-silty
proximal generated material, mostly linked to direct (e.g.,
overgrazing, construction) and indirect (climate change)
human impact. Therefore, the stage of soil development is
an important co-variable in explaining the nutrient fluxes in
grassland ecosystems on the Tibetan Plateau (Fig. 1). Highly
fluctuating C and N contents of topsoils are evident on small
spatial scales, mainly controlled by relief position and, in
particular, by permafrost distribution in discontinuous
permafrost areas. Semi-natural systems like alpine grasslands
are generally limited in available plant nutrients. Thus, the
productivity of alpine grassland ecosystems is determined by
the available nitrogen pool, the amount of nitrogen input, as
well as by nitrogen fixation, modified by water availability to
plants over the year. Consequently, the degradation processes
have severe impact on nutrient supply of plant species and
accordingly alter biodiversity patterns.

Botanical and ecological studies on the Qinghai-Xizang
(Tibetan) Plateau lead to the assumption that temperature
changesalterbiodiversity and biomass productionin grassland
ecosystems and are the main driving parameter for C and N
turnover (e.g., He et al. 2006). Moreover, recent research has
shown that changes in temperature and moisture conditions
will also have serious impact on nitrogen and carbon cycling
of soils (e.g., Shaver et al. 2006). Due to the high number of
samples and the large-scale transect concept, sophisticated
statistical analysis showing significant relationships between
pedological parameters as well as carbon and nitrogen
contents could be conducted. The results indicate that, in
high altitude grassland ecosystems, soil moisture conditions
can be determined as the main influencing parameter of C
and N stocks, which are in turn closely linked to temperature.
Furthermore, similar results are evident for annual
precipitation, whereas no significant correlations were found
concerning the mean annual temperature or soil temperature
(Table 1). Comparable relationships can be shown for the
soil respiration measurements. These linkages are in close
connection to feedback mechanisms with temperature,
which is predominantly affected by permafrost, aeolian
sedimentation, and the stage of soil development. Permafrost
and acolian sedimentation are again a function of relief
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Table 1. Correlations: C/N stock and selected control parameters.

MAT MAP Soil Moisture  Sand
69 (mm/a) (%) (%)
N, (%) ns. 0.54 (")  0.57 () -0.38 (")
C, (%) ns. 0.53(")  0.55() -0.37 (")
NO, (mg/l) 0.28(") ns. n.s. n.s.
NH," (mg/l) ns. 030(") 0.30(7) n.s.

(**) correlation is significant (0.01 two-sided).
(*) correlation is significant (0.05 two-sided).
(n.s.) correlation is not significant.

position, parent material, and seasonal climatic fluctuations,
with an overall impact of climatically and human-induced
degradation processes.

An evident trend of climate parameters in the above-
mentioned direction to warmer conditions was observed
during the past decades on the Qinghai-Tibetan Plateau (Yang
et al. 2004), obviously leading to permafrost degradation
(Cheng 2005). A relatively quick turnover rate of organic
matter is expected for the turf-like upper layers in only
some tens of years (Hirota et al. 2006). This process will be
amplified if warming is accompanied by drier conditions.
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Introduction

Recently, Ikeda and Matsuoka (2006) have drawn attention
towards what they call “pebbly” rock glaciers that differ from
“bouldery” rock glaciers both with respect to lithological
content, mean size of clasts, and rock glacier dimensions. The
present paper reports on pebbly rock glaciers close to Isfjord
Radio on Kapp Linné¢, Svalbard, and their internal structure
based on a detailed DC resistivity profiling campaign. A
working hypothesis is proposed for their development.

Setting

Kapp Linné is located on the northern part of the coast
of Nordenskields land, western Svalbard (Fig. 1). The
pebbly rock glaciers have developed along Griegaksla at
the transition between talus slopes and the strandflat area, a
topographical position similar to that of the rock glaciers on
Prins Karls Forland (Berthling et al. 1998, 2007) and rock
glaciers further south on the coast of Nordenskields land
(Kéab et al 2002, Farbrot et al. 2005).

The western flank of Griegaksla is composed of phyllitic
bedrock that weathers to matrix-supported highly frost-
susceptible debris. The lower part of the mountain wall is
covered by talus deposits that in some cases have developed
into small rock glaciers.

Fieldwork and Methods

The DC resistivity measurements where carried out in
July 2007 on the largest of these rock glaciers (Fig. 1), as
part of the IPY project “Permafrost Observatory Project: A
Contribution to the Thermal State of Permafrost in Norway
and Svalbard (TSP Norway).” The investigated rock glacier
is from 50 to 100 m long and has a frontal slope with a height

Figure 1. The study site at Griegaksla, Kapp Linné (arrow on
Svalbard map). 1-8 are the resistivity lines along the talus slope—
rock glacier system. CP is the cross profile and DF is a resistivity
profile along a talus slope with debris-flow tracks.

of about 30 m.

We used ABEM equipment, with an along-slope electrode
spacing of 10 m. Spacing between resistivity lines were 10
m (profiles 1-7) and 20 m (profile 7-8). We also collected
a resistivity profile along a neighboring talus slope and a
profile across the talus (Fig. 1). The topography of all profiles
was established using differential GPS.

Results

The resistivities are highest in the talus cone, while on
the rock glacier itself, resistivity decreases (Fig. 2). On
the northern part of the rock glacier (profile 7-8), higher
resistivity reaches further down into the rock glaciers. The
northern part of the rock glacier is longer, lacks an inner
depression, and does not display a very sharp transition
between rock glacier surface and front. Resistivities in
talus areas outside of the rock glacier system are lower, but
comparable to that of the rock glacier itself.

Discussion and Conclusions

The results obtained underline the importance of processes
operating in talus slopes for the development of rock glaciers.
The environmental conditions along Griegaksla are fairly
similar, and it is a question why rock glaciers have only
developed along parts of the more or less continuous talus
sheet found here. However, it seems to be a pattern that these
rock glaciers are developed beneath areas where the talus
slope is shorter than elsewhere. One possible explanation
is that a larger and more active talus slope, including snow
avalanche and debris flow processes, will tend to erode
the upper part of the talus cone and transport debris to its
lower part. This will set up a tendency for melting at the
bottom of the active layer, inhibiting accumulations of
segregation ice beneath the active layer, while at the same
time lowering shear stresses within the talus cone. On a less
active talus, especially one composed of frost-susceptible
debris, the potential for water migration into the permafrost,
segregation ice development, and aggradation of permafrost
will be higher.
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Introduction

Most of the climate models, including Regional Climate
Models (RCMs), employ land-surface schemes that vary in
depth between 3 and 10 m; for example, the current version
of the Canadian Regional Climate Model (CRCM) has a
physically-based land surface scheme, CLASS (Canadian
Land Surface Scheme; Verseghy et al. 1991, Verseghy 1993),
which is 4.1 m deep, with three soil layers that are 0.1, 0.25,
and 3.75 m thick, respectively. As shown by many recent
studies (Smerdon & Stieglitz 2006, Alexeev et al. 2007,
Nicolsky et al. 2007, Stevens et al. 2007), such shallow-soil
models, though coupled, cannot simulate active-layer and
near-surface permafrost realistically. To simulate realistic
soil thermal and moisture regimes in the CRCM, it is
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intended to use the latest version (v. 3.3) of CLASS, which
is particularly suitable for permafrost studies due to its more
flexible layering scheme and bottom boundary conditions.
Sensitivity of the soil thermal and moisture regimes to the
soil model depth/configuration is assessed using offline
simulations with this latest version of CLASS, which is
presented in this paper.

Experiments and Model Configuration

The offline simulations were performed with CLASS for
a location in northern Québec with continuous permafrost,
for the 1961-1999 period. The input variables (downward
visible and infrared radiation, precipitation, atmospheric
pressure, surface air temperature, specific humidity, and
wind) required to drive the soil model were specified using
the European Re-analysis datasets (ERA-40, Uppala et al.
2005). The soil properties were specified using the land
surface datasets developed by Wilson and Henderson-
Sellers (1985), according to which the bedrock is at 0.1 m
below surface for the chosen location. Three experiments
were performed, with the lower boundary at 4.1, 40.2, and
133.7 m below surface, respectively. The layer thickness
varies exponentially from top to bottom (0.10, 0.17, 0.31,
0.57, 1.04, and 1.91 m for the first six layers and so on),
and accordingly the number of layers for the three cases is
6, 10, and 12, respectively. The initial profile is determined
by iteratively running the soil model from chosen conditions
using 1961 data, until equilibrium is reached.

Results

Preliminary results confirm that adding deeper layers to
CLASS, and in doing so, lowering the bottom boundary with
zero soil heat conduction flux, changes the thermal regime, as
shown in Figures 1, 2, and 3, comparing the six and ten-layer
configuration. The thermal inertia brought by new deeper
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Figure 2. Average temperature differences between the 10- and 6-layer configuration for the 1995-1999 period.
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annual minimum (maximum) temperature is warmer (colder) in

the deeper version compared to the shallow one. The mean annual
temperature of both models, however, is very similar.

layers modifies the heat fluxes and, thus, the heat storage
of the soil. With deeper soil, the top 4 m soil temperature
is colder in summer and fall, and warmer during winter and
spring. Figure 2 suggests differences of 5°C at 4 m during
March to May. The influence of these changes on the surface
fluxes and on other fields (albedo, latent heat flux, runoff,
etc., not shown here) need to be further explored. However,
it appears that the impact is significant during the snowmelt
period or during the beginning of the snow accumulation. For
example, the snow cover accumulation starts earlier in the
deeper model, because of the colder soil temperature present
in early fall, which is reflected by higher accumulation in
the 10-layer model. However, the higher soil temperature in
spring for the 10-layer model compared to the 6-layer one
causes early snowmelt. This is also reflected in the liquid
and solid water content of the first layer. The ratio of solid
to liquid soil water content is higher at the beginning of the
freezing period for the 10-layer configuration, and inversely,
the ratio is lower at the beginning of the snowmelt.

Further tests need to be conducted with deeper bedrock,
organic matter, etc., which will be followed by coupled
simulations to understand the importance of the deeper soil
on surface fluxes.
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Introduction

The Transantarctic Mountains (TAM) extend 3,500 km
across the Antarctic continent from 69°S in northern Victoria
Land to 87°30'S in the upper Scott Glacier region. The
TAM form a natural barrier between ice in East and West
Antarctica and record the history of Cenozoic glaciations of
Antarctica (Lyons & Elliot 2006). The TAM have an ice-free
area of 20,910 km?, which constitutes 42% of the total ice-
free area (49,500 km?) of Antarctica.

Bockheim (1995) prepared the first permafrost map of
Antarctica. He showed that permafrost was limited to ice-
free areas and that all of East Antarctica and most of West
Antarctica contain continuous permafrost. More recently,
Bockheim and others (2007) prepared a provisional
permafrost map of the McMurdo Dry Valleys portion of the
TAM (6,700 km?), reporting that buried ice, ice-cemented
permafrost, and dry-frozen permafrost comprised 2, 55,
and 43% of the area, respectively. A task force under the
auspices of the IPA and Scientific Committee on Antarctic
Research (SCAR), identified as the Antarctic Permafrost and
Soils (ANTPAS) Group (http://erth.waikato.ac.nz/antpas/),
is preparing a series of permafrost and ground-ice maps
of Antarctica. The text that will accompany these maps is
included in this volume (Bockheim et al. 2008). The poster
accompanying the present abstract displays permafrost
distribution in the TAM on three maps at scales of 1:1
million.

Methods

To prepare a permafrost map of the TAM, we used 62
scanned and geo-rectified 1:250K topographic maps prepared
by the US Geological Survey (http://usarc.usgs.gov/drg
dload.shtml). We joined these seamless maps in ArcGIS 9.2
and used the composite map as a base map. To display the
entire TAM, we divided the mountains into three regions:
northern Victoria Land (69°30'-75°S), central Victoria Land
(75-80°30'S), and southern Victoria Land (80°30-86°30'S).
Each map could be displayed as a standard A0 wall size (841
x 1188 mm) at a scale of 1:1 million.

Expert permafrost scientists working in Antarctica
prepared a legend that includes the following map units:
(1) buried or ground ice within the upper 100 cm, (ii) ice-
cemented permafrost with a surface within 70 cm, (iii) ice-
cemented permafrost with a surface below 70 cm (excluding
dry-frozen permafrost), and (iv) dry-frozen permafrost
with an ice-cemented surface below 70 cm. To determine
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the distribution of these permafrost forms throughout the
TAM, we used published data and data archived by the
National Snow & Ice Data Center (http://nsidc.org/cgi-bin/
get_metadata.P1?id-ggd221) and New Zealand Landcare
Research (http://www.landcareresearch.co.nz). In northern
Victoria Land, we used data from Denton and others (1986)
and Guglielmin and French (2004). In central Victoria Land,
we used data collected by Bockheim and others (1989,
2007). For southern Victoria Land, data were used from
Claridge and Campbell (1968) and Bockheim and others
(1990). For unmapped areas we extrapolated the database
using the following criteria: ice-cored drift was identified
from a stippled pattern on topographic maps; ice-cemented
permafrost was identified from patterned ground on remotely
sensed images and proximity to streams, lakes, and ponds;
and dry-frozen permafrost comprised the remaining areas,
particularly in interior mountains and broad central valleys.

Polygons were drawn on the base maps, numbered, and
identified in the accompanying attribute table by permafrost
form. The maps were prepared using an agreed upon colour
scheme for continuous permafrost that included: dark brown
=buried or ground ice; dark green = ice-cemented permafrost
<70 cm; dark purple = ice-cemented permafrost >70 cm
(excluding dry-frozen permafrost); dark red = dry-frozen
permafrost with an ice-cemented surface below 70 cm. The
areal distribution of permafrost by form was determined
using a GIS.

Results

Buried ice comprised 12% of the total permafrost in the
TAM and was most abundant in northern Victoria Land. Ice-
cemented permafrost, with the surface at <70 cm, comprised
44% of the area and was most abundant in the McMurdo
Dry Valleys. Few sites (2%) had the surface of ice-cemented
permafrost deeper than 70 cm. These sites were primarily in
coastal areas of central Victoria Land. Dry-frozen permafrost
occurred in the upper 70 cm in 44% of the TAM. Dry-frozen
permafrost is particularly abundant in the Beardmore Glacier
region.

Discussion

The distinction between soils with ice-cemented permafrost
<70 cm and dry-frozen permafrost with an ice-cemented
surface below 70 cm is based on both direct observation
during field work and insights gained during fieldwork.
Where there are large areas with no observations we have
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used a distance from coast rule to determine the nature of the
permafrost, reasoning that soils closer to the coast are likely
to have greater moisture recharge and thus ice-cemented
permafrost at <70 cm. However, our field observations
suggest that ice-cemented permafrost at <70 cm can occur
at other locations where soil moisture is being recharged.
Examples of recharge areas include land where snow has
accumulated in discrete patches in predominantly snow-
free regions or land below snow or ice patches which melt
producing downslope subsurface flow. Unfortunately, such
areas as these are not readily identifiable on the 1:250,000
scale topographic maps. Inland nunataks have generally
been allocated dry permafrost form using the a priori reason
that they predominantly have very shallow soils over rock or
are comprised of rock only.

Because of the large area and relatively sparse density
of observations in many locations, the permafrost map is
a dynamic document with further contributions welcome
following individuals review or field observation in the
future.
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Introduction

Statistical modeling using BTS (Bottom Temperature of the
Snow cover; Haeberli 1985) have been attempted by authors
(e.g., Hoelzle 1992, Gruber & Hoelzle 2001, Lewkovicz
& Ednie 2004) to model mountain permafrost distribution.
Field validations generally show good agreement with rock
glaciers, which are the most common geomorphological
evidences of the permafrost. The main limit of this approach
is the necessity of well-distributed BTS data over the studied
area.

In the Combeynot massif (Hautes Alpes, France — around
45.0°N, 6.4°E), numerous rock glaciers may be observed
on various topoclimatic contexts, whereas BTS datasets are
available on some limited areas (Bodin 2007). In order to get
a spatialized overview of the surface temperature, and hence
of the permafrost presence, a linear relationship between
the main topoclimatic parameters (air temperature and solar
radiation) and the WEQT is proposed.

A Spatial Model of the WEqT

Starting hypothesis
In order to quantify respective influences of the main

parameters, the following hypotheses are made:

e The WEQqT is equal to the mean annual air temperature
(MAAT), to which is added, or subtracted, the influences of
the solar radiation and the debris cover.

e The thermal influence of the solar radiation (o),
positive, is linearly related to the potential solar incoming
radiation (PSIR) during summer (June—July—August) and
proportional to the PSIR/PSIRmax ratio.

*  The thermal influence of the openwork debris mantles
(B) is negative and, on yearly average, homogeneous
independently of other factors.

» For similar topoclimatic conditions, WEqT is equal
from one place to the other.

Parameterization of the linear model

Within the linear model of WEQT, the o and  parameters
were parameterized by minimizing the sum of residuals in
two steps:

1. First, for rock glaciers with topoclimatic conditions
close to those of the root of the Laurichard rock
glacier, where BTS in 2004 shows a mean WEQT of
-3.44°C. Due to very low PSIR, o was minimal, and
the adjustment led to B =-3.9°C.
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Figure 1. Processing steps (1 = calibration of o and B by numerical adjustment; 2 = GIS processing) to model WeqT.
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Figure 2. Comparison between modeled WEQT and measured BTS
on the Laurichard rock glacier (Combeynot Massif, Hautes Alpes,
France).

2. Second, for locations with high PSIR and using the
previously defined B, the BTS values of the Pradieu
Valley give o =2.9°C.

The flow chart of the model describes the different datasets

used and the main steps of the process (Fig. 1).

Results at Different Spatial Scales

The Laurichard rock glacier case

A first validation of the model is given by comparing
the extrapolated WEQT to the measured BTS on the whole
surface of the Laurichard rock glacier.

The model correctly reproduces the measured BTS on
the rock glacier (Fig. 2), and suggests that the general trend
of the WEQT is, at this scale, visibly driven by the solar
radiation received during summer.

The WEqT on the rock glaciers of the Combeynot Massif

The mean modeled WEQT at the rooting zone of the
rock glaciers of the Combeynot massif amounts to -3.4°C,
whereas it reaches -2.9°C at the front of the landforms.
Some fronts, nevertheless, are located on warmer conditions,
mainly when glacier is or has been, historically, present on
the rooting area.

Conclusion

A statistical model of the WEQT has been presented in
which the influences of solar radiation and coarse debris
presence have been adjusted thanks to BTS measurements.
Though local processes (e.g., permafrost creeping) or
influences of other parameters (e.g., snow) are not taken
into account, the validation of the model on the Laurichard
rock glacier encourages the use of this kind of topoclimatic
approach for permafrost study at massif scale.
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Cryogenic Formations of the Caucasus and the Significance of Their Impact on the
Natural Phenomena of the Region
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Cryogenic or periglacial phenomena are widespread
within the high mountain Caucasian region. The modern
area of spreading cryogenic processes on the south slope
of the Central Caucasus (Georgia) forms 3300 km? and
within the Republic of North Osetia-Alanya, 5400 km?, but
in Kabardino-Balkaria, 4600 km? (1, 2). These processes
are widely spread as well on the territory of the Pontides
Mountains and the Iranian upland, covering 14,200 km?. The
set of factors defining the genesis and morphology of the
forms of periglacial relief changes depending on the height
of the area. Three hypsometric levels are singled out:

1. The upper belt occupies the whole area of the nival
zone and is limited from underneath by snow line lying
at the height of 3000-3200 m a.s.l. Frost weathering and
gravitational talus processes, which play the leading role in
formation of present-day relief forms, take place here.

2. The middle belt is situated below snow line and
practically coincides with the alpine and sub-alpine landscape
zones (1750-2300 m). Here prevail slope (solifluction,
rock-streams, stone and snow avalanches, talus trains, mud
flows, etc.) and plane (polygonal-structural groundboulder
pavement, thufurs).

3. Relict cryogenic formations (fluvioglacial deposits,
cryoturbation, etc.) are spread in the lower belt down to
1400-1600 m a.s.1.

The given formations are characterized by the following
regularities of their spatial distribution:

1. Formations related to rocky ground occupy the belt
of tops, ridges of watersheds, and steep slopes of high
mountains.

2. Formations related to rudaceous ground and pebbles are

well observed on the high mountain plateaus in the zone of
Neocene-quaternary volcanism.

4. Formations related to loamy and turf/soddy surfaces
cover quite a large area, mostly alpine and sub-alpine
meadows and alluvial soils of high mountain zones (see
the scheme of classification of periglacial formations of the
Caucasus).

Widespread morainic mantles and sheets and gravitational
talus processes define the existence of numerous “fossil”
glaciers (dead ice), on their part testifying to the regression
of the glaciation process. The value of seasonal freezing of
ground soil is an important feature for determining main
relief-forming processes in high mountains. Information on
these parameters helps with decisions about engineering-
geological, building, agro-biological, and other problems.
We offered theoretical determination for the values of
seasonal freezing depth for different points in periglacial
areas in Georgia, having minimum information on those
areas. For this purpose, the formula of Budnikov was used
with some amendments of ours on the high-mountainous
relief character, the height of snow cover, and influence of
wind (2, 3, 6, 8). Comparison of meteorological yearbook
records of the Hydrometeorological Institute of Georgia
with ours on the depth of seasonal freezing showed little
discrepancy (not more than 3—6 c¢m). The gained records
are well founded only for subhorizontal surfaces deprived
of mantle and vegetative cover, with similar mechanical
composition and equal humidity value. Calculations were
carried out per formula:

50%(]’11 +L)

rpamly placed on ge1‘1tl§ slopes and at the foot of mountain hnp — 5 k Tn — (1)
ridges and massifs within 2700-1900 m a.s.l. /H . V
3. Formations related to fine detrital and rock debris are {
Table 1. Experimental evaluation of the rate of frosty weathering of mountain rocks (5).
Number of Mean Area of Initial Weight | Number of Weight of Velocity of Velocity of
version amplitude of frozen weight of “freezing- disintegrated disintegration of | disintegration/
temperature surface of frozen thawing” particles frozen surface a mm/year/
fluctuation (sm?) sample | sample cycle day/gr/m?.a day/
during the ()
experiment
1 —over- 28.2°C 22.56 31.70 31.74 80 0.73 4.0514 0.288
moistured
2 —dry 31.34 41.10 41.47 80 0.07 0.2819 0.040
3 —over- 34.23 41.94 42.03 70 0.53 2.2079 0.672
moistured
4 —dry 37.84 25.19 25.45 70 0.10 0.3790 0.047
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where 4/Tn = Budnikov formula, £ = lithological coeffi-
cient, provisionally equal to unity, 7= mean air temperature
during winter, # = mean ground surface temperature during
winter, n = longness of the period with temperature below
zero, n, = the same with temperature above zero during win-
ter, H = area altitude above sea level, = winter wind mean
velocity (m/sec), L = thickness of snow cover /average for
winter (3).

Therefore, we have conducted a number of experiments
studying the rate of frosty weathering in different types of
rock. With this purpose different types of rock were taken.
Core sample No. 1 was taken from the well on Tbilisi site
and represents carbonate fine-grained rock of Eocene age
(marl), taken at a 25742580 m depth. The other sample was
a monolith of andezite-dacitic lava (Si02-50%) from the top
of Emlikli massif (2750-2800 m a.s.l., Southern Georgia).

The conditions similar to those of high mountain natural
conditions were specially created. Experiments went on for
31 days.

About315regimes of “freezing-thawing” changed one after
another. As a result, it became possible to find the decisions
of such issues as estimation of the rate of disintegration of
mountain rocks under frosty weathering. Data are given in
Table 1, estimating the rate of frosty weathering of separate
units depending on the lithology of mountain rocks and
extent of their moistening.
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Modeling Potential Climatic Change Impacts on Mountain Permafrost Distribution,
Wolf Creek, Yukon, Canada
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Introduction

Differences in air temperature, precipitation, and
vegetation cover that develop across hundreds of kilometres
in lowland areas can be generated by a few hundred metres
of elevation change in mountainous regions. Consequently, a
mountain basin located in the discontinuous permafrost zone
may span the entire range of permafrost conditions, from
isolated patches at low elevations on north-facing slopes to
continuous permafrost on summits (Lewkowicz & Ednie
2004). It is reasonable to infer that within such a basin there
will be terrain present at temperatures close to 0°C that can
be affected by changes in climate. If unfrozen, this terrain
may become permafrost during sustained climate cooling,
or if permafrost, it may thaw during sustained warming or
long-term increases in snow depths. Consequently, mountain
basins with permafrost may be particularly sensitive to
climate change. However, the complexity of permafrost
distribution within them means that there have been relatively
few attempts to model climate change impacts (e.g., Janke
2005). Our goal here is to present a method that can be used
to explore the potential effects of past and future climate
change on mountain basins with permafrost.

Study Area

Wolf Creek Basin (60°30'N, 135°10"W) is a mountainous
watershed of approximately 190 km?, with elevations ranging
from 700-2080 m a.s.l. and located 20-30 km south of
Whitehorse in the Yukon Territory. The climate is continental
with dry, cold conditions (Wahl et al. 1987), and the basin falls
within the zone of sporadic, discontinuous permafrost zone
according to the Permafrost Map of Canada (Heginbottom
et al. 1995). Basin vegetation comprises boreal forest, with
sub-alpine forest, a shrub zone, and an alpine tundra zone
at progressively higher elevations. Under current conditions,
permafrost probability models in Wolf Creek indicate that 38
to 43% of the area is underlain by permafrost (Lewkowicz &
Ednie 2004, Lewkowicz & Bonnaventure 2008).

Methodology

BTS measurements were collected in Wolf Creek during
the winters of 2001 and 2002 (Lewkowicz & Ednie 2004).
The spatial field of BTS was modeled in a GIS using eleva-
tion and Potential Incoming Solar Radiation (PISR) as in-
dependent variables. Logistic regression was used to relate
the modeled BTS temperatures to the presence or absence of
permafrost at numerous sites within the basin in late-sum-
mer. The end result of this procedure is a map of permafrost
probability at a grid cell resolution of 30 x 30 m.
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The effects on permafrost distribution of climate cooling
or warming scenarios can be simulated by respectively
increasing or decreasing the values of the elevation
throughout the study area (Janke 2005). This alters the
modeled BTS field which in turn affects the predicted
permafrost probabilities. We used a standard environmental
lapse rate of 6.5°C/1000 m to calculate the necessary change
of elevations, a value which is less than the BTS lapse
rate (8.2°C/1000 m) (Lewkowicz & Bonnaventure 2008).
Temperature changes of -2 to +5°C were used in order to
examine how permafrost distributions might have appeared
under equilibrium conditions similar to those of the Little
Ice Age, when temperatures in the basin were lower (e.g.,
Farnell et al. 2004), and for future changes through to the
most aggressive temperature warming scenarios proposed
by the Intergovernmental Panel on Climate Change (IPCC
2007). As in previous work, we assume that permafrost
probability can be equated over many grid cells to permafrost
extent.

Results and Discussion

It should be emphasized that model predictions are for
equilibrium states; the model does not account for lag times
associated with permafrost formation and degradation.
Given these lag effects, the model outputs are best thought
of as referring to the upper few metres of permafrost only.

Under cooler-than-present conditions, permafrost area
within the basin expands, doubling to about 75% for a
temperature reduction of 2°C. The form of the change is
approximately linear within this range (Fig. 1). Spatially,
permafrost zones become more extensive at intermediate
elevations and the boundary between continuous and
extensive discontinuous permafrost (90% probability)
descends from about 1600 m to 1250 m, while that between
extensive and sporadic permafrost (50% probability) changes
from 1400 to 1100 m.

Under warming conditions, such as those expected
under IPCC projections, permafrost extent is substantially
reduced in a nonlinear fashion. An increase of only 1°C
halves the permafrost extent in the basin, and a further
1°C change reduces it to less than 10% of the basin area
(Fig. 1). Boundaries of permafrost zones within the basin
move upwards so that a 1°C change causes the continuous
permafrost boundary to rise to 1700 m. At an increase of
2°C, permafrost is present only on high elevation mountain
tops and upper elevation north-facing slopes. A 4°C increase
reduces permafrost extent to less than 1% of the basin area,
and probabilities exceed 10% only on the highest mountain
peaks above 1850 m.



NINTH INTERNATIONAL CONFERENCE ON PERMAFROST

The changing slope of the line in Figure 1 relates to the
hypsometry of the basin (Fig. 2). The elevation zones with
the most area occur from 1200-1500 m a.s.l., and these
have intermediate permafrost probabilities under the current
climate. Cooling enhances permafrost probability in these
extensive zones, and permafrost also moves downwards into
lower terrain. Even a warming of 1°C reduces probability
substantially in these extensive areas. For large increases
in temperature, permafrost is confined to the highest peaks
which occupy only a small part of the basin, so there is little
further loss as warming continues.
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Figure 1. Predicted percent of Wolf Creek basin underlain by
permafrost for climate change scenarios of -2 to +5°C.
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Figure 2. Hypsometric curves illustrating the percent area of Wolf
Creek basin in each elevation band.
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Conclusions

This simple equilibrium modeling indicates that
substantial change in permafrost extent has probably
occurred in Wolf Creek since the Little Ice Age, and loss of
permafrost can be expected as the climate warms. Mountain
permafrost is highly sensitive to climatic change as ground
thermal conditions vary spatially, and thus there is always
permafrost on the point of thaw (warming scenarios) or
nonpermafrost areas ready to become perennially frozen
(cooling scenarios). Although not shown here, the modeling
produces a spatial field of permafrost probabilities that may
be useful for purposes such as distributed hydrological
modeling or hazard mapping.
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A Hypothesis: A Condition of Growth of Thick Ice Wedges

Anatoli Brouchkov
Tyumen State Oil and Gas University

So-called Ice Complex or “edoma” in Siberia, which
represents extremely ice-rich and perennially-frozen
sediments with thick polygonal ice wedges, is formed in
territories acting as terrestrial accumulation basins during
the Pleistocene. It sometimes consists of more than 90% ice
by volume. Simplifying, a decrease of temperature causes
soil to shrink and cracks to form; then water seeps into the
cracks in spring. It freezes and expands when it is chilled
by permafrost. This cycle continues to enlarge the wedges
year by year until the soil above the wedges is pushed up
and finally almost disappears around. However, details of
the mechanism of thermal contraction cracking and ice
wedge formation still remain unclear (French 1996). Ice is
known to be able to flow under loads, and it probably could
be easier for ice to be pressed up than for soil. Why do we
observe the result of soil pushing up only, not ice, and what
is the mechanical condition of the process?

Water freezing and expanding when it is chilled by
permafrost can be expressed by the Clapeyron equation.
Stresses can be estimated approximately as 13.4 MPa per
a decrease in negative temperature by 1°C. In the case of
mechanical equilibrium, if horizontal stresses o_ are equal
in soil and ice, the heaving strain of about 9% of volume
of freezing water ¢, is connected to mechanical compression
of frozen soil (dc7*lf;,/E p ) and ice (do_*/, /E, ), being of lﬁ
and lice in size and having the strain modulus E p and E. .,
respectively:

de,
daz=7l /l
_fry Cice

Ef, E

ice

(1

If, for example, £ is 0.0045 m as a result of freezing of
0.05 m of water, lﬁ =5mand/ = 0.5m,and the long-temp
compression modulus E = 20 MPa and E, = 50 MPa, then
stress 6, = 0.017 MPa. In many cases, the value of efis even
less then 0.05 m; for example 0.001-0.003 m only in Barrow
(Black 1951), and 0.002-0.01 m in Kolyma plain (Berman
1965). Due to higher modulus values, compression of soil
reaches 4.33 and ice 0.17 mm consequently. The size of the
deformed soil area varies, for example, near Fairbanks in the
range of 0.3-3 m (Pewe 1962). The lateral strains depending
on Poisson’s ratio will be less than compression, but probably
they will be more for soil than for ice. Stresses are small and
perhaps unable to make considerable structural changes of
soil mass. Repeating a thousand times, it results in ice wedge
thickness of about 4 m. This is generally in agreement with
the point that soil is pushed up during ice wedge formation.
However, it was found that soil layers at a certain distance
from the ice wedge are almost not affected (Popov 1965).

An area of high density of deformed soil should be created
on contact with an ice wedge to give space to ice, and that
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area should be gradually increased in size in accordance with
an increase of wedge thickness. One reason for the deformed
area to remain small is the stress distribution in soil mass.
The stresses are basically not equal and become smaller
with distance from an ice wedge. Using g/unit length on the
surface of a semi infinite soil mass, or if the excess stress
is according to the Boussinesq equation (Ahlvin & Smoots
1988), the stress can be found approximately:

%1 2

n

Ao, ~

where n changes from about 1 to 2, / = influence factor for
the load, and z = distance from the ice wedge. Formula (1)
should be adjusted then according (2). If horizontal stress o
= 0.017 MPa near an ice wedge, it is about o_ = 0.004 MPa
only on distance of 2 m. Thus, stresses might be too small
to cause deformations far from the ice wedge, but they are
big enough to move soil particles and pore ice near the ice
wedge. Another reason for the deformed area to be small is
perhaps because of gradual movement of attached ice soil
towards the surface together with ice caused by pressure and
buoyancy.

Signs of diapirism and soil circulation are widespread in
periglacial areas (Hallet & Waddington 1991). Buoyancy can
be an effective driving force in the case of ice wedges due
to different densities of frozen soil (1.5—-1.7 and more cm?/g)
and ice (0.9-1 cm?/g). If the size of polygons are more than
or equal to the height of an ice wedge /, and the viscosity of
ice m, is much less than the viscosity of the surrounding soil
n,, the rate of vertical movement of an ice wedge wall v will
be (Artyushkov 1969):

A 2
o~ Apgh”
Ur

where Ap = difference of densities of soil and ice; g = gravity
acceleration, 9.81 m/sec; 7, = viscosity of surrounding soil,
Pa*s. However, the assumption that the viscosity of ice is
less than the viscosity of the surrounding soil is far from
being acceptable: relationship is opposite. The ice viscosity
can be assumed as 10'>-10'* Pa*s, and frozen soil viscosity
as 10'°-10" Pa*s. The buoyancy of an ice wedge and its
vertical movement z can still be found from the similar
Navier-Stoks equation:

€)

t 4)

where ¢ = time; / = width of ice wedge. If the width of the ice
wedge /=1 m, and time ¢ is 1000 years, then resurfacing of
ice can reach about 1.5 m. That value of vertical movement
may change the shape of ice wedges drastically, especially in
saline or high-temperature permafrost. Vertical orientation of
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rod-shaped air bubbles (Kurdyakov 1965), “echelon breaks”
(Pewe 1962), and the foliated structure of ice can serve as
indirect evidence of it. Sometimes soil layers near an ice
wedge look like they are “drawing in ice” (Pewe 1962).
Flexures of soil layers near ice wedges are mostly directed up
(Popov 1965) probably because of vertical ice flow. Unusual
deformations of soil layers under an ice wedge, described
by Kostyaev (1965) in the Yana River terrace, can also be a
result of buoyancy. Ice wedges flowing upward 1-3 m, like
diapers, were described by Black (1983).

Therefore, the thick ice wedges can be formed easier in
conditions of low values of the soil creep threshold o, and their
higher deformability; it is a condition of their growth by the
cracking-fullfiling-freezing mechanism. Stresses induced by
freezing are small and perhaps unable to make considerable
structural changes of soil mass. However, creep threshold
o, values of frozen saline soil are low, and that gives a vital
reason for wide distribution of thick ice wedges in regions
of saline permafrost. Ice is able to flow at any stress, and
should be flowing up during ice wedge formation. A number
of features appears to be created during the evolution of ice
wedge shape due to the flow; among them irregular shapes
of underground ice are common. Buoyancy can be another
effective driving force in the case of ice wedges due to the
difference of densities of frozen soil and ice. An estimation
shows the buoyancy of ice can reach substantial values.
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Introduction

Climate change in high latitudes, occurring at an observable
pace, provides a window into changes the rest of the earth
may experience over a longer time scale (Shaver et al. 1992).
Large-scale datasets of surface water, groundwater, and
permafrost dynamics serve as prerequisites in a variety of
other analyses and applications (Lehner et al. 2008). This
study models continual surface water storage change in
the Yukon River Basin. The project is the underpinning for
carbon dioxide and methane flux; taiga-tundra shift; regional
surface energy balance; regional weather pattern; migratory
waterfowl habitat availability; and infrastructure, building,
and community stability studies.

The purpose of this study is to determine how the future
surface water storage of the Yukon Basin will compare
to present. The project considers the changes to surface
water storage as affected by warming climate, permafrost
degradation, and the vertical flux of water, but ignores
changes induced by altered evapotranspiration or lateral
flow. Transition from birch forests to fens and bogs has
been documented over the last twenty years in the Tanana
Flats (Jorgenson et. al. 2001). Also in the last twenty years,
thermokarst lakes developed and initiated large taliks that
completely penetrated the permafrost near Council, Alaska.
As aresult, drier environments than before exist near Council
(Yoshikawa & Hinzman 2003). In areas of discontinuous
permafrost, where projected permafrost will be warm
enough to degrade, (1) if the local hydraulic gradient is
upwards, the surface will be inundated with water and (2)
if the hydraulic gradient is downwards, existing surface
water will drain. In areas of continuous permafrost, where
projected permafrost will be warm enough to degrade, the
surface will subside and surface ponds may increase. To
investigate this hypothesis, we utilize synoptic meteorology,
permafrost thermal composition, and potentiometric surface
algorithms.

Background

According to the International Permafrost Association
Circum-Arctic Map of Permafrost and Ground-Ice
Conditions (Brown et al. 1998), discontinuous permafrost
dominates the interior of the basin. Continuous permafrost is
second most prominent and present in the northern rim of the
basin and at Yukon-Kuskokwim Delta. Sporadic permafrost
exists in southern Yukon Territory. Isolated permafrost
can be found sparsely in the glaciated region at the river’s
source. Closer examination of local variation in vegetation,
soil moisture and thermal properties, and snow cover
produces finer resolution permafrost thermal composition
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(Smith & Riseborogh 1996). Continuous permafrost, frozen
ground (0°C and below) in spatial continuity, provides an
impervious barrier to groundwater movement. Because of
overall permafrost stability, much of the Arctic is spotted
by ponds perched above the permafrost. Most groundwater-
surface water interactions occur in areas of discontinuous
permafrost. In areas where the hydraulic gradient is
downwards, as the confining layer of permafrost degrades
and an open talik forms, surface water formerly underlain
by permafrost can drain into the subpermafrost groundwater.
In contrast, where the local hydraulic gradient is upwards,
subpermafrost groundwater may discharge at the surface.

Methods

Referencing topographic features, the weather forecast
model, National Weather Service Global Forecast System,
is synoptically represented and accounts for topographically
drivenprocesses. TopoClimateisdevelopedattheInternational
Arctic Research Center, University of Alaska Fairbanks by
Atkinson and Gourand. Driven by high-resolution surface air
temperatures available from TopoClimate, the TTOP model
is a numerical model using surface n-factors, bulk thermal
conductivities, and freezing and thawing indices. TTOP
was originally developed by Smith & Riseborough (1996)
(Busey et al. 2008). The model is applied to estimating
the permafrost thermal composition in the Yukon Basin.
Extracting steepness and relative elevations from the digital
elevation model, modeled potentiometric surfaces generate a
hydraulic gradient map. (1) The surface air temperature, (2)
permafrost thermal composition, and (3) hydraulic gradient
maps in concert assess surface water storage change. This
study reviews existing observations of spring, aufeis, and lake
size and distribution change locations in order to calibrate the
model. Remote sensed imagery analysis has defined some
areas of lake change. Thermal conductivity, thermokarst,
and 6 'O field observations validate the model. Thermal
conductivity measurements and thermokarst documentation
validate permafrost thermal composition modeled by TTOP
and permafrost destabilization. The & '*O values from lakes
with a deep groundwater component are distinct from those
lacking connection to the groundwater. Lakes possessing a
deep groundwater component as revealed by isotope analysis
validate the hydraulic gradient model. Model validation data
will be collected in Innoko National Wildlife Refuge, Yukon
Flats National Wildlife Refuge, and locations throughout the
road system of Alaska and the Yukon Territory.

Implications to surface water storage change
Projecting ecosystem dynamics will moderate concerns
and help us plan for a warming Arctic and its effects on
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the rest of the globe. Drying of soils allows increased O,
levels to penetrate the soil deeper and may therefore increase
the release of CO, to the atmosphere (Oechel et al. 2000).
Expansion of thaw lakes due to thawing of permafrost,
increasing the expanse of waterlogged soils, may increase
the release of CH, into the atmosphere (Walter et al. 2006).
Closer examination of the taiga-tundra ecotone reveals
a more complex situation than the simple northward
migration of trees in response to warming (Skre et al. 2002).
Permafrost thawing, surface water drainage, and drying
of soils in areas of low precipitation are likely to lead to
a shift to grassy tundra vegetation (Callaghan et al. 2004).
Wet systems of relatively continental climates, for example
wet sedge tundra, experience high evapotranspiration, cool
surface, and, therefore, a high latent heat flux. Dry systems,
for example dry heath, have a warm surface and experience
high sensible heat flux (McFadden 1998). The regional
surface energy balance forces regional weather patterns.
Global climate change is made up of long-lasting regional
weather changes. Habitat for migratory waterfowl, affected
by the availability of surface water, is an issue of concern
to wildlife managers. This is also a region where societal
impacts are acute. Town and village infrastructure will likely
experience a variety of changes due to permafrost and surface
water changes. Changes in permafrost cause the pavement
to heave and slump on Farmers Loop Road in Fairbanks,
and uncontrolled flow from wells damaged houses in the
same area. This area of upwelling holds potential danger.
Traditional travel routes, berry picking, and hunting places
are likely to be affected.
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Introduction

This abstract focuses on the application of soil temperature
profile data and its relationship to tundra-travel management
on the North Slope of Alaska, with particular attention to
winter travel. Current standards regulate tundra-travel on
the North Slope of Alaska to conditions at or below -5°C
at a depth of 30 cm in the soil profile (Bader 2005). These
regulations are meant to ensure adequate soil strength for
such activities. Additionally, six inches of snow cover is
needed in the Coastal Plain region for tundra-travel to be
open.

Frozen water affects tundra soils through added strength
from the addition of solids (ice) in soil pore spaces, which
decreases slipping between soil particles. Soil cohesive
properties are also augmented by frozen water, which
“cements” soil particles to one another (Lilly et al. 2008).
Thus, in areas where soil water content is high, soil strength
increases during winter freezes, and conversely decreases in
conjunction with summer thaws.

Little or no data are available to assess travel limitations
resulting from seasonal freeze/thaw cycles of tundra soils
on the North Slope, especially in areas of interest to those
involved in the oil and gas exploration and field operations.

Although this abstract makes no suggestions pertaining to
revisions or alterations to current management standards, the
knowledge gained in respect to freeze/thaw time constraints
and conditions on tundra-travel will aid others when making
such decisions. Data analysis is specifically useful when
assessing seasonal time limits on ice-road construction and
use as a basis of frozen soil freeze/thaw properties.

Methods

A system of twelve weather stations was set up in northern
Alaska in fall of 2006 and has since been collecting soil
moisture data by TDR, and soil temperature data from
Thermisters each hour at 0, 5, 10, 15, 20, 40, 60, 80, 100,
120, 135, and 150 cm depths (Fig. 1). These depths may
vary for some sites due to local soil conditions and the
depth of the active layer during sensor installations. Relative
humidity, dew point, wind speed and direction, wind chill,
snow depth, solar radiation, net radiation, and snow and rain
precipitation data are also available from the data network.
Station dataloggers are connected to radios, allowing for
near real-time measurement, which is specifically applicable
when analyzing current conditions for tundra-travel.
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Figure 1. Map of meteorological station locations along the North
Slope, Alaska.

Soil temperature data were analyzed to show temporal
variation in one-degree incremental temperature conditions
in the freezing soils. Analyzing the differences in dates that
soils reach these one-degree temperatures helps illustrate
the potential differences in timing of tundra-travel openings
when using different soil temperatures. Soil temperature
data were also spatially examined to display the effects of
relative location on timing of one-degree changes during the
annual freeze/thaw cycle in the active layer.

Results and Discussion

Current data analyses include plotted freeze/thaw cycles
from winter 2006 to summer 2007 for stations DMB2,
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Figure 2. Soil temperature and water content for the 20 cm depth at
DBM2 Ribdon met.

DMB4, DMBS5, and DMB6, respectively. Note that data are
not available at the regulated 30 cm depth, and so must be
interpolated by averaging data from the 20 and 40 cm depths.
(See Figure 2 for an example of the 2006/2007 freeze/thaw
curve at the 20 cm depth for DBM2 Ribdon met.) Relaxing
tundra-travel regulations from -5°C to -2°C would add
approximately 34 days of travel time at station DBM2,
approximately 28 days of travel time at station DBM4,
approximately 30 days of travel time at station DBMS5, and
approximately 29 days of travel time at station DBM®6. In
all four cases, the majority of additional travel time would
occur during the winter freeze, as tundra soils freeze slower
than they thaw. At each of the aforementioned sites, the ratio
of additional winter travel time to additional summer travel
time was at least 1:1.4, with the mean ratio being 1:2.8, and
the maximum ratio being 1:4.9.

Profile curves showing temperature changes based on
soil depth were also created for stations DBM2, DBM4,
and DBM6. The dates selected on these plots correspond to
specific times when soil temperature at either the 20 or 40
cm depth crossed a 1°C incremental threshold. (See Figure
3 for an example of a temperature profile curve for DBM2
Ribdon met for the 2007 summer period.) Of the analyzed
stations, DBM2 had both the earliest freeze and earliest thaw
dates. In respect to DBM4 and DBM6, DBM2 is the furthest
station from the coastline. Soils at DBM4, the westernmost
station analyzed, began both the freeze cycle and thaw cycle
on the latest dates.

Summary

Soil temperature data were collected and analyzed from
a system of 12 weather stations. This data can be used to
help evaluate tundra-travel management policy along the
North Slope of Alaska. Variation in incremental one-degree
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Figure 3. Soil temperature profile for the 2007 summer at DBM2
Ribdon met.

conditions in the freezing soils was used to illustrate the
potential differences in timing of tundra-travel openings.
Relaxing tundra-travel regulations from -5°C to -2°C
would add an average of 30 days of travel time throughout
the analyzed stations, with the majority of additional time
occurring during winter freeze-up. Freeze/thaw curves had
the earlier start times at the inland locations, as compared to
those locations closer to the coastline.

To better assess freeze/thaw tundra soil conditions, a larger
quantity of data must be analyzed. Other station locations
as well as current winter freeze data should be plotted to
broaden the depth of analyzed trends. Spatial analyses of
data will also be performed. Soil parameters associated
with freeze/thaw cycles will be compared between coastal
and foothill sites, as well as resulting variations from east/
west locations. Current data for the 2007/2008 freeze curve
will also be compared to data from the previous winter. Soil-
strength measurements on a variety of soils as a function
of temperature and water content are also needed to better
relate travel conditions to soil parameters.
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Introduction

Permafrost distribution substantially influences ground-
water hydrology. Permafrost can affect hydrologic processes
of water distribution, movement, and storage capacity, con-
trolling zones of recharge and groundwater flow pathways
(Anderson 1970, Prowse & Ommanney, 1990, Hinzman et
al. 2005). These effects are noticeable in discontinuous per-
mafrost regions because of lateral and vertical variability in
frozen and unfrozen soil distribution.

Borehole and monitoring well installations revealed the
variable nature and distribution of discontinuous permafrost
during a site investigation to characterize and delineate the
extent of groundwater contamination at a site in Fairbanks,
Alaska.

We compiled borelogs and field observations and used
ArcGIS to create thematic maps of groundwater elevations
and the top of the permafrost surface below the ground. The
groundwater elevation maps were overlain on the permafrost
distribution map to investigate if changes in groundwater
flow direction and gradient could be correlated to or were
associated with areas of frozen soil. We measured water
levels in nested wells to determine if vertical gradients due
to frozen soils were affecting the groundwater flow regime.

Site Environment

The site is in the Alaskan subarctic, located in the zone of
discontinuous permafrost. Environmental consulting reports
(Shannon & Wilson 2002-2007) documented that several
contaminants, including trichloroethylene and benzene, are
present in the area’s soil and groundwater. In an effort to
characterize and delineate site contamination, monitoring
wells and soil borings were installed and sampled over the
past 16 years.

Soils at the site consist of 2 feet to 20 feet of surficial silt
and organics underlain by sand and gravel deposits. Swale
and slough channels cut through the area and are filled with
finer grained silt and sand. Soil borings encountered seasonal
frost to a thickness of 20 feet, and discontinuous permafrost
was encountered from the surface to greater than 65 feet at
some locations. The majority of frozen soils were bonded
with no excess visible ice.

Methods

We compiled consultant reports (Shannon & Wilson
2002-2007), field data, borelogs, and analytical geochemical
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data for geostatistical analysis. Northing and easting data are
in Alaska State Plane North America Datum 1983, Zone 3
(NAD 83); elevation data are in National Geodetic Vertical
Datum of 1929 (NGVD 29). Using Environmental Systems
Research Institute (ESRI), ArcGIS Desktop software, version
9.2 released in 2006, we created interpolated surfaces and
contour maps of the top of the permafrost below ground
surface and groundwater elevations. ArcGIS Desktop
Extension, including Spatial Analyst and 3-D Analyst, were
the primary geostatistical analysis tools.

To determine if vertical gradients could be affecting
groundwater movement, groundwater elevation data was
collected once a week over a two-month period in three
sets of nested wells where permafrost was not encountered
during well installation. The depth to groundwater below the
top of the well casing was measured using a handheld water
level indicator, and the elevation was calculated based on the
top of casing elevation.

Results

The permafrost distribution map (Fig. 1) shows the
elevation of the top of the permafrost relative to NGVD ‘29;
the approximate ground surface elevation at the site is 435
feet above mean sea level. The permafrost map was created
using data from 54 locations, including 38 monitoring well
borings, 13 well point installations, and 3 geotechnical-
investigation borings in the vicinity. The depth to permafrost
varies across the site, from the ground surface to greater than
60 feet; the elevation of the top of permafrost ranges from less
than 370 feet to the ground surface (435 feet). Groundwater
elevation maps were created for two 24-hour periods for
each data collection event (six total maps). The groundwater
elevations ranged from 421.59 feet to 423.52 feet during
October 2004; from 419.87 feet to 422.08 feet in April 2006;
and from 421.38 feet to 424.94 feet in October 2007. The
mapped configurations of the elevations illustrate localized
variations in groundwater flow direction and velocity.

Groundwater elevations, recorded for two sets of the nested
wells, did not show significant differences in elevations
between the deep (50 feet) and shallow (20 feet) wells.
However, measurements taken at one location did have
significant differences in head between the deep and shallow
wells, ranging from 0.07 feet to 0.19 feet, with an average
difference of 0.10 feet during the period of measurement.
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Figure 1. Permafrost distribution map showing contours of the
elevation of the top of permafrost below the ground surface; the
permafrost contour interval is 5 feet. The dark areas represent areas
where the top of permafrost is at a greater depth below the ground
surface; light areas represent where the top of permafrost is closer
to the ground surface.

Discussion

Permafrost distribution
The permafrost distribution map illustrates that the top
of the permafrost is highly variable within short horizontal

distances across the study site. The southeastern portion of the
map has a larger number of sample points, and discontinuities
are better represented. The central area of the site shows
an area where permafrost was not encountered during the
well installations. The wells were installed to 50 feet in this
location, which represents a “hole” in the permafrost. In
the northwestern area of the site, shallow permafrost was
encountered at 20 feet to 25 feet below the ground surface.
The thickness of the permafrost masses is unknown; and
none of the wells in the area extend through permafrost.
There are very few sample points in the northeast section of
the map, as this area is outside the delineated contaminant
plume boundary; it is likely discontinuities exist on the same
scale as in the other portions of the site.

Groundwater elevations

A general groundwater trend towards the northwest is
evident in the groundwater elevation maps (not shown).
In addition to the regional trends, each of the groundwater
elevation configurations exhibit patterns with varying
gradients that show changing groundwater directions and
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velocities. Several regions of the project site have similar
groundwater contours during each sampling event. By
comparing the permafrost distribution with the converging
and diverging groundwater flow-paths, the variances in
groundwater flow can be attributed to areas of discontinuous
permafrost.

Vertical gradient measurements in the nested wells also
indicate that masses of discontinuous permafrost likely
affect the hydraulic gradient in those areas.

Conclusions

The permafrost distribution map shows a high degree of
lateral and vertical variability between frozen and unfrozen
soils at the site. The groundwater elevation maps demonstrate
that the heterogeneity of subsurface hydraulic conductivities,
attributable to areas of discontinuous permafrost, affect
lateral and vertical groundwater flow. Vertical gradients
were measured in the aquifer and are likely a result of the
distribution of frozen soils.

Further Work

The permafrost distribution and groundwater elevation
maps served as a starting point for further research to
investigate the relationship between contaminant movement
and areas of discontinuous permafrost. Thematic maps of
contaminant concentrations were also created and overlain on
the permafrost distribution and groundwater gradient maps
to assess spatial and temporal trends in the concentration data
that may be correlated to areas of discontinuous permafrost.
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Thermal Regime Within an Arctic Waste Rock Pile: Observations and Implications
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Introduction

As part of the advanced exploration for diamond mining
projects in Canada’s north, a small waste rock pile of run of
mine materials was constructed at the Snap Lake Diamond
Project to investigate its long-term thermal behavior. The site
is located approximately 220 km northeast of Yellowknife
(Fig. 1), and it is in continuous permafrost with a mean
annual air temperature (MAAT) of -8.3°C (Fig. 2). The
maximum active layer thicknesses at the location of TH 12
(Fig. 3) varied between 5.93 m (9/29/2001) and 5.21 m
(9/28/2004).

Test cell configuration and materials
The 8 m high “test cell” (Fig. 4) was instrumented with two
horizontal thermistor cables at the base of the rock pile: one
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Figure 1. Location of Snap Lake (De Beers Canada).
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Figure 2. Mean monthly air temperatures for Snap Lake (1998—
2006).
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cable from west to east (TH 9) and one from south to north
(TH 10). The cables were installed to confirm the expected
subzero nature of the rock pile, along with measurements
of active layer depths within the rockfill material. The test
cell consists of clean to sandy gravel. Temperature measures
from the base of the rock pile are available for a period of five
years. Unfortunately, the rockfill material from the test cell
was later excavated to make room for the full-scale mine.

Thermal Monitoring

Temperature trends from the south-to-north thermistor are
presented in Figure 6 as one-year moving averages. There is
a clear cooling trend for all locations as well as a dampening
of the seasonal variations close to the boundaries of the
test cell. The cooling rates change with distance from the
edge and are highest (~0.7-0.8°C/year) at the edge and the
centre of the pile and lowest (~0.3°C/year) half way into the

-30 -10 0 10

Temperature (°C)

Figure 3. Temperature trumpet (2000-2005). The borehole (TH 12)
is located approximately 100 m from the shoreline of Snap Lake.

Figure 4. View of the test cell form the southeast (Photo: J.W.
Cassie, 2003).
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Figure 5. One-year moving average temperature trends for TH 10.

pile. This difference can be explained by the formation of
convective cells within the pile that force cold air to funnel
down the centre of the pile, therefore, generating increased
cooling.

Active Layer Depths/Permafrost Aggradation

Changes in the active layer depth underneath the test
cell had to be estimated from the horizontal temperature
readings at the base of the waste rock. At a distance of 2.7 m
from the edge, the temperatures stayed below 0° during the
whole summer after construction. TH 9 showed subzero
temperatures even at a distance of only 0.7 m from the edge,
whereas TH 10 seemed to stay at a zero curtain. No positive
ground temperatures, however, were recorded on this side.
These readings show that, at the edge of the waste rock pile,
the active layer thickness is in the order of 2 m, assuming
a slope angle of 37°, which is the angle of repose for the
rockfill material.

In order to estimate the active layer of the waste rock test
cell, temperatures at the edge and the base were compared.
It was assumed that the ground surface temperature at the
top of an 8 m pile is similar to the temperatures measured
at the edge of the test cell. By linearly comparing this
temperature with the temperature at the base, an active layer
thickness can be calculated. The cooling, hence permafrost
aggradation in the waste pile, can be followed by the thinning
active layer thickness (Fig. 6). It can be noted that the active
layer thickness also decreases with distance from the edge.
In the centre of the test cell (i.e., 28.7—48.7 m), the active
layer thickness is reduced from 8 m to 2-3 m during this
S-year period. A thicker active layer was noted closer to the
edge. However, the active layer thickness was still reduced
by 2 m.

Test cell excavation observations

In summer 2005, the test cell had to be excavated.
Observations made during this excavation confirmed the
temperature readings, in that the core of the test cell was
frozen in only 5 years.
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Figure 6. Estimated active layer thickness at different distances
from the edge in the waste rock test cell calculated from the
temperatures at the base.

Conclusions

The thermal regime within coarse-grained mine waste rock
piles is of particular importance when designing short- and
long-term mine facilities in cold regions. To investigate the
temperatures at the base of a gravelly rock pile, thermistors
were placed at the base of a test cell at Snap Lake, and
temperatures were recorded between 2000 and 2005 before
the pile had to be excavated to make room for the full-scale
mine. The pile temperatures cooled rapidly, and permafrost
under the pile was reestablished within 5 years of operation.
The active layer completely remained within the pile. The
cooling rates differ spatially within the pile confirming
the development of convective circles during winter. Cold
surface air penetrates down the center of the waste rock pile.
The pile excavation further confirmed that ice built; that is,
permafrost aggradation occurred at the location of the test
cell.

These measurements confirm predictions from various
numerical simulations recently published that suggest
accelerated cooling within coarse-grained waste rock piles
in the Arctic.

The composition and internal thermal behavior has to be
considered in the design of waste rock piles, in particular for
permafrost aggradation/degradation under warming climate
conditions. These results provide further evidence as to the
water balance of waste rock piles in cold regions.
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Introduction

Over the last decades, the arctic region has been warming
at an accelerated rate with sometimes puzzling effects
on lakes and wetlands. Wetlands are common landscape
characteristics in the northern high latitudes. Permafrost and
seasonal frost can be a powerful factor affecting wetland
hydrology. The interaction of soil thermal and moisture
regimes controls the structure of the seasonally thawed
active layer and hydrological response in permafrost regions.
Soil thermal and moisture properties regulate the transfer of
heat though the active layer, thus affecting the annual thaw
and frost depth. The maximum active layer thickness can
vary substantially with annual soil temperature change,
given similar moisture conditions (Brown & Hinkel 2000).
Spatially, the active layer thickness can vary over short
lateral distances due to differences in heat transfer under
different soil moisture conditions subject to freezing and
thawing (Outcalt et al. 1990). For example, Woo and Xia
(1996) found that a wetland site had shallower maximum
thaw depth than a drier site due to the buffering effect of
the large ice content. The spatial variation may also reflect
the interaction of a large number of highly localized factors,
including vegetation type, snow cover, organic layer
thickness, soil thermal properties, microtopography, and the
operation of nonconductive heat transfer processes (Outcalt
etal. 1990). This study will examine the spatial and temporal
variation of soil temperature and soil moisture content in a
continuous permafrost environment and how they relate to
the duration and thickness of seasonal active layer in upland
and wetland systems. In particular, the ability of the Variable
Infiltration Capacity (VIC) land surface model to reproduce
the observed relationship between moisture condition and
maximum annual thaw depth will be evaluated

Study Area

The study area is the 471 km? Putuligayuk River watershed
located on the coastal plain south of Prudhoe Bay on the
Alaskan North Slope. Observations of soil temperatures
and weather are taken from the Betty Pingo weather station
(70°16'46.3"N, 148°53'44.5"W) operated by the University
of Alaska Fairbanks. The watershed is dominated by drained
lakes and numerous permafrost features such as high- and
low-centered polygons, pingos, hummocky terrain, frost
boils, and strangemoor ridges (Kane et al. 2000). The poor
drainage results in extensive wetlands, ponds, and lakes. The
maximum thickness of the permafrost along the arctic coast
is about 600 m, whereas the maximum depth of thaw of the
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active layer was about 53 cm between 1993 to 2002 (Brown
& Hinkel 2000). The vegetation in this area is dominated by
sedge tundra, with shrubs in wetter areas and tussock tundra
in higher and drier areas. Observed meteorological and soil
temperature data for the period 1994-2004 was obtained
through the National Snow and Ice Data Center (Kane &
Hinzman 1997).

Model Description

The Variable Infiltration Capacity (VIC) model is a
macroscale hydrologic model which has been applied to
many environmental studies associated with global climate
and land use change prediction (Liang et al., 1994). VIC
model features relevant to this application include (1) a finite
difference soil thermal solution (Cherkauer & Lettenmaier
1999, Cherkauer & Lettenmaier 2003) and (2) representation
of the surface storage and energy dynamic of sub-grid lakes
and wetlands (Bowling 2003, Cherkauer & Lettenmaier
2003). In this study, we will examine the ability of the VIC
model to simulate upland and wetland soil temperature, soil
moisture, and active layer depth. The VIC model is run as a
single point centered on the two sites. A constant temperature
bottom boundary condition is used with a fixed temperature
of -10°C at 4 m damping depth. Two scenarios are run with
contrasting initial moisture conditions, bulk density and
base flow parameters to simulate the contrasting moisture
conditions of the site.

Preliminary Result

Adjacent upland and wetland sites were instrumented by
UAF beginning in 1994. The upland site was instrumented
with 12 temperature probes vertically arranged at depths of
0,1,2,3,4,5,6, 7,8, 15, 35, and 60 cm. The adjacent
wetland site was also instrumented with 12 temperature
probes vertically arranged at depths of 0, 0.5, 1, 2, 3, 4, 5, 6,
15, 30, 50, and 75 cm. Mean annual soil temperatures for the
upland and wetland sites derived from hourly observations
between 19962001 are shown in Figure 1. The patterns at
both sites are very similar, although observed annual average
temperatures are 0.27 to 0.74°C warmer for the wetter soils.
The simulated temperatures are 0.35 to 0.6°C warmer for
the wetter soil. In the wetter soil, water or ice displaces air
in soil pores, increasing the bulk conductivity as well as the
soil heat capacity. Thus, more energy may be required to
change the temperature within the same depth resulting in a
shallower active layer depth and shorter thawed period in the
wetter soil (Figs. 2, 3).
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As shown in Figure 2, simulated annual average active
layer depth is slightly underestimated for the wetland site
(58.78 cm). Since the 60 cm temperature sensor at the
upland site exceeds 0°C in most years, the annual active
layer depth is unknown, but still deeper than wetland. Figure
3 illustrates that both the observed and simulated frost-free
period is longer in the upland than in the wetland site.
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Figure 1. Mean annual soil temperature at 12 probe levels from
1996 to 2001 at upland and wetland site at Betty Pingo, Alaska.
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Figure 2. Observed and simulated maximum active layer depths
(depth to the 0° isotherm) from 1996 to 2001 at upland and wetland
site at Betty Pingo, Alaska. (The maximum temperature sensor in
upland site is located at 60 cm.)
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Figure 3. Observed and simulated mean Julian day that soil thaw
reaches 50 cm (Thaw) and Julian day that soil freezes to within 1
cm (Frost) from 1996 to 2001 at upland and wetland site at Betty
Pingo, Alaska.
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Summary

The wetter wetland site is observed to have higher average
soil temperature than the dryer upland site. The higher water
or ice content in the soil retards the development of the active
layer and results in a shallower active layer and shorter
thawed period than the upland site. The VIC soil temperature
predictions appear to be less sensitive to the soil moisture
differences due to heat capacity and bulk conductivity,
although the actual difference in moisture content between
the sites is unknown. Future work will focus on the active
layer seasonal dynamic and hydrology response above
continuous permafrost at the watershed scale.
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Introduction

In Greenland, it is only in the northeast part, at 74°30'N
in Zackenberg, that a continuous CALM data series exists
since 1996 (Christiansen et al., in press). Circumpolar
Active Layer Monitoring (CALM) data are collected as part
of the Zackenberg Ecological Research Operations (ZERO)
monitoring programme GeoBasis, which is maintained
by the National Environmental Research Institute and
the University of Copenhagen. As this programme has
been manned during entire summer seasons since 1996,
progressive summer thaw data have been collected to allow
full season annual thaw progression data collection.

The CALM monitoring at Zackenberg was designed to
investigate, at site scales, the effects of interannual temporal
and spatial changes in snow cover, as determined by air
temperature, wind speed, dominant wind direction and
snow precipitation on thaw progression and active layer
thickness. This is done by operating two different so-called
ZEROCALM sites. The ZEROCALM-1 (ZC1) site consists
of 121 grid points, covering a 100 m x 100 m area, with 10
m grid size. It is located on a flat marine abraded ground

moraine (Christiansen 2004). The ZEROCALM-2 (ZC2)
site has 208 grid points, covering 120 m x 150 m and also
has a 10 m grid size. ZC2 is located in and around a natural
snowdrift site (Christiansen 2004). The two sites are located
750 m apart in the Zackenberg lowlands, and are located
between 20 and 37 m a.s.l. They are numbered G1 and G2,
respectively, in the CALM database (Brown et al. 2000).

Thaw Progression

Probing of ZC1 and ZC2 from early June to the end of
August for the last 12 years, including from 6 to 11 sets of
measurements in ZC1 and from 6 to 13 sets in ZC2, has
enabled continuous summer thaw progression curves (Fig.
1). In the ZC1 grid, thawing was quick down to around 50
cm, and below was significantly slower. In the end of the
summer, the curves show very little to no increase in thaw
thickness, which is when the active layer was established,
typically in mid to late August. Some refreezing was
registered when measurements were done in September.

In the ZC2 site, the thaw rate was relatively homogeneous
for most of the summer, with average rates below ZClI.
In the end of summer, only little or no additional thawing
happened, like in ZC1, when the active layer was reached.
Also in the ZC2 site, some refreezing was registered in years
when measurement proceeded into early September.

The difference in thaw progression between the ZC1 and
ZC2 sites is mainly controlled by the different rate of annual
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Figure 1. Thaw progression calculated as the mean of 121 points
in ZEROCALM-1 site and as the mean of 208 points in the
ZEROCALM-2 site.

snow depletion in the two sites (Christiansen 2004, Fig. 4).
Ground thawing only starts when the snow has melted. As
the ZC2 site is completely containing the snowpatch, its
gradual backmelting during summer allows still more grid
points to start thawing, and, therefore, a less steep thawing
curve is established for the entire grid. The year 1999 was
special in that the snowpatch stayed through the summer,
which caused a much-reduced active layer of only 44 cm in
ZC2, as several grid points did not melt at all.

Active Layer Thickness

The active layer thickness (ALT) in the ZC1 and ZC2
sites varied, respectively, 20 cm and 26 c¢m in the 12-year
period, with the deepest thaw in 2005 (ZC1 80 cm, ZC2
70 cm) and the thinnest in 1999 (ZC1 60 cm, ZC2 44
cm) for both sites (Fig. 1). Generally, the interannual ALT
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variation was 20 cm in ZC1, but only 10 cm in ZC2, when
excluding the 1999 snowdrift-affected year. This shows that
the influence of the snowdrift seems to be larger than any
other meteorological factor in this type of landscape setting,
where the combination of topography and meteorology lead
to snowpatch accumulation. The snowdrift size is controlled
by the amount of winter snow, but mainly by the late winter
wind activity causing snowdrifting (Christiansen 2004).

Comparing the ZEROCALM sites with the UNISCALM
site in Svalbard, the nearest CALM site on the opposite
site of the Greenland Sea is interesting. There is no simple
correlation of ALT between the two CALM sites. The
deepest thaw in Svalbard occurred in 2007 (Christiansen
& Humlum 2008), while this was in 2005 for both sites in
northeast Greenland (Fig. 1). In 2005, Svalbard actually
experienced the shallowest active layer since measurements
started in 2000.

Air Temperature Control on Active Layer
Thicknesses

Traditionally, the relationship between ALT and TDD
of the thaw period is established using the Stefan solution
to investigate the influence of air temperature forcing or
other factors on ground thawing (Hinkel & Nelson 2003).
Just 10 m south of the ZC1 site, the ZEROCALM official
meteorological station is located. Air temperature is a standard
parameter measured at this station, enabling calculations of
thawing degree-days (TDD) of the thaw period.

The correlations between ALT and the square root of the
TDD are shown for the entire 12-year period for both ZC1
and ZC2 in Figure 2. Clearly, ZC1 has a relatively high
correlation to positive air temperatures in the thawing season,
but also ZC2 has some correlation. Interestingly, both sites
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Figure 2. ZEROCALM-1 and ZEROCALM-2 active layer thickness
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have a significantly better correlation than what has been
found for a flat site in neighboring Svalbard based on §
years of data (+*= 0.004) (Christiansen & Humlum 2008).
Previously, based on the 7 first years of observations in the
ZC1 and ZC2 sites, reduced correlations (ZC1: r*= 0.53 and
ZC2: r*=0.00) were also found for these sites (Christiansen
2004). This indicates that longer data series, such as the 12-
year record from Zackenberg, must be collected to analyze
with confidence the air temperature influence on ground
thawing.
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The U.S. Department of the Interior contributes to the
Global Terrestrial Network for Permafrost (GTN-P) with a
21-element deep borehole array located in northwest Alaska.
The majority of the holes are located on the Arctic Coastal
Plain (ACP) with the remainder being in the northern
foothills of the Brooks Range (Fig. 1). All but two of the
boreholes penetrate the base of permafrost which is situated
between 210 and 410 m in this region.

TheU.S.Geological Survey beganmonitoring temperatures
in the DOI/GTN-P boreholes in the late 1970s, soon after the
holes were drilled. This was done by periodically relogging
the wells with a portable temperature logging system (PTLS)
developed especially for this purpose at USGS. While the
original PTLS was limited to an incremental or “stop-and-
g0” logging mode, improvements allowed the PTLS to
acquire “continuous” temperature logs by the mid-1980s.
Further refinements have reduced the standard uncertainty
of the ITS-90 temperature measurements obtained with this
system to less than 3.3 milliKelvin. Early results which
focused on interpretation of the curvature of the borehole
temperature profiles for past climatic changes were reported
by Lachenbruch and Marshall (1986) and Lachenbruch et
al. (1988).

Monitoring the thermal response of permafrost to
contemporary climate change has been the primary research
focus of the DOI/GTN-P monitoring network for the last
decade. Due to logistical constraints, our current protocol
is to relog the entire borehole array every five years with a
few key wells being relogged annually. Measurements in the
wells show that near-surface temperature fluctuations in NW
Alaska were generally small during the late 1970s and most
of the 1980s, except for a short cold period during 1983—84.
Permafrost temperatures began warming dramatically in
1989. By 2002-03, near-surface permafrost temperatures
had warmed 3 K on average across the array relative to
1989. The coastal plain portion of the borehole array was
relogged again during 2007 in support of the international
Thermal State of Permafrost (IPY/TSP) project. These new
measurements show that shallow permafrost temperatures
have continued to warm on the ACP since 2002-03; the
magnitude of the warming since 2002-03 ranges 0.0 to 1.0
K (mean = 0.4 K), depending on local site conditions. The
total average (shallow) permafrost warming in this region
since 1989 is now ~ 3.5 K (Fig. 1).

Data from the co-located DOI/GTN-P active layer/
meteorological network show that the 2002-03 borehole
measurements coincided with a peak in mean annual air
temperatures in NW Alaska. Mean annual air temperatures
cooled substantially during 2004, but have been rising since
and are now warmer than those experienced during 2002—
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03. Permafrost temperatures have not tracked the post-2004
air temperature warming due to the effects of changing snow
cover.

Figure 1. Location of the DOI/GTN-P boreholes in northwest
Alaska. Also shown is the magnitude (degrees Kelvin) of shallow
permafrost warming at various well sites on the coastal plain
between 1989 and 2007.
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Figure 2. Sample permafrost temperatures measured in one of the
coastal plain DOI/GTN-P boreholes (East Teshekpuk) since 1977.
Extrapolated mean annual surface temperatures have increased
about 3.6 K at this site since the late 1970s, close to the average
for the entire array.
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Figure 3. Time series of extrapolated mean annual surface
temperatures derived from the borehole temperature measurements
at the East Teshekpuk well site.
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Landsliding Following Forest Fire on Permafrost Slopes, Klondike Area,
Yukon, Canada
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Introduction

In the boreal forest, fire is often followed by widespread
active layer detachment sliding (McRoberts & Morgenstern
1974a, 1974b, Lewkowicz & Harris 2005a, 2005b). Forest
fire, with a recurrence interval of 25-300 years, kills adult
trees, destroys much of the insulating mossy organic layer,
and blackens the ground surface (Dyrness et al. 1986).

Seasonal thaw depths (active layer thickness) generally
increase in the years following forest fire (Yoshikawa et al.
2003), although this can vary according to the slope aspect
and state of vegetation (Swanson 1996, Lewkowicz & Harris
2005b). When the heat reaches the permafrost, it may thaw
the ice-rich transient layer, which lies just below the average
maximum depth of thaw (Shur et al. 2005). Water released by
this process may raise soil porewater pressures sufficiently to
destabilize slopes and cause active layer detachment sliding
(McRoberts & Morgenstern 1974a).

Active layer detachment failures occur when all or a
portion of the active layer separates from the permafrost
beneath and moves as a semi-competent, unsaturated mass
downbhill over the lubricated slip surface of the thaw plane.
Failures occur within the active layer or the transient layer
and are triggered by high porewater pressures over frozen
ground (Lewkowicz & Harris 2005b). The depth of the initial
failure plane is limited by the position of the permafrost table
(Harris & Lewkowicz 2000).

Klondike Detachment Failures

Numerous forest fires occurred during the summer
of 2004 in the Klondike Goldfields region of the Yukon
Territory, an area of extensive discontinuous permafrost.
Significant detachment failure landslide activity developed
in subsequent weeks in Steele Creek, a small drainage basin
located about 60 km south of Dawson City at approximately
63°35'N and 138°59'W.

Preliminary observations of the failures and near-surface
thermal regime were made through freeze-up of 2004 and
continued in the summers of 2005 and 2006. Detachment
failures were mapped, and individual sites were surveyed.

Table 1. Failure characteristics (n = 37).

Mean Max Min
Failure Angle 23 32.0 12.0
Length (m) 32 105.5 5.0
Width (m) 7 23.0 1.6
Depth (cm) 48 160.0 17.0
Scar (m) 23 88.5 2.0
Length/Width ratio 4 10.6 1.2
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Two-dimensional DC resistivity transects were used to
examine subsurface conditions in the area.

Thirty-five detachment failures occurred in 2004 along a
3.7 km section of the main Steele Creek Valley and on slopes
within its tributaries. Five new failures developed by mid-
August 2005, and several failures from 2004 reactivated. No
more failures developed in the summer of 2006.

Form

The failures in the Steele Creek Valley varied in length
from 5-105 m, in width from 7-23 m, and in depth from
17-160 cm (Table 1). Only elongate detachment failures
were observed (length-to-width ratio >1; e.g., Lewkowicz
& Harris 2005a). The majority of these took place in coarse-
grained soils with high pore-water pressures at the time of
failure. Headscarps were coincident or proximal to convex
breaks-of-slope. At the headscarps of nearly all the failures,
tension cracks were observed 