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Project Location.

Kivalina is located at latitude 67° 44' N, longitude 164° 33' W approximately 80 miles (mi) north
of the Arctic Circle on the Chukchi Sea coast of northwestern Alaska. Kivalina is 74 mi northwest
of Kotzebue. The community is located at the southeastern tip of an 8-mile barrier spit that separates
Kivalina Lagoon from the Chukchi Sea. Kivalina is on an island defined by two tidal inlets:
Singauk Inlet at the southeast end of the island and Kivalik Inlet, 5.5 mi to the northwest. The
Kivalina River empties into Kivalina Lagoon at its northern extreme, and the Wulik River empties
into the lagoon at its southern extreme. Kivalina is located in the Kotzebue Recording District. The
community boundary encompasses 1.9 square miles of land and 2.0 square miles of water. The
community lies in the transitional climate zone characterized by long, cold winters and cool
summers. The average low temperature during January is -15° F; the average high temperature
during July is 57° F. Temperature extremes have been measured from -54 to 85° F. Snowfall
averages 57 inches, with 8.6 inches of precipitation per year. Travel to Kivalina is accomplished by
sea, or by small plane from Kotzebue. Snow machines provide limited access to the community
during the winter. The Chukchi Sea has historically been ice-free and open to boat traffic from early
July to late October. The village is 80 air miles northwest of Kotzebue and approximately 18 miles
up the coast from the Red Dog Mine port site.

Project Background.

Kivalina, population 377, is a traditional Ifiupiat Eskimo village. Like the other Arctic Ocean
communities, subsistence hunting, fishing, and gathering, including whaling, provide most of the
community’s foods. The communities in the region rely on the coast for many of their most
important resources, and there is a long history of human occupation. In recent years, a combination
of reduced ice protection on shore and a longer fetch for storm waves out of the northwest have
combined to accelerate coastal erosion throughout the region. In Kivalina, the fall storms have
become major threats to village infrastructure and safety. Kivalina, Shishmaref, and other
communities in the region are exploring the steps needed to relocate to higher ground near existing
community sites. While relocating is in the planning stage, preliminary design for an evacuation
road to high ground must begin immediately. To the extent practical, a road would take into
consideration the selected new village site, needed material sites, and other elements for successful
village relocation. The subject of overall project is preliminary engineering to investigate the
feasibility and location of an evacuation road that the community could use to access high ground
during storm events. One possible village relocation site is Kiniktuuraq. To better evaluate this site,
a Long Term Permafrost Dynamic Model is requested. The scope of this sub-project is as follows:

Project Long-Term Permafrost Dynamics Scope:

1. Develop a numerical model for long-term permafrost dynamics at this site. Model should
take in consideration the present-day climate, soil properties, and ground surface conditions.
The model should include the freezing/thawing processes and unfrozen water dynamics.
Climate and soil conditions should be derived from existing reports and other available
information.

2. Make several simulations for the period 2005-2050 using the developed model for three
different thicknesses of gravel fill (6, 9, and 12 feet thick) positioned directly on the existing
natural surface and for three different climate scenarios (conservative, moderate, and
extreme in terms of future warming). Repeat simulations for the case with fine-grained fill
(silt) with 1-foot gravel cap on top of the fine-grained fill.



Model description.

In order to assess possible changes in the permafrost thermal state and the active layer depth, the
GIPL-2.0 (Geophysical Institute Permafrost Lab) model was used (Marchenko, et al., 2008). The
GIPL-2.0 model numerically simulates soil temperature dynamics and the depth of seasonal freezing
and thawing by solving 1D non-linear heat equation with phase change. In this model the process of
soil freezing/thawing is occurring in accordance with the volumetric unfrozen water content curve
and soil thermal properties, which are specific for each soil layer at the specific site. Unfrozen water
content was parameterized by power function Q(T)=A*|(Ts-T)[® , where A>0, B<0, T is soil
temperature, and Ty is a temperature of the beginning of phase changes (liquid water to ice) in soil.
Special Enthalpy formulation of the energy conservation law makes it possible to use a coarse
vertical resolution without loss of latent heat effects in phase transition zone even in case of fast
temporally varying temperature fields. The input data for the model are air temperature from
observations or climate forcing from Global or Regional Climate Models, soils properties,
vegetation, and snow cover properties (depth, density, thermal conductivity). The new version of
GIPL-2.0 simulates soil temperature and liquid water content fields for the entire calculated period
with daily, monthly and yearly resolution.

The spatial irregular grid for the simulations contained 252 grid points with the vertical spatial
interval of 0.01 m for the upper part of the simulated domain increasing to 0.05, 0.5, 1.0 and 5 m
toward the lower boundary that was located at 100 m depth. The upwards geothermal flux applied at
the base (100 m depth) of the soil domain was set to be 0.02 W/m?.

The soil characterization used in the GIPL-2.0 model is based on data derived from the existing
report on geotechnical investigation conducted by R&M Consulting Inc. for the U.S. Army Engineer
District Alaska (Report. R&M Consultants, Inc. August, 2002).

Monthly variations of the insulating effect of snow cover on ground temperatures are modeled
explicitly by adding/removing snow layers on top of the calculation domain in accordance with
snow accumulation/melt. The temperature of the snow surface and the air temperature are assumed
to be equal (Andersland & Ladanyi, 2004). The snow properties were prescribed by assuming a
snow density dependence on snow water equivalent and air temperature.

Mathematical model

The basic mathematical model in our approach is the Enthalpy formulation of the one-dimensional
Stefan problem (Alexiades & Solomon 1993, Verdi 1994). We used the quasi-linear heat conduction
equation, which expresses the energy conservation law:
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where H(y, t) is the enthalpy
t
H(y,t) = [C(y,5)ds +LO(y,1) )
0

C(y, t) is the heat capacity, L is the latent heat, A(y, t) is thermal conductivity and ®(y, t) is the
volumetric unfrozen water content. The Equation (1) is complemented with boundary and initial
conditions. The computational domain -2 < Q < 100 m extended to 100 m in depth, and time interval
Y is 102 years (1948-2050) with initial temporal step of 24 hours. Monthly snow cover are modeled
explicitly by adding or removing points in the vertical grid [-2, 0] above 0 m (surface) level in
accordance with snow accumulation or melting.



Dirichlet’s conditions t(t) were set at the upper boundary. An empirical method of geothermal
heat flux estimating (Pollack et al. 1993) was applied for the lower boundary conditions.
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where g is a geothermal gradient at the lower boundary.

A fractional step approach (Godunov splitting) was used to obtain a finite difference scheme
(Marchuk 1975). The idea is to divide each time step into two steps. At each step along the spatial
dimension (in the depth) is treated implicitly:
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where Ah; y is the spatial steps on the non-uniform grid.

The resulting system of finite difference equations is non-linear, and to solve it, the Newton’s
method was employed at each time step. On the first half step (4) in case when a non-zero gradient
of temperature exist, we use the difference derivative of enthalpy:
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The analytical derivative of representation (2) has to be used in case of zero-gradient temperature
fields. Second half step (4) is treated similarly. Thereby, we can employ any size spatial steps
without any risk to lose any latent heat effects within the phase transition zone for the fast
temporally varying temperature fields.

Model validation and calibration.

Ground temperature measurements in boreholes obtained by R&M Consultants, Inc were used for
initial model validation. Air temperature and snow depth recorded in Kivalina during Nov 1973 -
Nov 1975 has a very good correlation with the long term series observed in Kotzebue weather
station. The correlation coefficients between two data sets are 0.97 for the air temperature series and
0.88 for snow depth.

The soil thermal conductivity and heat capacity vary within the different soil layers as well as
during the thawing/freezing cycles and depend on the unfrozen water content that is a certain
function of temperature. The method of obtaining these properties is based on numerical solution for
a coefficient inverse problem and on minimization locally the misfit between measured and modeled
temperatures by changing thermal properties along the direction of the steepest descent (Nicolsky et
al., 2007).

The model calibration was performed for the Kiniktuuraq AP-06 specific site (Figures 1-2) with
further simulation of permafrost dynamics for the period of continuous climate observations during
1948-2007 (Figures 3-6).



Climate forcing.

For the geothermal reanalysis during 1948-2007 (Figures 3-6) at the Kiniktuuraq AP-06 proposed
relocation site we used data on air temperature (Figure 6a) and snow depth and duration (Figure 6b)
from the Kotzebue weather station adapted to the Kivalina site.

As a climate forcing for the period 2008-2050 we used output data from the Coupled Global
Climate Model (CGCM3), which is the third generation of the Canadian Center for Climate
Modeling and Analysis (CCCma) CGCM3 (Boer et al., 2000 a, b; Boer et al., 1992; Flato et al.,
2000; Web: http://www.cccma.ec.gc.ca/eng_index.shtml). CGCM3 couples the atmospheric model to a
specially adapted version of the GFDL Modular Ocean Model and a thermodynamic sea-ice model.
Output data from the simulations have been contributed to the IPCC Data Distribution Center to
facilitate its use for climate impact studies. This model has also been used for the US National
Assessment.

An ensemble of four transient climate change simulations has been performed and is described in
Boer et al. (2000). Three of these simulations use an effective greenhouse gas forcing change
corresponding to that observed from 1850 to 1990, and a forcing change corresponding to an
increase of CO; at a rate of 1% per year (compounded) thereafter until year 2100 (the IPCC 1S92a
forcing scenario).

For the permafrost change projections we used two different scenarios. The A1B scenario is a
more aggressive scenario with increase of mean annual air temperature by approximately 4°C by the
end of the 21* century. The B1 scenario is a more conservative with increasing in air temperature by
about 2°C towards the end of the 21% century.

Model runs.

In order to assess possible changes in the permafrost thermal state and the active layer depth, the
eighteen GIPL-2.0 model runs were performed for the Kiniktuuraq AP-06 proposed relocation site
using different combinations of the upper boundary conditions and soil properties.

1. Natural conditions.

Five model runs were performed in order to assess the permafrost dynamics at the Kiniktuuraq
AP-06 proposed relocation site for natural (undisturbed) conditions. One model run was
implemented for historical period 1948-2007 (Figures 3-6). Other four runs were performed
according to CGCM3 scenarios for the period 2008-2050 (Figures 7-12). Figures 7, 8, and 9
illustrate the result of projected mean annual soil temperature dynamics at the Kiniktuuraq AP-06
site during 2008-2050. These two runs used CGCM3 AlB and B1 output in terms of air temperature
and snow cover depth. Other two runs (Figures 10, 11, 12) were performed using the CGCM3 Al1B
and Bl output for the air temperature and historical data on the snow depth observed at the
Kotzebue weather station and adapted to the Kivalina site. The snow records from 1965-2007 were
simply repeated for 2008-2050.

2. Gravel fill.

Figure 13 shows the CCCma CGCM3 forcing, which have been used for the simulations of
permafrost temperature dynamics for the case with modified surface conditions (gravel fill and silt +
gravel cap) at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050. The A1B scenario
(Figure 13 left) is a more aggressive scenario with increase of mean annual air temperature by
approximately 4°C by the end of the 21 century. The B1 scenario (Figure 13 right) is more
conservative with increase in air temperature by about 2°C towards the end of the 21 century.

We performed six simulations for the period 2008-2050 for 6, 9, and 12 feet (1.82, 2.74, and 3.66
m) thick layers of gravel fill positioned directly on the existing natural surface and for two different
climate scenarios derived from CGCM3. Surface energy transfer at the air-ground surface interface
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during the period without snow cover and with mean monthly air temperatures above 0°C is
described by using the n-factor method ( Ref to ). Figures 14-22 illustrate the results of these six
different model runs.

3. Fine-grained fill (silt) with 1-foot gravel cap.
The next six simulations were performed for the fine-grained fill (silt) 5, 8, and 11 feet (1.5, 2.42,
and 3.34 m) thick with 1-foot gravel cap on top of the fine-grained fill (Figures 23-31).

4. Additional model run

The last model run was performed for the warmest case with CGCM3 AlB forcing and gravel fill
12 feet (3.65 m) thick. This special model run simulated snow cover removing. In this run, it is
supposed that snow has being removed immediately after each snowfall and snow cover at the top of
the gravel fill had never exceeded 0.1 m in depth. Snow cover removing allows avoiding insulating
effect of snow and more effective ground cooling during the wintertime. Results of this simulation
are shown in Figure 32b.

Summary of the obtained results

We compared result of GIPL ground temperature simulations for two A1B and B1 CCCma
CGCM3 scenarios of air temperature and snow depth evolution during 2008-2050. According to
lithologic column obtained from the AP-06 site (Figure 2a) the ice-bearing horizon located between
0.4-1.0 m. The frozen state of this ice-rich permafrost layer could be considered as a criterion of the
gravel or silt fill stability. A major threshold will be crossed when permafrost thaws down to this
layer and the melting ice will cause the surface subsidence. This critical depth is shown as a line on
2D time-depth temperature field diagrams (Figures 15, 16, 18, 19 etc).

1. Effect of Different Climate Scenarios. The way in which the climate will change in the near
future plays the main role in the stability of permafrost under the artificial fills. Even for the same
natural conditions we can have very different results using different scenario of air temperature and
snow cover changes (Figures 8-12). The thawing depth could increase up to 1.5 m between 2025
and 2030 and reach 2 m in depth by 2047 in accordance with A1B scenario (Figure 8). The thawing
does not penetrate through the ice-rich permafrost horizon according to B1 scenario (Figure 9). The
result could be more dramatic under A1B scenario in combination with thicker snow cover observed
at the nearest weather station Kotzebue during 1965 — 2007 (Figure 11).

2. Effect of a Gravel fill. According to simulations, the different thicknesses of gravel fill could
delay for some time the thawing penetration into the icy layer, but could not completely protect the
icy layer from thawing. Thus, the stable thawing process within the ice bearing layer under A1B
climate scenario probably could start after 7-8 years of gravel fill placement for the case with 6 ft
gravel pad (Figure 15), after 10-11 years for the case with 9 ft gravel pad (Figure 18), and after 12-
13 years for the case with 12 {t/3.66 m gravel pad (Figure 21). Complete thawing of the very ice-
rich permafrost layer takes approximately 5-10 years depending on the gravel fill thickness (Figures
15, 18, 21). Even more conservative B1 scenario could lead to a partial (Figure 19, 22) or complete
(Figure 16) thawing of this very ice-rich permafrost layer and to penetration of the thawing front
into the ice-reach permafrost beneath. According to the modeling results using the A1B scenario,
increase in the gravel fill thickness from 6 to 12 feet (1.8 m to 3.66 m) leads to insignificant
decrease in the thawing penetration into the underlying ice-rich soils from about 1.8-2 m beneath the
gravel fill (Figure 15) to approximately 1.4-1.5 m for the case with 12 ft/3.66 m gravel fill thickness
by 2050 (Figure 21). In both cases under this climate scenario, the very ice-rich permafrost layer
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thawed completely. Under the more conservative B1 scenario of climate warming, the thickness of
the gravel fill probably may play a significant role in determining if the very ice-rich permafrost
layer will thawed completely (Figure 16) or just partially by 2050 (Figures 9, 22).

3. Effect of a Fine-grained fill (silt) with 1-foot gravel cap. Numerical simulations of the heat
transfer within the fine-grained soil show that this type of fills is generally more protective in terms
of permafrost stability in comparison with the gravel fills. However, this effect depends on the
chosen climate scenario. Increasing of fine-grained fill from 5 to 11 ft (1.5 to 3.35 m) with 1 /0.3 m
gravel cap had effect for the case with B1 scenario (Figure 25, 31). While under more aggressive
AlB scenario, increasing in the fill thickness resulted in just a delay in time when the ice-rich
permafrost degradation started and in duration of time required for the complete thawing of the very
ice-rich soil layer (Figures 24, 30). Moreover, the fine-grained soils are prone to frost heaving.

4. Snow factor. As it shown in Figures 32 and 33, the snow insulation is one of the dominant
factors for permafrost thermal state stability. It could be the most effective way to preserve
permafrost if a significant snow accumulation at the top of the fills could be avoided by complete or
even partial removal of the snow from the fill surfaces.

Soil thermal properties.
For simulations the lithologic cross-section from the AP-06 borehole was used (Figure 2). The soil
thermal properties which been using for simulations shown in Table 1.

NUM - number of the soil layer;

VWC - volumetric water content;

CAPth - heat capacity thawed [J/(m® *K)];

CAPfr - heat capacity frozen [J/(m’ *K)];

Kth - thermal conductivity thawed [W/(m*K)];
Kfr - thermal conductivity frozen [W/(m*K)];

A - A-factor for the unfrozen water curve;

B - B-power factor for the unfrozen water curve;

Unfrozen Water content: Q(T)=A*|(Ts-T)|®, where A>0, B<0 and T is the temperature of fusion

Table 1. Soil thermal properties.

NUATURAL CONDITIONS

NUM VWC CAPth CAPfr Kth  Kifr A B Layer Depth

1 0.58 2.1e6 1.7e6 0.32 212 0.03 -0.3 0.0-0.12 m / MOSS
2 0.62 2.1e6 1.7e6 052 222 0.03 -0.3 0.12-06 m / PEAT & ICE + PEAT
3 0.68 25e6 2.0e6 1.05 225 0.04 -0.2 0.6-0.9 m / ICE + SILT
4 0.48 25e6 1.7e6 1.35 1.98 0.01 -0.25 0.9-7.1 m / SILT
5 0.36 2.6e6 2.1e6 18 25 0.03 -05 7.1-50 m / GRAVEL
6 0.15 2.7e6 2.6e6 24 255 0.01 -0.7 50.0-100 m / BEDROCK
GRAVEL 6ft/1.8m
NUM VWC CAPth CAPfr Kth  Kir A B Layer Depth
1 0.18 2.6e6 2.1e6 145 195 0.03 -0.35 0.0-1.8 m / GRAVEL
2 0.58 2.1e6 1.7e6 0.32 2.12 0.03 -0.3 18-192 m / MOSS
3 0.62 21e6 1.7e¢6 052 222 0.03 -03 1.92-24 m / PEAT & ICE + PEAT
4 0.68 25e6 2.0e6 1.05 225 0.04 -0.2 2.4-2.7 m / ICE + SILT
5 0.48 25e6 1.7e6 1.35 198 0.01 -0.25 2.7-8.9 m / SILT
6 0.36 2.6e6 2.1e6 1.8 25 0.03 -0.5 8.9-51.8 m [/ GRAVEL
7 0.15 2.7e6 2.6e6 24 255 001 -0.7 51.8-100 m / BEDROCK

GRAVEL 9ft/2.74m




NUM VWC CAPth CAPfr Kth  Kir A B Layer Depth
1 0.18 2.6e6 2.1e6 145 1.95 0.03 -0.35 0.0-2.75 m / GRAVEL
2 0.58 2.1e6 1.7e6 0.32 2.12 0.03 -0.3 2.75-287 m / MOSS
3 0.62 2.1e6 1.7e6 052 222 0.03 -0.3 287-3.35 m / PEAT & ICE + PEAT
4 068 25e6 2.0e6 105 225 0.04 -02 335365 m / ICE + SILT
5 048 25e6 1.7e6 135 198 0.01 -0.25 3.65-9.85 m / SILT
6 0.36 2.6e6 2.1e6 18 25 0.03 -05 9.8552.75 m / GRAVEL
7 0.15 2.7e6 2.6e6 24 255 0.01 -0.7 52.75-100 m / BEDROCK
GRAVEL 12ft/3.66 m
NUM VWC CAPth CAPfr Kth  Kifr A B Layer Depth
1 0.18 2.6e6 2.1e6 145 195 0.03 -0.35 0.0-275 m / GRAVEL
2 0.58 2.1e6 1.7e6 0.32 2.12 0.03 -0.3 2.75-2.87 m / MOSS
3 0.62 2.1e6 1.7e6 052 222 0.03 -0.3 287-3.35 m / PEAT & ICE + PEAT
4 068 25e6 2.0e6 105 225 0.04 -0.2 335365 m / ICE + SILT
5 048 25e6 1.7e6 135 198 0.01 -025 3.65-9.85 m / SILT
6 0.36 2.6e6 2.1e6 18 25 0.03 -05 9.855275 m / GRAVEL
7 0.15 2.7e6 2.6e6 24 255 0.01 -0.7 52.75-100 m / BEDROCK
SILT+GRAVEL 5+1 ft/1.5+0.3 m
NUM VWC CAPth CAPfr Kth  Kifr A B Layer Depth
1 0.18 2.6e6 2.1e6 145 195 0.03 -0.35 0.0-0.3 m / GRAVEL
2 0.48 25e6 1.7e6 1.25 1.98 0.01 -0.25 0.3-1.8 m [/ SILT
3 0.58 2.1e6 1.7e6 0.32 2.12 0.03 -0.3 1.8-1.92 m / MOSS
4 062 21e6 1.7¢6 052 222 0.03 -0.3 19224 m |/ PEAT & ICE + PEAT
5 0.68 2.5e6 2.0e6 1.05 225 0.04 -0.2 2.4-2.7 m / ICE + SILT
6 0.48 25e6 1.7¢6 1.35 1.98 0.01 -0.25 2.7-8.9 m /[ SILT
7 0.36 2.6e6 2.1e6 1.8 25 0.03 -05 8.9-51.8 m / GRAVEL
8 0.15 2.7e6 2.6e6 2.4 255 0.01 -0.7 51.8-100 m / BEDROCK
SILT+GRAVEL 8+1 ft / 2.45+0.3 m
NUM VWC CAPth CAPfr Kth  Kifr A B Layer Depth
1 0.18 2.6e6 2.1e6 145 195 0.03 -0.35 0.0-0.3 m / GRAVEL
2 048 25e6 1.7e6 1.25 198 0.01 -0.25 0.3-275 m / SILT
3 058 2.1e6 1.7¢6 0.32 2.12 0.03 -0.3 2.75-287 m |/ MOSS
4 062 21e6 1.7eé6 052 222 0.03 -0.3 287-335 m / PEAT & ICE + PEAT
5 0.68 2.5e6 2.0e6 1.05 225 0.04 -02 3.35-3.65 m / ICE + SILT
6 048 25e6 1.7e6 135 198 0.01 -0.25 3.65-9.85 m / SILT
7 0.36 2.6e6 2.1e6 18 25 0.03 -05 9.855275 m / GRAVEL
8 0.15 2.7e6 2.6e6 24 255 0.01 -0.7 52.75-100 m / BEDROCK
SILT+GRAVEL 11+1 ft / 3.35+0.3 m
NUM VWC CAPth CAPfr Kth  Kifr A B Layer Depth
1 0.18 2.6e6 2.1e6 145 195 0.03 -0.35 0-0.3 m / GRAVEL
2 0.48 25e6 1.7eé6 125 198 0.01 -0.25 0.3-3.65 m [/ SILT
3 0.58 2.1e6 1.7e6 0.32 2.12 0.03 -0.3 3.65-3.77 m [/ MOSS
4 0.62 2.1le6 1.7e6 052 222 0.03 -0.3 3.77-425 m |/ PEAT & ICE + PEAT
5 0.68 2.5e6 2.0e6 1.05 225 0.04 -02 425455 m / ICE + SILT
6 0.48 25e6 1.7e6 1.35 198 0.01 -0.25 4.55-10.75 m / SILT
7 0.36 2.6e6 2.1e6 1.8 25 0.03 -05 10.75-53.65 m / GRAVEL
8 0.15 2.7e6 2.6e6 24 255 0.01 -0.7 53.65-100 m / BEDROCK
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Figure 1. Location of the boreholes where soil core samples were obtained by R&M Consultants Inc
(Report. R&M Consultants, Inc. August, 2002). Soil temperature measurements also were maid in
several boreholes. A red circle marks AP-06 borehole.
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STANDARD SYMBOLS
SYMBOL  NAME PARTICLE SIZE SYMBOL  NAME

CLAY -0.002mm, Plastic ORGANICS
SILT 0.002mm, - 0.075mm - ICE

i o ICE WISOIL
SAND 0.075mm, - 4.75mm % P NCLUSIONS
GRAVEL 4.75mm, - 75mm % ICE LENSE IN SILT
COBBLES & 75mm - 300mm &
BOULDERS > 300mm @ B CTRR AT

(The symbols shown above are frequently used in combinations, e. g. SANDY GRAVEL)

SAMPLER TYPE SYMBOLS
A Auger Sample G Grab Sample Sp  64mm Split Spoon Pushed
B Bucket Auger Sample Sh B4mm Split Spoon wi154 Kg. Manual Hammer Sz 35mm Split Spoon wi154 Kg. Hammer
C  Cuttings Sample Sha  B4mm Split Spoon wi154 Kg. Auto Hammer Ts  Shelby Tube
Cd Double Tube Core Barrel  Si B4mm Split Spoon wi63.5 Kg. Hammer Tm Modified Shelby Tube
Ct  Triple Tube Core Barrel Ss 35mm Split Spoon wiE3.5 Kg. Manual Hammer  [x] Sampler |. D. (Added to Symbal)
Cs  Auger Core Barrel Ssa  35mm Split Spoon wiB3.5 Kg. Auto Hammer
NOTE: Sampler types are either noted above the boring log or adjacent to it at the
respective depth. An individual log may not utilize all of the items listed.
TYPICAL BORING AND TEST PIT LOG
BORING OR TEST PIT
ELEVATION IN METERS
NUMBER———» AP-05 Elev. 344 AP TR
DATE DRiLLED—" ©-20-95 All Samples Sh e
| ORGANIC MATERIAL 03
FROZEN GROUND ——=
ICE - SILT PERCENT ICE & CLASSIFICATION
MOISTURE CONTEN
SAMPLER TYPE "—\_. / STRATA CHANGE
sh (1) 90, 256.2%
Estimated 60% Visible Ice, ICE + SOIL 21

WATER TABLE * /
SANDY SILT (Dk. brown) ——— APPROX. STRATA CHANGE

3';‘& ¥, 4 3.7
WD =— Egéé_______ T T

5 N | OCATION OF DRILL REACTION THAT INDICATED COBBLES AND BOULDERS

WRECOVERY eriacen - S5 POM (2) 16/35/37, GW, S1=——— USCOE FROST CLASS.
_ﬁ.mb ¥ SOIL CLASSIFICATION (ASTM, AASHTO, ETC.)

bQ

HE BLOWSI0.15 METERS

AT SAMPLE NUMBER

5 Q.G

ia_.- 8y SANDY GRAVEL CONTAINING COBBLES AND BOULDERS

7.9
& GENERALIZED SOIL OR ROCK DESCRIFTION

N
b (3) SCHIST BEDROCK

91 - DRILL DEPTH

*W.D. - WHILE DRILLING, A.B. - AFTER BORING, Ref. - SAMPLER REFUSAL
** - REFER TO SAMPLER SYMBOL (Ss, Sh, ETC.) FOR SAMPLER |.D. & HAMMER WEIGHT
NOTE: Water levels shown on the boring logs are the levels measured in the boring at the times indicated.

ZAPROJECTO5141 2LOGS\B01- BO3.gw ( Drawing B-02)

S iy

e

DWN:  P.KH. Dl (FB: NA

CKD. CHR. ASM CONSULTANTS, INC. EXPLANATION OF GRID: /A
ENGINEERS GEOLOGISTS SURVEYORS TESTLAB

DATE: JAN. 0O PLANNERS COMPUTER SERVICES SELECTED SYMBOLS | [prosno: 951412

|SCALE: MONE ) |\ $0t\nwwn e, ihergs, Mmin SU0T OK0) S10=1207 (METRIC) \oweno:  B-02

S

Figure 2. Symbols used for lithology column (Report. R&M Consultants, Inc. August, 2002).
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AP-06

N1529131.893

E565643.866 Elev. 1.6
10/18/99 - 10/18/99 All Samples Sh

DEPTH
ELEVATION

o
(=]
o

FEAT & ICE + PEAT (Dk. brown, fibrous peat)

SILT W/ORGANICS (Dk. gray, Contains organic
debris, peat layers and organic silt inclusions, Low
plasticity)

o0

(D 12118121, 3%, MUOL*, F4*
Estimated <1% visible ice, Vs 2
Clear ice in horizontal layers <0.1 mm thick.

Drills slow from 0.6 to 0.8 m., fasterto 3.0 m.

() 14122126, 41%, MLIOL*, F4*
Estimated 3% visible ice, Vs
White cloudy ice in horizontal layers -2

GSKIVALINA GPJ

11 ALOr

Drills slow from 3.0 to 4.6 m. =

@ 18/24/28, 39%, ML/OL*, F4*
-~ Estimated 10% visible ice, Vs
White cloudy ice, in horizontal layers to 2 mm thick.

Drills faster from 4.6 to 6.1 m.

10/21/40, 41%, ML/OL*, F4* Estimated 3% visible ice, Vs
Clear and cloudy ice, in horizontal layers to 2 mm thick.

(5) 20138147, 40%, MLIOL*, F4*, Estimated 3% visible ice, Vs

IPROJECT 8035

Clear and cloudy ice, in horizontal layers to 1 mm thick.
31/44/32, 34%, ML/OL* F4* Estimated 3% visible ice, Vs -5
Clear and cloudy granular ice in horizontal layers to 1 mm thick.

Driller indicates gravel at 7.2 m. 75 [

POORLY GRADED SAND W/SILT & GRAVEL (Gray,

Gravel to 12.5m dia., subrounded to subangular)

or 0 b, SE-SM* . 0% _---L_u

62 for 0.3 m, 27%, ML*, F4* Est. 20% visible ice, Vs : 7.9~
White cloudy, granular ice in horiz. layers to 5 mm thick.

SILT WIGRAVEL (Gray, Gravel to 6mm dia.,
subangular, Low plasticity)

09,

7.9
* Estimated Classification Mo groundwater was observed while drilling.

A survey monument was installed in the completed borehole. Thermistor string KIV03 was
also buried in the hole on 10/18/99.

TER GOT 111829

AS

Geologist: Peter Hardcastle
Crill Company/rig: Discovery Drilling, Inc./ CME 45 on helibase.
Drilling method: 130mm Soelid flight auger to 4.6 m., 200mm Hollow stem auger to 7.6 m.

IVALINA GPJ MA

Drill crew: Gary Cormier, Jason Mathews, Oran Knox, Jr.
e -

Jfown:  PKH. )
CKD: CHR.

DATE: Nov. 1999
\‘_SCALE: 1: 50 y,

PG

VILLAGE RELOCATION r(FBZ N/A
R&M CONSLULTANTS, INC. KIVALINA, ALASKA GRID:  NOATAK
ENGINEERS GEOLOGISTS SURVEYORS TESTLAB =
PLANNERS COMPUTER SERVICES LOG OF TEST BORING PROJ.NO: 9851412
161 Vanguard Drive, Aschorogs, Acska 99867 (607) 8331707 AP-06 \DWG.NO:  B-09

ER ONE C

MAST

”y

Figure 2a. Lithology of the Kiniktuurag AP-06 proposed relocation site used as input data (Report.
R&M Consultants, Inc. August, 2002).
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Geothermal Reanalysis 1948-2007
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Figure 3. Modeled distribution of mean annual soil temperature with depth for the Kiniktuuraq AP-
06 proposed relocation site for the period 1948-2007.
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Figure 4. Seasonal variations of soil temperature at the Kiniktuuraq AP-06 proposed relocation site
in 1959-60 (A) and 2006-07 (B).
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Figure 5. Time series of mean annual air temperature and snow depth together with modeled mean
annual permafrost temperatures at different depths for the Kiniktuuraq AP-06 proposed relocation
site during 1948-2008.
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Figure 6. Mean annual air temperature change (A), snow cover (B), and modeled seasonal (C) and
annual (D) 2D soil temperature field dynamics for the Kiniktuuraq AP-06 proposed relocation site
during 1948-2008.
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Figure 7. Modeled (CCCma CGCM3) mean annual air temperature and snow depth and modeled
(GIPL) soil temperature dynamics for the natural conditions at the Kiniktuuraq AP-06 proposed
relocation site during 2008-2050 using CCCma CGCM3 A1B and B1 forcing scenario.
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Figure 8. Modeled seasonal (A) and mean annual (B) permafrost temperature field dynamics for the
natural conditions at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using
CCCma CGCM3 A1B forcing scenario.
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Figure 9. Modeled seasonal (A) and mean annual (B) permafrost temperature field dynamics for the
natural conditions at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using
CCCma CGCM3 BL1 forcing scenario.
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Figure 10. Modeled (CCCma CGCM3) mean annual air temperature and Modeled (GIPL) mean
annual soil temperature dynamics for the natural conditions at the Kiniktuuraq AP-06 site during
2008-2050 using CCCma CGCM3 A1B and B1 forcing scenario with historical (observed) data on
the snow depth.
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Figure 11. Modeled seasonal (A) and mean annual (B) permafrost temperature field dynamics for
the natural conditions at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using
CCCma CGCM3 A1B forcing scenario with historical (observed) data on the snow depth.
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Figure 12. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the natural conditions at the Kiniktuuraq AP-06 proposed relocation site during 2008-
2050 using CCCma CGCM3 Bl forcing scenario with historical (observed) data on the snow depth.
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Figure 13. Modeled (CCCma CGCM3 A1B and B1 scenarios) mean annual air temperature and
snow depth, which have been using for the (GIPL) simulation of permafrost temperature dynamics
for the case with modified surface conditions (gravel fill, silt + gravel cap) at the Kiniktuuraq AP-06
proposed relocation site during 2008-2050.

20



6 ft Gravel Fill

CGCM3 Al1B CGCM3 B1

Temperature at 1.8 m Depth
2 2 (Bottom of the Gravel Pad)

Temperature, °C
X . o

Temperature, °C
o

1
2 v Temperature at 1.8 m Depth

-1 r y ] M
(Bottom of the Gravel Fill) 2 W

-3 M -3

Y R

7 S A 0

- <~
D e B |
o o o
N N N

©o o o o~
o N )
o O o =)
N N N I

@ < <

n o ~
3 S o ¥ ¥ ¥
S O o o
N N N N

I 5 o < N~ O
N NN

(3]
o O o o o
N N N N N

2008
2020
2023
20
203
2050
2008
2026
2029
2035
2050

Temperature at 2.4 m Depth
2 (Peat+lce)

Temperature, °C
o

Temperature, °C
o

-1 ’,( \{
-2 Temperature at 2.4 m Depth -2
(Peat+lce) 3

7 S Y A A R B

S < N~ O
= =S <«
o o o o
N N N N

o N 1N O oA < N~
N o O O I I 9=
o o o O o O
N N N N N N

2050 C
2008
2023
2026
2050 [

N
[s2]
o
N

2011
2014
2017
2020
2023
2026
2029
2035
2038
2041
2044
2047
20

Temperature at 2.7 m Depth
2 (Silt+lce)

-1 -
2 v Temperature at 2.7 m Depth 2
5 (Silt+Ice) 3

7 Y R

Temperature, °C
o

Temperature, °C
o

A

MM © O N
N N N M M
o O O O o
N N N NN

2014
2044
2047
2050 [

-
<
o
N

2008
2050 L
2008
2011
2017
2020
2038

~ o ™ ©
I N N
o O o o
N N N N

2029

o
[a0)
o
N

2038
2041

<
<
o
N

2011
2014
2035
2047

Figure 14. Modeled (GIPL) series of mean annual permafrost temperature for the case with 6
feet/1.8 m gravel fill at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using
CCCma CGCM3 A1B and B1 forcing scenarios .
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Figure 15. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 6 feet/1.8 m gravel fill at the Kiniktuuraq AP-06 proposed relocation site
during 2008-2050 using CCCMA GCM A1B forcing scenario.
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Figure 16. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 6 feet/1.8 m gravel fill at the Kiniktuuraq AP-06 proposed relocation site
during 2008-2050 using CCCMA GCM BL1 forcing scenario.
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Figure 17. Modeled (GIPL) series of mean annual permafrost temperature for the case with 9
feet/2.75 m gravel fill at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using
CCCma CGCM3 A1B and B1 forcing scenarios.
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Figure 18. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 9 feet/2.75 m gravel fill at the Kiniktuuraq AP-06 proposed relocation
site during 2008-2050 using CCCma CGCM3 AlB forcing scenario.
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Figure 19. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 9 feet/2.75 m gravel fill at the Kiniktuuraq AP-06 proposed relocation
site during 2008-2050 using CCCma CGCM3 forcing B1 scenario.

24



12 ft Gravel Fill

CGCM3 Al1B CGCM3 B1

4
2
8 Temperature at 3.66 m Depth
9 1 O 2 (Bottom of the Gravel Pad)
U U1
50 E
o S 0
8 1 g
£ % £ 1
(5]
[ Temperature at 3.66 m Depth = !Aﬁ_
2 (Bottom of the Gravel Fill) [ | W
-3
_3 N O S _4\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
O & <~ O M O O N 1D 0 A I N~ O
Edaddadyygadagyggdasy 8 d 3 533 8 838 883 I 5 B
N N NANNCNNCNAC® Q 8 8 8 83 8 8 8 83 &8 8 8 8 8
2 4
3 Temperature at 4.25 m Depth
1 Peat+ice
) o 2 ( )
s s
) o 1
ElL E
< S 0
o S
] ]
o 1 Q
§ 5
[ Temperature at 4.25 m Depth F o,
-2 (Peat+Ice)
-3
Bl o L
0V «HF < M O M VW OO N O O A < N~ O
W «=# < N~ O M ©W O N W o «H < N~ O
S g oc3sogs888833 338 S g g g 888 88983 3 38
N N N N N N N N N N N N N N N N N & N & & & & &8 & &8 & & & &«
2 4
8 Temperature at 4.55 m Depth
1 .
0 o 2 (Silt+Ice)
s s
2 =}
© ©
@ @
Q 1 A o
E b el E 1
[ Temperature at 4.55 m Depth =
2 (Silt+lce)
-3
W «H < N~ O M ©W O N O 0 A < N~ O
W «H < N~ O M © O N ;NN 0o A g N~ O
88 s goscg8g8383883338 S d g 288 99893 3F 3 I8
N N N N &N N NN NN N N N NN N & & & & § @ § &8 & &8 & &8 & &

Figure 20. Modeled (GIPL) permafrost temperature dynamics for the case with 12 feet/3.65 m
gravel fill at the Kiniktuurag AP-06 proposed relocation site during 2008-2050 using CCCma
CGCM3 A1B and B1 forcing scenarios.
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Figure 21. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 12 feet/3.66 m gravel fill at the Kiniktuuraq AP-06 proposed relocation
site during 2008-2050 using CCCma CGCM3 A1B forcing scenario.
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Figure 22. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 12 feet/3.66 m gravel fill at the Kiniktuuraq AP-06 proposed relocation

site during 2008-2050 using CCCma CGCM3 B1 forcing scenario.
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Figure 23. Modeled (GIPL) series of mean annual permafrost temperature for the case with 5 feet
Silt + 1 foot gravel (1.5 m + 0.3 m gravel) at the Kiniktuuraq AP-06 proposed relocation site during
2008-2050 using CCCma CGCM3 forcing A1B and B1 scenarios.
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Figure 24. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 5 feet silt + 1 foot gravel (1.5 m silt + 0.3 m gravel) at the Kiniktuuraq
AP-06 proposed relocation site during 2008-2050 using CCCma CGCM3 A1B forcing scenario.
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Figure 25. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 5 feet silt + 1 foot gravel (1.5 m silt + 0.3 m gravel) at the Kiniktuuraq
AP-06 proposed relocation site during 2008-2050 using CCCma CGCM3 B1 forcing scenario.
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Figure 26. Modeled (GIPL) series of mean annual permafrost temperature for the case with 8 feet
Silt + 1 foot gravel (2.42 m +0.3 m) at the Kiniktuuraq AP-06 proposed relocation site during 2008-
2050 using CCCma CGCM3 Al1B and B1 forcing scenarios.
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Figure 27. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 8 feet silt + 1 foot gravel (2.75 m silt + 0.3 m gravel) at the Kiniktuuraq
AP-06 proposed relocation site during 2008-2050 using CCCma CGCM3 AlB forcing scenario.
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Figure 28. Modeled (GIPL) seasonal (A) and mean annual (B) permafrost temperature field
dynamics for the case with 8 feet silt + 1 foot gravel (2.75 m silt + 0.3 m gravel) at the Kiniktuuraq
AP-06 proposed relocation site during 2008-2050 using CCCma CGCM3 B1 forcing scenario.
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Figure 29. Modeled (GIPL) series of mean annual permafrost temperature for the case with 11 feet
Silt + 1 foot gravel cap (3.35 m +0.3 m) at the Kiniktuuraq AP-06 proposed relocation site during
2008-2050 using CCCma CGCM3 A1B and B1 forcing scenarios.
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Figure 30. Modeled (GIPL) seasonal (A) and annual (B) permafrost temperature field dynamics for
the case with 11 feet silt + 1 foot gravel cap (3.35 m silt + 0.3 m gravel) at the Kiniktuuraq AP-06
proposed relocation site during 2008-2050 using CCCma CGCM3 A1B forcing scenario.
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Figure 31. Modeled (GIPL) seasonal (A) and annual (B) permafrost temperature field dynamics for
the case with 11 feet silt + 1 foot gravel cap (3.35 m silt + 0.3 m gravel) at the Kiniktuuraq AP-06
proposed relocation site during 2008-2050 using CCCma CGCM3 B1 forcing scenario
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Figure 32. A - Modeled (GIPL) permafrost temperature dynamics for the case with 12 feet/3.65 m
gravel fill at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using CCCma
CGCM3 AlB forcing scenario. B - Modeled (GIPL) permafrost temperature dynamics for the case
with 12 feet/3.65 m gravel fill at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050
using CCCma CGCM3 AlB forcing scenario with removing snow cover simulation (snow depth
does not exceed 0.1 m).
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Figure 33. Modeled (GIPL) permafrost temperature dynamics for the case with 12 feet/3.65 m
gravel fill at the Kiniktuuraq AP-06 proposed relocation site during 2008-2050 using CCCma
CGCM3 A1B forcing scenario with removing snow cover simulation (snow depth does not exceed

0.1 m).
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