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SUBJECT: Geotechnical Feasibility Appendix for the Akutan Harbor Navigational Improvements 
Feasibility Study, Akun Island, Alaska. 
 
 
1. Enclosed is the Geotechnical Feasibility Appendix for the Akutan Harbor Navigational 

Improvements feasibility study located on Akun Island, Alaska. Included with this appendix 
are discussions of the anticipated subsurface conditions, preliminary geotechnical evaluation, 
and the geophysical survey for the proposed project. 

 
2. Questions should be addressed to Justin Miller at 907-753-2577 or Amy Steiner at 907-753-

2800. 
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Civil Engineer 
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1 Introduction  
The purpose of this report is to perform a desktop review of historical geotechnical information, 
document the anticipated subsurface geotechnical conditions, provide analyses of anticipated site 
conditions as they pertain to the project described herein, and to introduce a preliminary 
geotechnical design and construction criteria for the Akutan Harbor Navigational Improvements 
located on Akun Island, Alaska. Information and assumptions in this report were developed 
through site visits and geophysical survey data.  The information presented is intended for use by 
design engineers and planners to evaluate the feasibility of proposed project.  Information in this 
report is not intended for use in construction contract documents. An extensive exploration 
program and a more detailed engineering analysis are needed before the final geotechnical 
recommendations for the design and construction of the proposed project can be made. 

2 Location and Project Description 
The Native Village of Akutan is located on Akutan Island on the north side of Akutan Harbor. The 
Akutan Airport is located about six miles east on Akun Island (Figure 2-1). Akutan Island and Akun 
Island are located in southwestern Alaska and is part of the Fox Islands subgroup of the Aleutian 
Islands. The Native Village of Akutan is serviced by the airport on Akun Island. Passengers and 
light freight are transported from Akun Island to the Native Village of Akutan via helicopter. The 
Fox Islands subgroup is the easternmost subgroup of the Aleutian chain and the one closest to 
mainland Alaska. Akun Island lies immediately northeast of Akutan. The project location and 
vicinity map is provided in Attachment A-1 to this report. 

 
Figure 2-1. Project Location and Vicinity Map  

Native Village of 
Akutan 

Proposed Harbor 
Location 

Akun Island 

Akutan Island 
Commercial Fleet 
Harbor of Refuge 
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A marine link between the Native Village of Akutan and Akutan Airport is being considered during 
this study. Marine facilities including a seaplane base, helicopter pad, small boat harbor, city dock, 
and ferry dock are located at the Native Village of Akutan. The only marine facilities located on 
Akun Island is a concrete hovercraft pad along the coast west of the runway. Access to the small 
boat harbor in the Native Village of Akutan is limited to relatively small vessels and is 
overcrowded. An additional harbor is located approximately 2 miles east of the city at the head of 
Akutan Harbor. This harbor was constructed in 2012 and serves as a harbor of refuge for the 
commercial fishing fleet but has no road access to the Native Village of Akutan.  

The proposed harbor would be sized to accommodate a design vessel with a length of 58 feet 
and a draft of 8 feet. A rubble mound breakwater would protect a 120 foot by 120 foot turning 
basin. Both the entrance channel and turning basin would have a dredge depth of -13.0 
feet. Blasting is anticipated for construction of the turning basin or entrance channel in the 
proposed location of the tentatively selected plan (TSP). The entrance channel would have a 
minimum width of 60 feet to a maximum width of 120 feet when turning around the nose of the 
breakwater. Proposed service facilities required would include a pile-supported dock, turning 
dolphins, uplands with an area of approximately 0.15 acres for loading/unloading freight from 
dock, and a 12-foot-wide road connecting the harbor areas with the infrastructure. The proposed 
harbor layout (TSP) is discussed in Section 6 and shown in Figure 6-2. 

3 Previous Geotechnical Investigations 
In 2005, Duane Miller and Associates (DMA) conducted a geotechnical exploration to support a 
Master Planning Study for the Akutan Airport. In 2008, the Alaska Department of Transportation 
and Public Facilities (ADOT&PF) conducted a geotechnical investigation and NORCAL 
Geophysical Consultants (NORCAL) conducted a seismic survey to support an airport 
improvement project. The airport project included the construction of a 4,500-foot paved and 
lighted runway with auxiliary buildings on Akun Island, along with a hovercraft landing ramp and 
pad facility in Surf Bay and an approximately 3,000-foot access road connecting the airport apron 
to the hovercraft ramp and pad facility (ADOT&PF 2008). The hovercraft landing ramp is located 
near the southeast corner of the proposed ramp for this project. The locations of the test borings 
performed by ADOT are shown in Figure 3-1. The location of the test borings performed by DMA 
are shown in Figure 3-2. 

An offshore geophysical survey was conducted by WSP Golder in August 2022 to investigate the 
thicknesses of sediment over bedrock within the area of proposed navigation improvements. 
General site conditions within the project area are expected to consist of a variable thickness of 
unconsolidated sediment overlying a harder layer interpreted to be bedrock. At some locations, 
the geophysical data also shows the presence of an intermediate strength layer below the sub-
bottom elevation that could be weathered bedrock. Weak surficial sediment was not encountered, 
which is consistent with the relatively high-energy environment in Surf Bay. Cross-sections and 
plan view drawings displaying inferred sediment thicknesses and bedrock elevations are provided 
in the WSP Golder report titled Geophysical Survey Report Akutan Harbor Navigational 
Improvements dated January 2023. The historical reports discussed in this section are included 
as an Annex to this report. 
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Figure 3-1. Historical Test Boring Locations (ADOT, 2008) 
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Figure 3-2. Historical Test Boring Locations (DMA, 2005) 

4 Regional Geology 
The Aleutian Islands are a volcanic island arc extending southwest from the Alaska Peninsula. 
These islands separate the Bering Sea from the Pacific Ocean. The Aleutian Island arc is situated 
along the Aleutian subduction zone where the oceanic Pacific Plate is subducted beneath the 
continental North American plate. This results in a volcanic arc and high rates of seismicity. During 
the Pleistocene epoch, glaciation blanketed the Aleutian chain. At present, the Aleutian Islands 
often consist of steep volcanic slopes that descend directly into the sea and glacier-carved fjords. 
Glacial and volcanic deposits are commonly found concurrently in the Aleutian Island surficial 
geology, including glacial deposits in valley bottoms and ridge tops, and modern pyroclastic 
deposits such as air-fall ash and ash-flow tuff. 

Akun Island is located approximately six miles east of the City of Akutan and approximately 35 
miles northeast of Dutch Harbor and Unalaska. The Akutan Volcano, one of the most active 
volcanoes in the Aleutian Arc, sits on the western half of Akutan Island, and Mt. Gilbert Volcano 
is located approximately five miles north of the project site on Akun Island. Mt. Gilbert is a 
stratovolcano with massive basalt flows and thick pyroclastic deposits from modern and ancestral 
volcanic activity. Volcaniclastic debris flows and lahar deposits are found at the base of the 
volcanic slopes and in local valley bottoms. The identified geologic units in the vicinity of the 
proposed harbor location of Akun Island are shown in Figure 4-1. 
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Figure 4-1. Geologic Map of Akutan and Akun Islands (DMA, 2005) 

5 Geotechnical Design Considerations 
It is anticipated that rubble mound breakwaters can be constructed for the planned project. It is 
important that prudent consideration be given to certain subsurface conditions and construction 
aspects including deleterious foundation soils, stability, seismic concerns, and settlement. This 
engineering analysis is based on historical geotechnical information and the 2022 geophysical 
survey. The following sections are based on anticipated conditions and must be reevaluated 
following a formal subsurface site investigation. 

 Anticipated Soil Profile 
Based on historical information and the result of the geophysical survey, it is anticipated that the 
soils near the proposed breakwaters consists of 20 to 60 feet of unconsolidated marine sediments 
(gravels and sands) overlying igneous bedrock.   

 Anticipated In Situ Soil Properties 
The soil properties used to design the revetment profile are summarized in Table 5-1. Typical unit 
weights from Table 5-2 (Coduto, 2001) and effective internal friction angles were estimated in 
accordance with Table 3-1 of EM 1110-1-1905, Bearing Capacity of Soils (1992). The soil 
properties in Table 5-1 are assumed soil properties and will need to be reevaluated following a 
formal subsurface site investigation.  

 

  

Proposed 
Harbor 
Location 
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Table 5-1. Anticipated Design Foundation Soil Properties 

Interpreted Geology 
1Physical 
Properties 

Unified Soil 
Classification 

Symbol 

2Dry Unit 
Weight (pcf) 

2Internal 
Friction Angle 

(degrees) 
Unconsolidated 

sediment  
Loose to 

Medium Dense GW - SW 100 – 120  
(110) 

29 - 30 
(29) 

Basalt Hard / 
Unweathered Bedrock 140 – 160  

(150) 
38 - 55  

(48) 
1 Physical properties are assumed and should be considered approximate. 
2  Ranges of applicable values are presented, recommended value is shown in parentheses 

 Preliminary Breakwater Cross-Section 
The preliminary cross-section for the breakwater is shown in Figure 5-1. During the engineering 
analyses, each soil layer was assumed to be homogeneous, fully saturated, and uniform in 
composition. 

   
Figure 5-1. Preliminary Breakwater Cross-Section 

 Design Factors of Safety 
Appropriate factors of safety must be to ensure adequate performance of the project throughout 
its design life. Three important considerations in determining appropriate factors of safety include: 
uncertainties in the conditions being analyzed, the consequences of failure, and the acceptable 
performance. Table 5-2 provides applicable factors of safety and source documents, which 
include procedures for performing the analysis. 
 

Table 5-2. Applicable Factors of Safety 
Reference Analysis Condition Minimum Factor of Safety 

EM 1110-1-1905 Bearing Capacity 2.5 
EM-1110-2-1902 Slope Stability, End of Construction 1.3 
EM-1110-2-1902 Slope Stability, Long Term 1.5 
EM-1110-2-1902 Slope Stability, Earthquake Loading >1.0 
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 Rubble-Mound Breakwater Engineering Properties 
It is anticipated that the proposed breakwaters will be constructed using three different rock 
materials: armor rock (A Rock), intermediate rock (B Rock), and core rock. Assumed engineering 
properties of the breakwater materials are shown in Table 5-3. 

Table 5-3. Assumed Breakwater Embankment Fill Properties 
Breakwater Unit 1Dry Unit Weight (pcf) 1Internal Friction Angle (degrees) 

A-Rock 95 – 115 (107) 40 - 55 (45) 
B-Rock 95 – 115 (107) 40 – 55 (45) 

Core Rock 95 – 115 (107) 40 - 55 (45) 
1  Ranges of applicable values are presented, recommended value is shown in parentheses 

 Tide Conditions 
The tides at Akutan are generally diurnal with two highs and two lows occurring daily. Tide levels, 
referenced to Mean Lower Low Water (MLLW), are shown in Table 5-4. Water level data is from 
the National Oceanic and Atmospheric Administration (NOAA) online database. 

Table 5-4. Tidal data for the Akutan Harbor Navigation Improvements Referenced to MLLW 
 

 

 

 

 Earthquake Ground Motions  
Akun Island, Alaska is located in a region of high seismicity. Per the UFC 3-220-01 Geotechnical 
Engineering Section 2-1, the criteria for minimum factor of safety for liquefaction of risk category 
I & II structures is greater than or equal to 1.0, and for risk category III & IV structures greater than 
or equal to 1.1. Site-modified seismic ground motion parameters values used for this analysis are 
provided in Table 5-5.  The values provided are based on mapped values from the American 
Society of Civil Engineers (ASCE) Minimum Design Loads for Buildings and Other Structures 
(ASCE 7-16) and UFC 3-301-01 Structural Engineering.  

Table 5-5. Probabilistic Ground Motions (g) for Akun Island 
Parameter 2% in 50 yr 5% in 50 yr 10% in 50 yr 

PGA 0.59 0.46 0.36 
0.2s SA 1.29 0.99 0.78 
1.0s SA 0.52 0.39 0.31 

PGA – Peak Ground Acceleration  
SA – Spectral Acceleration 

  

Tide * Elevation (feet) 
Mean Higher High Water (MHHW) +3.73 

Mean High Water (MHW) +3.42 
Mean Tide Level +2.16 

Mean Low Water (MLW) +0.89 
Mean Lower Low Water (MLLW) 0.00 

* Source: NOAA National Ocean Surface 
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6 Alternatives  
The study team evaluated three navigation improvement alternatives (Alternatives 1 through 
3) in the process of recommending a TSP. The three alternatives considered are shown in 
the list below and described is the following sections.  

• Alternative 1: Harbor Southwest of Unnamed Point (without blasting) 
• Alternative 2 (TSP): Harbor South of Unnamed Point (with blasting)  
• Alternative 3: Harbor Located South of Unnamed point (with blasting) 

 Alternative 1: Harbor Southwest of Unnamed Point (without blasting) 
The harbor for Alternative 1 would be sized to accommodate a design vessel with a length of 58 
feet and a draft of 8 feet.  The 715-foot-long rubble mound breakwater would protect a 120 foot 
by 120 foot turning basin. Both the entrance channel and turning basin would have a dredge depth 
of -13.0 feet MLLW. It is anticipated that blasting would not be required for the turning basin or 
entrance channel in this location. The entrance channel would have a minimum width of 60 feet 
to a maximum width of 120 feet when turning around the nose of the breakwater. Local service 
facilities required would include a 560 foot long by 12-foot-wide pile-supported dock, turning 
dolphins, uplands with an area of approximately 0.15 acres for loading/unloading freight from 
dock, and a 1,100 foot long by 12-foot-wide road connecting the harbor areas with the existing 
pad to the south of the hotel. The proposed layout of Alternative 1 is shown in Figure 6-1. 

 
Figure 6-1. Alternative 1: Harbor Southwest of Unnamed Point (without blasting)  
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 Alternative 2: Harbor South of Unnamed Point (with blasting) (Tentatively 
Selected Plan) 

The harbor for Alternative 2 would be sized to accommodate a design vessel with a length of 58 
feet and a draft of 8 feet.  The 450-foot-long rubble mound breakwater would protect a 120 foot 
by 120 foot turning basin. Both the entrance channel and turning basin would have a dredge depth 
of -13.0 feet MLLW. It is anticipated that blasting would be required for the turning basin or 
entrance channel in this location. The entrance channel would have a minimum width of 60 feet 
to a maximum width of 120 feet when turning around the nose of the breakwater. Local service 
facilities required would include a 290 foot long by 12-foot-wide pile-supported dock, turning 
dolphins, uplands with an area of approximately 0.15 acres for loading/unloading freight from 
dock, and a 1,100 foot long by 12-foot-wide road connecting the harbor areas with the existing 
pad to the south of the hotel. The proposed layout of Alternative 2 is shown in Figure 6-2. 

 
Figure 6-2. Alternative 2: Harbor South of Unnamed Point (with blasting) 

 Alternative 3: Harbor Located South of Unnamed point (with blasting) 
The harbor for Alternative 3 would be sized to accommodate a design vessel with a length of 58 
feet and a draft of 8 feet.  The 400-foot-long rubble mound breakwater would protect a 120 foot 
by 120 foot turning basin. Both the entrance channel and turning basin would have a dredge depth 
of -13.0 feet MLLW. It is anticipated that blasting would be required for the turning basin or 
entrance channel in this location. The entrance channel would have a minimum width of 60 feet 
to a maximum width of 120 feet when turning around the nose of the breakwater. Local service 
facilities required would include a 325 foot long by 12-foot-wide pile-supported dock, turning 
dolphins, uplands at the existing hovercraft pad for loading/unloading freight from dock, and a 270 
foot long by 12-foot-wide road connecting the existing hovercraft pad. The proposed layout of 
Alternative 3 is shown in Figure 6-3. 
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Figure 6-3. Alternative 3: Harbor Located South of Unnamed point (with blasting) 

7 Preliminary Geotechnical Analysis of Alternatives  
The following sections are based on information gathered during site visits, review of the 
geophysical survey and historical geotechnical reports, and assumptions on the subsurface 
conditions.  These sections are for the feasibility analysis of alternatives only and are not adequate 
for a formal design. A formal subsurface site investigation needs to be performed in order to 
evaluate and validate the assumptions.  

 Bearing Capacity Analysis 
A preliminary bearing capacity analysis was performed using the Meyerhoff’s general bearing 
capacity equation in accordance with EM 1110-1-1905 Bearing Capacity of Soils (1992). For this 
analysis, the in-situ soil was assumed to be in a drained condition. The foundation soils unit weight 
(γ), assumed unit weight of seawater, internal friction angle (𝜑𝜑), and width (B) are assumed to be 
110 pcf, 64 pcf, 29 degrees, and 250 feet respectively. The ultimate bearing capacity is as follows:  

𝑄𝑄𝑢𝑢 =
1
2
𝛾𝛾′𝐵𝐵𝑁𝑁𝛾𝛾 =

1
2
∙ (110𝑝𝑝𝑝𝑝𝑝𝑝 − 64𝑝𝑝𝑝𝑝𝑝𝑝) ∙ 250𝑓𝑓𝑓𝑓 ∙ 10.4 = 59.8𝑘𝑘𝑘𝑘𝑘𝑘 

Based on the calculated ultimate bearing capacity of the soils at 59.8 ksf, the allowable bearing 
capacity, Qa, is shown in the equation below. 

𝑄𝑄𝑎𝑎 =
𝑄𝑄𝑢𝑢
𝐹𝐹𝐹𝐹

=
59.8𝑘𝑘𝑘𝑘𝑘𝑘

2.5
= 23.9𝑘𝑘𝑘𝑘𝑘𝑘  
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The loaded area is essentially flat with very little relief. Therefore, no eccentric loading is assumed. 
For the most conservative factor of safety, a completely dry revetment over a completely saturated 
subgrade was used when calculating the embankment loading. Calculation of the embankment 
loading is: 

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 107𝑝𝑝𝑝𝑝𝑝𝑝 ∙ (50𝑓𝑓𝑓𝑓 − 20𝑓𝑓𝑓𝑓) + 20𝑓𝑓𝑓𝑓 ∙ (107𝑝𝑝𝑝𝑝𝑝𝑝 − 64𝑝𝑝𝑝𝑝𝑝𝑝) = 4.1𝑘𝑘𝑘𝑘𝑘𝑘 

The equation below shows the estimated Factor of Safety for the proposed breakwaters:  

𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑄𝑄𝑢𝑢
𝑄𝑄

=
59.8𝑘𝑘𝑘𝑘𝑘𝑘
4.1𝑘𝑘𝑘𝑘𝑘𝑘

= 14.6 

Based on the assumptions used in the preliminary analysis, the proposed breakwaters have a 
factor of safety greater than 2.5 with regards to a bearing capacity failure. 

 Slope Stability Analysis 
The following is a preliminary slope stability analysis using chart solutions for embankment slopes 
provided in Appendix E of EM 1110-2-1902 Slope Stability (2003). All influenced foundation soils 
are assumed to be free draining. Therefore, the stability verification applies only to the Long Term 
and End of Construction cases. Only the most critical condition was analyzed to verify the stability 
analysis. 

Since the embankment and foundation material are assumed cohesionless and 𝜑𝜑 > 0°, the 
dimensionless parameter, lcφ, is infinite and the slope stability charts for infinite slopes were used 
for verification.  

In accordance with Figure E-7: 

1) The pore pressure ratio, ru, is assumed to be 0, since both the embankment material and 
foundation soil are assumed free draining: 

𝑟𝑟𝑢𝑢 = 0 

2) Parameters A and B were determined from Figure E-7: 

𝐴𝐴 = 1 

𝐵𝐵 = 2.1 

3) The Factor of Safety was calculated as follows: 

𝐹𝐹𝐹𝐹 = 𝐴𝐴
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

+  𝐵𝐵
𝑐𝑐′
𝛾𝛾𝛾𝛾

= (1)
tan (45°)

tan (33.3°)
+ (2.1)

0
107𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 50𝑓𝑓𝑓𝑓

= 1.5 

Based on the assumptions used in the preliminary analysis, the proposed structures have a factor 
of safety greater than or equal to the minimum requirement of 1.5 for long term stability with 
regards to a slope stability failure. 
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 Settlement Analysis 
The magnitude of settlements that can be expected within the revetment depend on the applied 
loads, the density of the foundation soils, and the care with which the revetment materials are 
placed. Settlement can be immediate (cohesionless soils) or time-dependent (cohesive soils), or 
a combination of both for soils exhibiting intermediate cohesionless/cohesive characteristics. It is 
anticipated that the soils directly underlying the project site consist of cohesionless soils, therefore 
the majority of the settlement is expected to be immediate as load is applied, a small amount of 
time-dependent settlement is expected. The recommended depth of analysis is a minimum of four 
times the width of the embankment, or to the depth of an incompressible soil.  
The settlement analysis was conducted to a depth of 30 feet below mudline using the 
Schmertmann Approximation specified in EM 1110-1-1904, Engineering and Design Settlement 
Analysis (1990). The total maximum settlement at the center of the breakwater is expected to be 
on the order of 6 inches. Most of this settlement is expected to occur as the fill is being placed 
and completely settled by the end of the construction.  
Differential settlements will be gradual due to the anticipated load distribution and should be 
highest near the top of the breakwater, where the load is greatest. Rock armored breakwaters are 
sufficiently flexible such that their stiffness is not considered in this analysis. Total and differential 
settlements within the embankment may be substantially higher if the fill is poorly placed. 

 Dredging Considerations 
Mechanical dredging in combination with heavy ripping and/or drilling and blasting will be required 
to remove material from the proposed entrance channel and mooring basin. Currently, the 
alternatives have a planned dredge depth of -13 feet MLLW.  
Anticipated dredging conditions consist of approximately 5 to 10 feet of loose to medium dense 
unconsolidated sediment at the surface transitioning into bedrock at varying depths. Based in the 
information presented in the 2003 Geophysical Report by WSP Golder, it is anticipated that the 
depth of bedrock ranges from approximately -5 feet MLLW along the easter portion of the 
proposed entrance channel to -20 feet MLLW along the western portion of the proposed entrance 
channel. The sediment material can be mechanically dredged by clamshell or long-reach 
excavator. For estimating purposes, we anticipate dense sediments, weathered bedrock, or 
bedrock will be encountered within the dredge prism. The type of equipment required to remove 
dense sediments or weathered bedrock could consist of an excavator-mounted pneumatic or 
hydraulic rock breaker, rock ripper, or rock ripping bucket. After dense sediment or weathered 
bedrock is loosened or ripped, it can be mechanically dredged by clamshell or long-reach 
excavator. Bedrock and hard materials are expected to require drilling and controlled blasting 
before it can be mechanically dredged.  

8 Future Geotechnical Site Investigation Recommendations 
It is recommended that a geotechnical site investigation consisting of drilling between 15 and 20 
test borings below the proposed rubble-mound breakwaters, entrance channel, and maneuvering 
basin be conducted during the preconstruction engineering and design (PED) phase of the 
project. The main goal of a geotechnical site investigation would be to properly characterize 
proposed dredge material, allow further evaluation and recommendations of the suitability of 
breakwater foundation material, and identify any geological conditions that would require special 
considerations during PED. Geotechnical information would also be used to establish the basis 
for accurate dredging cost estimates, as actual dredge material properties are unknown at the 
time of writing.  
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1.0 INTRODUCTION 

Golder Associates USA Inc. (Golder, a member of WSP) is pleased to present the results of our nearshore marine 

geophysical survey for the Akutan Harbor Navigational Improvements Project. The project site is located on the 

southwestern shoreline of Akun Island, approximately 35 miles east of Dutch Harbor and Unalaska and six miles 

east of the City of Akutan, Alaska (Figure 1).  The project area is located at the west end of the Akutan Airport and 

spans approximately 2,500 feet along the southern end of Surf Bay, flanked on either side by narrow headlands of 

volcanic rock as shown in Figure 2. Proposed improvements include construction of a 550-foot rubble breakwater 

to protect a roughly 5-acre basin that will have a minimum depth of 20 feet below mean lower low water (MLLW).  

The Akutan Navigational Improvements Project includes evaluating the feasibility of installing a breakwater wall at 

one of two locations to increase navigation capabilities for small and medium size vessels connecting the City of 

Akutan and the Akutan Airport on Akun Island. The presence of rock along portions of the shoreline, and just 

offshore, indicate possible shallow depth to bedrock within the project area. 

1.1 Project Understanding 

The US Army Corps of Engineers – Alaska District (USACE) is selecting a preferred location for navigational 

improvement and developing the design for the project. Golder understands the placement of future navigational 

improvements may depend on sub-surface geologic conditions. Specifications for the type or placement of project 

features can be refined by understanding the thickness and lateral extent of the subsurface stratigraphy, 

particularly soft sediment, and the depth to the top of bedrock. 

1.2 Scope of Work 

The scope of work consisted of conducting a shallow marine geophysical investigation to define subsurface 

conditions needed for project design. The marine geophysical data were acquired on a grid with pre-planned 

survey track lines that ran parallel and perpendicular to the shoreline. Details of the survey methods are 

presented in Section 3.0. 

2.0 BACKGROUND DATA REVIEW 

In 2005, Duane Miller and Associates (DMA) conducted a geotechnical exploration to support a Master Planning 

Study for the Akutan Airport. In 2008, the Alaska Department of Transportation and Public Facilities (ADOT&PF) 

conducted a geotechnical investigation and NORCAL Geophysical Consultants (NORCAL) conducted a seismic 

survey to support an airport improvement project. The data from these projects were reviewed as part of the 

background data review phase of this project and select excerpts from these reports are included in Appendix A. 

Golder was also provided with bathymetric contours collected in 2015 (presented as Government Furnished Item, 

GFI-3) in PDF, XML, and DWG formats. 

The airport project included the construction of a 4,500-foot paved and lighted runway with auxiliary buildings on 

Akun Island, along with a hovercraft landing ramp and pad facility in Surf Bay and an approximately 3,000-foot 

access road connecting the airport apron to the hovercraft ramp and pad facility (ADOT&PF 2008). The hovercraft 

landing ramp is located near the southeast corner of the proposed ramp for this project. The borehole logs from 

this location (ADOT&PF 2008) are included in Appendix A.  

2.1 Regional Geologic Setting 

The site is located within the Aleutian Islands, a volcanic island arc extending southwest from the Alaska 

Peninsula that separates the Bering Sea from the Pacific Ocean. The Aleutian Island arc is situated along the 
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Aleutian subduction zone where the oceanic Pacific Plate is subducted beneath the continental North American 

plate, which results in a volcanic arc and high rates of seismicity. During the Pleistocene epoch, glaciation 

blanketed the Aleutian chain. At present, the Aleutian Islands often consist of steep volcanic slopes that descend 

directly into the sea and glacier-carved fjords. Glacial and volcanic deposits are commonly found concurrently in 

the Aleutian Island surficial geology, including glacial deposits in valley bottoms and ridge tops, and modern 

pyroclastic deposits such as air-fall ash and ash-flow tuff. 

Akun Island is located approximately six miles east of the City of Akutan and approximately 35 miles northeast of 

Dutch Harbor and Unalaska. The Akutan Volcano, one of the most active volcanoes in the Aleutian Arc, sits on 

the western half of Akutan Island, and Mt. Gilbert Volcano is located approximately five miles north of the project 

site on Akun Island. Mt. Gilbert is a stratovolcano with massive basalt flows and thick pyroclastic deposits from 

modern and ancestral volcanic activity. Volcaniclastic debris flows and lahar deposits are found at the base of the 

volcanic slopes and in local valley bottoms (DMA 2005).  

2.2 Local Site Conditions 

The project site is located at the south end of Surf Bay, where the beach is partially protected from the open 

ocean by a small andesite ridge. The beach gently slopes uphill from the ocean to the east to beach cliffs, which 

are composed of interbedded beach sand and ash deposits (DMA 2005). Borehole logs supporting the 

construction of the hovercraft landing ramp (Figure 2), located near the northeast corner of the project area, 

indicate interbedded gravel and sand overlying bedrock at depths ranging from 19 feet to more than 30 feet below 

ground surface (Appendix A, ADOT&PF 2008). Photographs from the project area in 2005 are included in 

Appendix A (DMA 2005). 

3.0 GEOPHYSICAL SURVEY METHODS 

The offshore geophysical survey was conducted within the project areas of Akun Island on August 24 to August 

27, 2022, by Fern Webb, Senior Marine Geophysicist from Golder’s office in Vancouver, Canada. A marine 

mammal observer (MMO; Matt Ferguson, USACE) was provided by USACE to observe and notify/stop work if any 

potential conflicts with wildlife and our survey efforts arise, and Inocencio Roman was present as a USACE 

observer. 

The instruments used for the marine survey included a high frequency (5kHz) sub-bottom profiler (SBP) to identify 

and map the thickness of fine-grained sediment, and a bubble pulser (BP) low-frequency (0.4-1.2kHz) seismic 

reflection system to map the thickness of coarse-grained sediment and to determine the depth to the top of 

interpreted bedrock and/or acoustically hard reflectors. A side scan sonar (SSS) survey was also conducted to 

characterize seabed surficial materials and differentiate between areas of exposed bedrock versus overburden 

sediment cover.  

Table 1 below summarizes the geophysical instruments used for this investigation, and a schematic of the 

instrument setup is shown in Image 1 below. 
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Table 1: Geophysical Survey Instrumentation 

Equipment System Application 

GPS Trimble Ag132 Differential GPS Real-time position information 

High Frequency Sub-Bottom 
Profiler 

Datasonic Model SBT-2200 (3.5 to 12 
kHz) with GeoAcoustics T135 transducer 

Identify and map thickness of fine-
grained sediment deposits 

Low Frequency Seismic 
Reflection System 

Datasonic SPR-1200 Identify and map thickness of 
coarse-grained sediment and depth 
to top of acoustically hard layer 
and/or bedrock 

Side Scan Sonar Imagenex Yellowfin Side Scan Sonar seafloor coverage 

 

Image 1: Example Survey Instrumentation Schematic. Side Scan Sonar towfish is not shown. 

3.1 Survey Vessel 

The geophysical, navigational, and hydrographic instruments were installed on the charter vessel ‘Miss Alyssa’, 

owned and operated by Captain Jimmer MacDonald of Dutch Harbor (Image 2). The vessel was operated by 

Captain MacDonald during the survey. The sub-bottom profiler (SBP) transducer was mounted off the starboard 

side on a pole mount. The bubble pulser (BP) transducer was mounted on a pole-mount on the port side of the 

vessel. Two hydrophone receivers for the BP were deployed, one from the bow of the vessel and one from the 

starboard corner of the stern. The side scan sonar (SSS) was deployed from the center of the stern. The GPS 

antenna used for positioning of geophysical data was installed on the roof of the cabin. The relative location of all 

sensors was measured and recorded for incorporation into the processing of the acquired data. 
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Image 2: Survey Vessel Miss Alyssa 

3.2 Navigation 

The position of the survey vessel was determined with a differential global positioning system (DGPS). All position 

data were collected in NAD83, and projected into Alaska State Plane Zone 10, US Survey Feet. Navigation data 

were acquired with a Trimble AG132 Differential GPS system interfaced to an acquisition computer running 

HYPACK 2018 software, an industry standard navigation software package. The position of the survey vessel was 

displayed in real-time on a monitor located at the helm in front of the survey vessel operator. This monitor also 

displayed additional navigation parameters, such as distance down line and distance offline, water depth, vessel 

speed, and heading. This information enabled the vessel operator to pilot the boat along pre-plotted survey 

transects displayed on the monitor, in addition to viewing the location of completed transects.    

3.3 Sub-Bottom Profiler System 

A Datasonic Model SBT-2200 sub-bottom profiler (SBP) system, coupled with a 3.5 kHz transducer, was used to 

identify and determine the thickness of surficial deposits of fine-grained sediment. The system uses a single 

transducer to send and receive acoustic pulses directed at the seafloor. The acoustic pulses can penetrate tens of 

feet in homogeneous fine-grained sediment but are not able to penetrate dense sand or coarse-grained material. 

The reflections from the seabed and sub-bottom layers are displayed in real-time as a profile or vertical cross 

section on the digital acquisition system monitor.  

3.4 Seismic Reflection System 

A Datasonic SPR-1200 low-frequency seismic reflection profiling system, referred to as a bubble pulser (BP), was 

used to acquire information on the thickness of dense and coarse-grained, unconsolidated sediment and to detect 
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the top of interpreted acoustic basement or bedrock. The data from this system was acquired simultaneously with 

the sub-bottom profiler data and displayed in real-time using the Chesapeake digital acquisition system. The 

digital acquisition system was interfaced with the navigation system to provide real-time position information on 

the acquired data.  

3.5 Side Scan Sonar System 

An Imagenex Yellowfin digital side scan sonar (SSS), operating at 330 kHz was used for this survey. The SSS 

towfish was deployed off the stern of the boat. Data were set to collect a 200 feet per side for a swath width of 400 

feet. The data were recorded using the Imagenex Yellowfin acquisition software. 

4.0 GEOPHYSICAL DATA PROCESSING AND ANALYSIS 

The geophysical data processing and analysis for each geophysical method employed is described in the 

following sections. 

4.1 Seismic Reflection Data 

The geophysical SBP data (high and low frequency) were processed using the Geosuite Allworks marine seismic 

reflection processing software (Geo Marine Survey Systems, B.V.).  

The SBP profiles showed only scattering of the acoustic pulse in the near-seabed, which we interpret to indicate 

that there are no fine-grained sediments at the seabed. This result is expected given the high-energy ocean wave 

and storm environment of Surf Bay. A comparison of the seismic reflection data results is provided in Figure 3. 

In contrast to the higher-frequency SBP data, the lower-frequency BP data provided good subsurface penetration 

with a maximum penetration of approximately 50 feet below the seabed. Therefore, the low-frequency data was 

prioritized for processing and interpretation of sub-bottom stratigraphy. 

Raw data profiles were imported in SEG-Y format into the seismic data processing software and translated to the 

project coordinate system. The available multibeam datasets were imported to the software as surface features 

which Geosuite automatically slices along the track line of each file to project a reference surface into the display 

of each data profile. The profile data were adjusted for local tide variations (NOAA Station 9462711). Additional 

processing steps included static corrections for instrument offsets, and filters and gain adjustments to improve the 

appearance of the acoustic reflections and aid interpretation. Data profiles were reviewed iteratively to identify and 

pick the first prominent acoustic horizon. The software allows for display of line intersections with picked horizons, 

which ensures that the sub-bottom interpretation is consistent from profile to profile.  

The picked horizon is interpreted to be the base of the unconsolidated sediment and the top of rock and/or 

acoustically hard material. However, we note that this horizon may not be the acoustic basement since several 

reflectors can be seen deeper on some of the seismic reflection data. These deeper reflectors do not generally 

correlate well from profile to profile. We interpret these reflections to possibly result from a variety of out-of-plane 

features and intermittent internal structures within the heterogenous harder volcanic deposits and flows.  

Unconsolidated sediment thickness is determined by multiplying the compressional velocity of sound through 

sediment by the two-way travel time for an acoustic pulse to travel from the seabed to the top of the underlying 

interpreted consolidated and/or course-grained sediment or rock. For this work, a nominal value of 5,000 feet per 

second (fps), was used for the compressional velocity of the unconsolidated sediment overlying the top of 

interpreted bedrock.  
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The profile interpretation and picking procedure generated a database of sediment thickness and depth to an 

acoustically hard sub-bottom reflector, interpreted as top of bedrock, with corresponding map coordinate for each 

pick.  

4.2 Side Scan Sonar Data  

Side scan sonar data were processed using the Hypack Sidescan Targeting and Mosaicking module. Raw SSS in 

Imagenex *.872 format was converted to Hypack *.HSX format and imported to the processing module. The SSS 

images were reviewed in swath format to identify and locate targets of interest and rendered as georeferenced 

mosaics in geotif format to confirm data coverage and positioning of features relative to other datasets. Examples 

of the SSS imagery are provided in Figure 4 and discussed further in section 5.1. 

5.0 GEOPHYSICAL SURVEY RESULTS 

5.1 Background Data 

Several sources of background geospatial data were available to provide a baseline interpretation of the seabed 

conditions at the Surf Bay site. These included multibeam bathymetry sourced from NOAA, high-resolution aerial 

imagery, and the results of a hydrographic survey completed for USACE by Stantec in 2015. These data are 

compiled and presented in Figure 5, Panel A. 

The background data were interpreted alongside the SSS images to identify seabed features. Interpreted features 

of the seabed are provided as polygons in Figure 5, Panel B. Of specific interest was defining the boundaries of 

bedrock outcrops. Additional seabed features identified and mapped were zones of sand waves, and a zone of 

irregular seabed between approximately 28 feet and 38 feet below MLLW with several distinctive elongated divots 

in the north corner of the survey area. The seabed in the project area is generally planar sloping between 

approximately 2.5% to 5%. The basalt rock exposures which form the prominent headlands are angular and 

irregular with localized slopes and facets with angles exceeding 55%. This contrast in geomorphology was used 

to aid the interpretation of the boundary between the unconsolidated sand and the submerged bedrock.  

5.2 Seismic Reflection Survey Results 

A complete set of interpreted seismic reflection profiles is provided in Appendix B. Each profile is shown alongside 

a track line map highlighting the specific positioning of that line. The profiles are all presented with a common 

horizontal and vertical scale as indicated by the fiducial markers. 

Figure 6 shows the locations of the seismic reflection track lines for the field data, the bathymetric contours, and 

the location of the interpreted bedrock outcrops. The locations of geologic cross sections are overlain on the map 

along with the proposed breakwater and navigation channel locations. The dashed pink line indicates the inshore 

limit of safe operation for the survey vessel. The safe operation limit was assessed by Captain MacDonald at the 

time of survey with consideration of the prevailing wind and wave conditions compared to the limitations of vessel 

draft and maneuverability. The -20 feet MLLW bathymetric contour is highlighted in yellow.  

An isopach map of the unconsolidated sediment, interpreted to be coarse sands and gravels, is presented in 

Figure 7. The isopach map was generated by interpolation between the seismic reflection profiles using the 

Kriging algorithm (Golden Software Surfer18). Areas of the seabed interpreted to be exposed bedrock were 

included as inputs to the interpolation scheme as fixed isopach values of 0 feet. This approach extended the 

interpolation of sediment thickness shoreward of the limit of operation. Due to limited access into the cove at the 

southern extent of the project area, the sediment isopach could not be shown in this location. 
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A surface model of the elevation of the hard sub-bottom reflector was created as the subtraction of the sediment 

isopach from the seabed surface. The contours of elevation of this horizon are provided in Figure 8. The contour 

corresponding to -20 feet MLLW is highlighted in blue.  

The maximum unconsolidated sediment thickness is found at the north corner of the area of interest where the 

northern breakwater option intersects the 55 feet contour of the isopach map. Under most of the area covered by 

the two breakwater and channel options, the unconsolidated sediment is expected to be between 0 feet and 25 

feet in thickness with significant areas of exposed bedrock.  

Interpreted geologic cross sections were generated for nine (9) alignments within the study area for this project. 

These cross-sections were created by slicing the seabed surface and the hard sub-bottom elevation surface 

model along the prescribed alignments defined by the coordinates listed in Table 2. 

The locations of these alignments are shown in Figure 2, Figure 6, Figure 7, and Figure 8. 

Table 2: Prescribed Cross Section Coordinates 

Cross Section ID Start Easting Start Northing End Easting End Northing 

1-1' 5498637 1309734 5499037 1309434 

2-2' 5498817 1309974 5499217 1309674 

3-3' 5498988 1310201 5499388 1309901 

4-4' 5498839 1310671 5499239 1310370 

5-5' 5499002 1310922 5499499 1310549 

6-6' 5499098 1311100 5499377 1310887 

A-A' 5498857 1309444 5499319 1310059 

B-B' 5498657 1309594 5499479 1310689 

C-C' 5498957 1310336 5499179 1311102 

NAD83 State Plane Alaska Zone 10 - Feet 

The interpreted geological cross sections are provided in Figure 9 to Figure 14. The vertical datum is MLLW and 

the horizontal scaling is in chainage feet. The cross sections have been vertically exaggerated at an 

approximately 2:1 ratio. 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

The project area lies between Daryl’s Point on the west and an existing hovercraft landing area on the west. Two 

550-foot-long rubble mound breakwaters are being evaluated by USACE, along with a dredge channel to access

an approximate 5-acre basin that will be dredged to -20 feet MLLW. Figure 15 and Figure 16 show the simplified

seabed bathymetry and simplified elevation contours of hard sub-bottom (respectively) to indicate the overlap of

proposed structures with the -20 feet MLLW elevation of the seabed and the interpreted bedrock surface. Water

depths are expected to range 0 feet MLLW at rock outcrops to about -22 feet MLLW. Unconsolidated sediment

along the channel and basin area or bedrock will underlie the breakwater sites as discussed below.
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▪ Breakwater Option 1 (east). Interpreted subsurface conditions shown in Figure 7 range from bedrock 

outcrop on the western end to as much as 60 feet of unconsolidated sediment on the eastern end. In the 

channel, the thickness of unconsolidated sediment is interpreted to vary from 0 feet to about 45 feet at the 

entrance to the channel. More than half of the channel and basin area has material interpreted to be bedrock 

at elevations above the -20-foot MLLW dredge depth. 

▪ Breakwater Option 2 (west). Interpreted subsurface conditions shown in Figure 7 range from bedrock 

outcrop on the eastern end to as much as 20 feet of unconsolidated sediment on the western end. In the 

channel, the thickness of unconsolidated sediment is interpreted to vary from 0 feet to about 35 feet at the 

entrance to the channel. Most of the basin and about 30% of the channel will require dredging in material 

interpreted to be bedrock at elevations above the -20-foot MLLW dredge depth. 

General site conditions within the project area are expected to consist of a variable thickness of unconsolidated 

sediment overlying a harder layer interpreted to be bedrock. At some locations, the geophysical data also shows 

the presence of an intermediate strength layer below the sub-bottom elevation that could be weathered bedrock. 

Weak surficial sediment was not encountered, which is consistent with the relatively high energy environment in 

Surf Bay. 

▪ Unconsolidated Sediment. The unconsolidated sediment is expected to consist of primarily sand along with 

layers of fine gravel also present (DMA 2005, ADOT&PF 2008) that is expected to have a similar gradation to 

the marine beach and beached dune deposits found along the shoreline, as shown in Image 3 (below, also 

included in Appendix A). Borehole data from ADOT&PF (2008) at the hovercraft landing area indicated layers 

of sand interbedded with more gravelly material, which is expected to be loose at depth based on the heave 

noted during drilling. In addition, laboratory testing reported in DMA (2005) indicated that the dune sand had a 

friction angle of 29°, which is consistent with relatively loose material. Consequently, given the high seismicity 

and depositional environment, unconsolidated sediment should be considered liquifiable unless site specific 

geotechnical data shows otherwise. 

The marine geophysical survey results presented here show the interpreted depth to the base of 

unconsolidated sediment varies at the site, with the thickest sediments located at the north corner of the 

survey area. Beneath the proposed options for the breakwater and channel footprints, the unconsolidated 

sediment over interpreted bedrock ranges from 0 feet (bedrock outcrop) to 55 feet. Based on the acoustic 

signature, the seabed was interpreted to be coarse sands and gravels and/or volcanic bedrock in all surveyed 

areas. The high frequency seismic reflection profiling showed no evidence of softer sediments at the seabed. 

Because the seismic reflection method does not yield conclusive sediment type identification of 

unconsolidated material, it is recommended that an intrusive investigation (jet probing or drilling) be 

conducted over the potential footprint(s) of any navigational improvement structures to provide the 

geotechnical information necessary to further the design of any navigational improvements on Akun Island, 

for example estimates of rippability of the seabed material. 

▪ Bedrock. Bedrock mapped along the shoreline (Image 3 below, also included in Appendix A) is inferred to 

extend offshore, primarily as lava flow material, but including zones of undifferentiated bedrock or 

volcanoclastic material consisting of debris flow and lahar deposits. Methods of excavating bedrock can be 

correlated to seismic shear wave velocity for planning purposes. NORCAL (2008) reported that most of the 

areas surveyed indicated seismic velocities of 8,000 to 12,000 feet/second. Therefore, it should be assumed 

that blasting will be required during excavation of bedrock within the channel and basin areas. 
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Image 3: Surficial geology at Surf Bay (excerpted from DMA 2005, Plate 1) 

7.0 LIMITATIONS  

This report has been prepared exclusively for the USACE for use in design of the proposed navigational 

improvements. If there are significant changes in the nature, design, or location of the facilities, we should be 

notified so that we may review our conclusions and recommendations considering the proposed changes and 

provide a written modification or verification of the changes. 

There are possible variations in subsurface conditions between explorations and with time. Therefore, inspection 

and testing by a qualified geotechnical engineer should be included during construction to provide corrective 

recommendations adapted to the conditions revealed during the work. In addition, a contingency for unanticipated 

conditions should be included in the construction budget and schedule. 

Golder geophysical services were conducted in a manner consistent with the level of care and skill ordinarily 

exercised by other members of the geophysical community currently practicing under similar conditions, subject to 

the time limits and financial and physical constraints applicable to the services. Side scan sonar, sub-bottom, and 

seismic reflection profiling are remote sensing geophysical methods that may not detect all surface or subsurface 

features of interest or concern. Furthermore, it is possible that interpreted subsurfaces may, upon intrusive 

sampling, prove to have been misinterpreted and or a different material type than that observed onshore. The 

geotechnical work program followed the standard of care expected of professionals undertaking similar work in 

the State of Alaska under similar conditions. No warranty expressed or implied is made.  

Thank you for the opportunity to assist the USACE with the Akutan Navigational Improvements Project. If you 

have questions, please contact Jessica Feenstra (907-865-2533) or Mark Musial (907-865-2511).  

Golder Associates USA Inc. 

 

Jessica Feenstra Mark Musial. PE 
Senior Project Geophysicist/Geologist Vice President 

DAE/FW/JPF/MRM 
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Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B14

PHOTO  25:  The road alignment is located behind the lower building, near the stream. This photo was taken from 
          the breakwater near the proposed landing site, field site AN 83.   

PHOTO 26:  Road alignment looking southwest towards breakwater.  This photo was taken at field site AN 89 
         looking southwest toward the breakwater.



PHOTO 28: View of the landing area at low tide looking west from field site AN 80..

Plate
Job No.: 4086.061 
Date: December 2005

Proposed Airport
Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B15

PHOTO 27:  View of the landing area, panning from the east to the south at low tide, field site AN 80. 



Plate
Job No.: 4086.061 
Date: December 2005

Proposed Airport
Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B16

PHOTO 29:  Western end of breakwater, with a view panning across the landing area from the western end of the 
         breakwater at field site AN 81.

PHOTO 30:  View across landing area to the north from field site AN 84.  



Plate
Job No.: 4086.061 
Date: December 2005

Proposed Airport
Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B38

PHOTO  73:  Sand and ash are interbedded below the wind tower on coast.  View looking east from sea.  

PHOTO 72:  Sand outcrop viewed from field site AN 35.  



Plate
Job No.: 4086.061 
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Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B39

PHOTO  74:  Sand outcrop viewed from the cove, near field site AN 71.   

PHOTO 75:  A closer view of Photo 74. The contact between the overlying interbedded sand and ash, and basalt 
         is clear.  
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Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B40

PHOTO  77:  Interbedded sand and ash.  

PHOTO 76:  A closer view of the basalt, from field site AN 71.  
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Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B41

PHOTO  78:  Interbeds of ash and sand at field site AN 68.    

PHOTO 79:  Closer view of the brecciated basalt and interbedded sand and ash. 



Plate
Job No.: 4086.061 
Date: December 2005

Proposed Airport
Akun Island, Alaska

Duane Miller & AssociatesDuane Miller & Associates SITE PHOTOGRAPHS

B42

PHOTO  80:  A series of debris flows/lahars followed by 
          a fluvial outwash at field site AN 86. 

PHOTO 81: The outcrop shown above is visible to the left on this photo taken from the breakwater south of Surf 
        Beach, field site AN 83.  
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2) DEPTHS RELATIVE TO MLLW
3) SEISMIC PROFILES POSITIONED USING DIFFERENTIAL GPS
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