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ACRONYMS AND ABBREVIATIONS

(continued)
PAH polynuclear aromatic hydrocarbon
psi pounds per square inch
Y2, density
Poit density of oil
RhoP density of product (Bunker C or Bunker C/diesel mixture) in g/mL
RRO residual-range organics
Sry residual saturation of water
Stoir residual saturation of oil
Ay storage coefficient
S specific storage (confined)
Sy specific yield (unconfined storage)
T temperature
TOC top of casing, measured in feet msl
USACE US Army Corps of Engineers
USAED  US Armmy Engineer District, Alaska
VOC volatile organic compound
WWII World War 11
Zs depth of the freshwater/seawater interface below sea level
Zy height of the water table above sea level
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EXECUTIVE SUMMARY

Numerical modeling of groundwater and free-product flow improve the understanding of the
long-term persistence and migration of Bunker C fuel-oil contamination related to the Pre-
World War II (WWII) Tank Farm on Amaknak Island, Alaska. Released during WWII,
Bunker C is still present after 60 years as free product between the Pre-WWII Tank Farm and
the shoreline of Dutch Harbor. Although extensive monitoring and characterization has been
conducted since 1989, new fieldwork in October 2003 and November 2004 focused on
characterizing the groundwater flow system. This fieldwork investigated water levels and
tidal influence, hydraulic conductivity, groundwater discharge-zone geometry and chemistry,
and free-product physical properties and distribution. Based on this work, a three-
dirhensional MODFLOW groundwater flow model estimated groundwater travel times and
trajectories to Dutch Harbor along the probable trajectories of free-product migration. In
addition, to provide a more realistic assessment of Bunker C migration as a light non-
aqueous-phase liquid (LNAPL), a two-dimensional slice of the flow system from the tank
farm to the bay was modeled using MOFAT, explicitly accounting for the three phases
present in the subsurface (groundwater, Bunker C, and air) and their physical interface in
capillary fringes. Finally, geochemical indicators of natural attenuation (biodegradation) in
groundwater were evaluated to estimate the efficacy of natural attenuation and steps that may

be taken to enhance it.

The groundwater flow model, calibrated to mean-tide water levels in October 2003, suggests
that present groundwater flow from the eastern portion of the site is to the east, past MW-11,
while flow from the western portion of the site is to the south, beneath Building 551 and
toward MW-13.  Calibrated hydraulic conductivities, consistent with an analytical
interpretation of tidal influence measurements but much higher than slug-test results, ranged
from 3 to 400 feet per year. Modeled travel time for water is rapid, no more than 2.5 years
from the upgradient edge of the tank farm site to the shoreline. The unconfined groundwater
flow model could simulate only weak tidal influences, not the observed strong influences,
suggesting that the groundwater system may behave in a semi-confined manner over the short

term. The effects of silt and peat lenses could explain this. If such horizons, common in the
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vadose zone, are also present below the water table, vertical hydraulic conductivity would be
two to three orders of magnitude lower than horizontal hydraulic conductivity, rather than
only a factor of three lower as in the model. Finally, the groundwater model was calibrated
with 13 inches of recharge per year, a low value for a site that receives 60 inches per year
precipitation, but higher recharge would have required comparably higher hydraulic
conductivities. The model provides useful qualitative insights in the groundwater flow
system, but would require improved determinations of recharge, boundary flows, and

hydraulic conductivity for defensible quantitative simulations.

‘The LNAPL flow model reveals that, in spite of rapid groundwater flow, Bunker C released at
the tank farm may have required 20 years or more to migrate to MW-11, and may have
reached Dutch Harbor after 54 years or may still be en route. Because migrating oil leaves a
trail of trapped oil at residual saturation, it is attenuated as it moves and can never discharge
to Dutch Harbor at a high rate. If the oil contamination observed at the shoreline during the
October 2003 field effort is derived from the tank farm, then the leading edge of the migrating
oil, where the degree of oil saturation is the highest, must already have discharged, and
current rates of discharge will only decline with time. Discharge will persist for decades,
however. Groundwater samples from the discharge zone in October 2003 did not exceed
regulatory criteria; therefore, physical contamination by oil globules is the only source of

concert.

Geochemical parameters in groundwater suggest that some biodegradation is occurring, but
too slowly to mitigate the remaining subsurface contamination in the near future. Rates
appear to be limited by the availability of oxygen and nutrients, as well as cold ambient
temperatures and the refractory nature of the long-chain hydrocarbons that comprise the bulk
of Bunker C. Over the long term (several decades), the degradation rate will eventually
overtake the discharge rate, and the residual oil will be increasingly viscous, finally

terminating discharge to Dutch Harbor even though some oil will remain in the subsurface.

If no further action is taken at the Pre-WWII Tank Farm, the modeling presented here

suggests that conditions are unlikely to worsen, but will improve slowly over several decades.
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Additional site data are needed to strengthen this conclusion. Accurate determination of the
present extent of Bunker C contamination could provide direct evidence of whether oil is
discharging to Dutch Harbor and could delineate the average migration directions of oil in the

past, enabling better calibration of the groundwater and LNAPL flow models.

The Focused Feasibility Study developed for the Pre-WWII Tank Farm evaluates remedial
technologies (alternatives) to address the Bunker C-related soil, groundwater, and LNAPL
contamination at the site (USAED 2005a). The Proposed Plan, which will be open to public
review and comment, will discuss the preferred alternative(s). Following receipt of comments
on the Proposed Plan, a Decision Document will be developed to document the remedial

alternatives evaluation.
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1.0 INTRODUCTION

Numerical modeling of groundwater and free-product flow provide an improved
understanding of the long-term persistence and migration of Bunker C fuel-oil contamination
related to the Pre-World War II (WWII) Tank Farm on Amaknak Island, Alaska (Figure 1-1).
Bunker C is the heavy residual oil remaining after distillation of lighter fuels from crude oil,
with density of 0.95 to 1.03 grams per milliliter (g/mL) and molasses-like consistency.
Released during WWII, Bunker C is still present after sixty years as free product between the
Pre-WWII Tank Farm and the shoreline of Dutch Harbor. Although extensive monitoring and
characterization has been conducted during site investigations, remedial investigations, and
removal actions beginning in 1989, further fieldwork and analysis was needed to estimate
likely future discharge rates of free and dissolved product to Dutch Harbor and the adjacent
shoreline. This report presents the results of fieldwork conducted during October 2003 and
November 2004, and presents numerical models for groundwater flow and free-product (light

non-aqueous phase liquid [LNAPL]) migration.

This investigation is comprised of the following components:

o [Fieldwork — Important gaps in pre-existing characterization data from the site were filled
by additional fieldwork during October 2003 and November 2004. Activities included
water-level measurements, slug testing, tidal-influence monitoring, groundwater sampling
and conductivity probing of the freshwater/seawater interface, product-level
measurements, and product sampling.

» Groundwater flow modeling — A calibrated groundwater flow model provides estimates
of groundwater travel times and trajectories to Dutch Harbor, and can be used to infer the
probable trajectories of free-product migration.

o LNAPL flow modeling — An LNAPL flow model incorporating both saturated and
unsaturated flow provides estimates of the rate of free-product migration toward Dutch
Harbor, constraining scenarios of long-term contaminant loading to surface water and
sediments.

e Evaluation of natural attenuation — Geochemical indicators of biodegradation permit
qualitative evaluation of the efficacy of natural attenuation and steps that may be taken to
enhance it.

This report provides an overview of field activities in Section 2, detailed descriptions of data

analysis and site characterization insights derived from the field activities in Section 3,
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groundwater flow modeling in Section 4, LNAPL flow modeling in Section 5, an evaluation

of natural attenuation in Section 6, and conclusions and recommendations in Section 7.
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2.0 OVERVIEW OF GROUNDWATER CHARACTERIZATION FIELDWORK

This report relies heavily upon water levels and other observations made during the course of
periodic groundwater sampling from 2001 to the present, along with subsurface information
obtained during excavation of the Tank Farm site, installation of monitoring wells, and
excavation of test pits. Fieldwork to collect data specifically to support the groundwater and
LNAPL flow modeling was conducted from 15 to 23 October 2003. Fieldwork consisted of
the following elements:

e Locating all remaining monitoring wells relevant to the site (see Figure 1-1). Located

wells include MW-2, MW-6, MW-8, MW-10, MW-11, MW-12, MW-13, MW-14,
MW-15, and RPMW-16.

e Measuring tidal influence at monitoring wells. Water levels in all located wells were
monitored using recording transducers.

e Performing slug tests to evaluate hydraulic conductivity. All located monitoring wells
except those with a measurable thickness of free product (i.e., MW-11 and MW-13) were
tested.

o Evaluating the utilidor (a WWII-era shallowly buried utility corridor) and foundation of
Building 551 as potential barriers to groundwater or free-product flow. Neither of these
was found to reach the water table, and therefore do not directly affect groundwater flow
patterns. ‘

e Checking the shoreline geometry compared to the site base map and checking the
shoreline position at high tide and low tide. The beach was steep enough that changes in
position were not significant given the size of the site.

o Evaluating the geometry of the freshwater/saltwater interface via conductivity probing.

e Collecting product samples from MW-11, MW-13, and from the crawlspace beneath
Building 551 for laboratory analysis of density and viscosity.

s Collecting two water samples from the seepage zone at the shoreline, one near MW-10
and one near MW-11.

Additional field activities in 2004 facilitated the understanding of hydraulic and geologic

relationships at the site:

o Wells MW-3R, MW-4R, and MW-7R were installed to replace the destroyed wells
MW-3, MW-4, and MW-7.

e Tidal influence was measured in two of the newly installed monitoring wells (MW-3R and
MW-7R) on 11 and 12 November 2004, in conjunction with biannual water sampling.
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* A professional land surveyor surveyed the site-related wells and structures to provide
accurate and internally consistent locations and elevations in North American Datum 1983
{(NADS3) state plane coordinates.
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3.0 SITE CHARACTERIZATION

Site characterization supports the development of the groundwater and LNAPL flow models.
Site reconnaissance identified and delineated important hydrologic boundaries, tidal influence
measurements provided a broad assessment of hydraulic properties, and slug tests provided
local assessments of hydraulic conductivities. A review of current and historical water level
measurements formed the basis of an average water table map, and a review of test-pit and

boring logs developed a conceptual model of the hydrostratigraphy.

3.1  SITE RECONNAISANCE

The Pre-World War II Tank Farm site occupies a small embayment in the bedrock of
Amaknak Island. With reference to features depicted in Figure 1-1, bedrock rises to the
northwest of the tank farm, outcropping just west of the Powerhouse (Building 409), and
forms an arc of higher terrain extending south and west from there to Biorka Drive. To the
south of the site, the terrain rises south of East Point Road, likely reflecting rising bedrock.
The terrain (and bedrock) also rises to the west of MW-7/7R. Within the embayment, the
terrain is nearly level at about 12 feet above mean sea level (msl), with a steep embankment
or bluff at the shoreline. Historical borehole data (see Appendix C) show that the embayment
is filled with silty sands and gravels, with interbedded organic-rich silt or peat layers at or
above the water table. Broad correlations are possible, as shown in cross sections included in

Appendix C, but the detailed stratigraphy below the water table is not available.

32 WATER TABLE CONFIGURATION

The patterns of observed water levels in monitoring wells are critical to developing an
understanding of likely groundwater flow patterns.  Although only the observations
themselves will be calibration targets of the numerical groundwater flow model, the exercise
of manually contouring the observations induces an in-depth appraisal of realistic head
gradients and groundwater flow directions. The contouring process also reveals the larger
data quality problems, such as erroneous top-of-casing (TOC) elevations or unusual depth

measurements.
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3.2.1 Observed Water Levels

Water levels have been measured in all located wells as part of each quarterly sampling event.
Unfortunately, industrial activities at the site frequently obscure and sometimes destroy wells,
resulting in a fragmentary record. The available data and calculated heads from June 2001
through November 2004 are listed in Table 3-1. Earlier data were not readily available and
are not needed at this stage; the listed data encompass several feet of water table fluctuation,
presenting a wide range of conditions for evaluation. To minimize tidal influences, all
measurements except those in October 2003 and November 2004 were collected within 45
minutes before or after low tide. In October 2003 and November 2004, tide was not
considered. In wells with product, the equivalent thickness of water was found by
multiplying the product thickness by the product density (RhoP, measured in product from
MW-13 and from surface seeps beneath Building 551).

Water levels respond dynamically to climatic factors, with increases of more than 2 feet
between the August and November 2002 sampling rounds in most wells, and up to 5 feet in
MW-14 and RPMW-16. (Although RPMW-16 is a Rocky Point well, it is included here to
replace nearby MW-3, which has been destroyed.) Other wells responded less dramatically,
but showed at least a foot of change. Heads for selected wells are plotted versus time in
Figure 3-1. Rainfall records from Dutch Harbor (Western Regional Climate Center 2005)
show that October 2002 was about three times wetter than normal, with tota] precipitation of
18.12 inches, compared to the 1971 to 2000 average of 6.42 inches. Other months in 2002

had near-normal precipitation.

Figure 3-1 shows that there is no predominant set of water levels that might represent an
average or most common water table geometry. Nevertheless, the concept of average water
levels is useful because groundwater flow integrated over time reflects the time-integrated
water table and associated average gradients. Although there is no guarantee that averaging
periodically measured water levels will produce the time-integrated water table, an average
water table is the best available approximation, providing a useful starting point for

developing a conceptual model of site hydrology.
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Representative water levels for 2002 were estimated for all monitoring wells, as outlined in

Table 3-2. Out of 12 wells, only 5 were measured in each of the 4 quarters. Most of the

remaining wells have two or three quarters of data, permitting some averaging, but three wells

(MW-6, MW-6, and MW-13) were measured only once during the year. Representative

values for these wells were qualitatively estimated from the single measured values combined

with trends from nearby wells. The resulting set of averaged water levels is displayed on

Figure 3-1.

Table 3-2
Water Level Averaging for 2002

MW-2 0.28 1.80 0.74 Weighted 0.75 Aug, 0.25 Nov.
MW-5 2.86 1.41 Estimated behavior relative to
MW-8 in November

MW-6 10.09 10.09 Use August value.

MW-8 1.04 -0.94 0.87 2.26 0.81 Average of all four quarters.
MW-10 0.62 -0.84 0.27 224 0.57 Average of all four quarters.
MW-11 0.24 -1.07 -0.31 2.36 0.30 Average of all four quarters.
MW-12 0.79 0.79 Use February value.

MW-13 2.41 0.98 Estimated behavior relative to

MW-8 in November
MW-14 3.37 2.97 8.24 4.44 Weighted 0.375 May and
August, 0.25 November.
MW-15 -0.39 1.57 0.59 Average of May and August
RPMWV-16 3.71 0.51 0.52 576 2.62 Average of all four quarters.
MWNLF-3 3.93 3.53 527 411 Weighted 0.375 May and
August, 0.25 Novernber,

3.2.2 Water Table Maps

Contour maps of the water table inferred from monitoring-well observations are provided in

Figures 3-3 to 3-9. The following discussion proceeds from the general to the specific,

examining broad features across the site common to all periods, and then detailing the major

variations at specific times. The maps depict low-tide water tables averaged for all of 2002,

August 2002, November 2002, June 2001, September 2003, and November 2004. The final
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map (Figure 3-9) depicts mean-tide water table contours in September and October 2003
(mean water levels were calculated during the course of tidal-influence analysis, and are

presented in Section 3.3).

Average Water Table in 2002

The average 2002 low-tide water table (Figure 3-2) shows low gradients adjacent to the
shoreline and extending inland to MW-8. Gradients become steeper to the west and north of
MW-8, based on observations at MW-14, MW-6, and RPMW-16. No water levels were
measured during 2002 at MW-7, the westernmost well. Because the near-shoreline area must
transmit all water from upgradient as well as any additions due to direct recharge, low
gradients here must correspond to higher transmissivity (defined as the ability of the aquifer
to transmit groundwater, equal to the product of the average hydraulic conductivity and the
thickness). Gradients at the south, near MW-15, are much steeper, suggesting lower
transmissivity here. To the northwest, MW-6 is a short distance up the ridge from the Pre-
WWII Tank Farm. The high water table there indicates that MW-6 is just beyond the edge of
the embayment.

Water Tables in August and Noyvember 2002

The water tables in August 2002 (Figure 3-3) and November 2002 (Figure 3-4) closely
resemble the average 2002 water table in pattern, but are offset with respect to elevation. The
August water table is lower by 0.3 feet at MW-10 in the north and 2.1 feet at RPMW-16 in the
south. At MW-8, at the northwest corner of Building 551, there is almost no difference (only
0.06 feet). The 1-foot contour line meanders broadly across the site, reflecting the water
levels measured in MW-8, MW-2, and RPMW-16. The absence of the meander around
RPMW-16 in any of the other mapped water tables suggests that it is either uncommon or
caused by a measurement error in that water level. At MW-11, the tidal influence was great

enough at low tide to lower the water level to ~0.31 feet msl.
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The November water table is higher than the average by about 2 feet near the shoreline, 3 feet
at RPMW-16 in the south, and 3.8 feet at MW-14 in the north. Near Building 551 (MW-8
and MW-5), the increase was subdued, as small as 1.5 feet. Compared to the August water
table, there is no meander of contour lines south of Bui}ding 551, and water levels are up to
5.3 feet higher (e.g., MW-14). The increase in water levels reflects the unusually high
precipitation in October 2002 (18.12 inches compared to the 1971 to 2000 average of
6.42 inches), but the subdued response near Building 551 is intriguing. Several factors could
be at work:
¢ The building prevents direct infiltration of precipitation. Runoff from the roof could be
carried away as overland flow rather than infiltrating the subsurface. Although evidence

of such flow was not observed, significant ponding around the building during
investigations in October 2003 suggests low infiltration rates there.

¢ The subsurface beneath the building could be entirely plugged with Bunker C down to
bedrock, inhibiting water table response. Seeps of Bunker C are ubiquitous in the
building’s crawl space, the density of Bunker C is very close to that of water, and
excavations at the adjacent tank farm encountered Bunker C down to bedrock or
significant groundwater flow. However, groundwater does not seem to have piled up on
the upgradient side of the putative Bunker C plug.

s If not plugged with Bunker C, hydraulic transmissivity could be very high, requiring only
a shallow head gradient to transmit the necessary groundwater flow.

Water Tables in June 2001, September 2003, and August 2004

Water tables in June 2001 (Figure 3-5) and September 2003 (Figure 3-6) share unusually high
water levels in MW-11, located on the shortest path between the Pre-WWII Tank Farm and
Dutch Harbor. Elsewhere, the water table patterns resemble those seen in 2002. Although
measurement etrors resulting from the pervasive coating of Bunker C in the well bore of
MW-11 cannot be completely ruled out, the similarities of product thickness and water level
suggest that the measurements are valid, and that some physical explanation must be sought.
Field reconnaissance in October 2003 identified two large dry wells or sumps nearby at the
intersection of Biorka Drive and East Point Loop Road. The dry wells are intended to
facilitate infiltration of surface runoff, thus serving as significant point sources of
groundwater recharge. There may have been an intense storm within a few days preceding

each of these rounds of water level measurement, but climatic records are not readily
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available to confirm this hypothesis. Substantial surface runoff generated by such storms
might have flooded the subsurface at these dry wells, causing local mounding at the water
table of 3 or 4 feet.

The set of water-table measurements in August 2004 is the most complete. It includes water
levels from the four newly installed wells (MW-3R, MW-4R, MW-7R, and MW-16) and all
previously measured wells except MW-2 and RPMW-16. The water table constructed from
these measurements is depicted in Figure 3-7. This water table shows a steep gradient near
the shoreline, reflecting the transient influence of a strong low tide (the observed water level
in MW-10 was —2.08 feet msl). Gradients across the tank farm site are nearly flat, but steepen
to the north (toward MW-16) and northwest (toward MW06). The gradient toward the west is
gentle, showing that the bedrock embayment encompasses MW-7R. Gradients near MW-15,
to the south, are steep, indicating either low transmissivity or high groundwater flow. This

well is a good producer during sampling, lending support to the latter hypothesis.

Calibration Water Table - Mean-Tide Water Table in September and October 2003

The water table for September and October 2003 in Figure 3-8 is based on the mean water
level in each well after averaging the tidal influence, as discussed in Section 3.3. Because
these water levels have had tidal influences removed, they are suitable calibration targets for
steady-state groundwater modeling of average flow patterns. As expected, these mean-tide
water levels are somewhat higher than the low-tide water levels, particularly near the
shoreline. Overall gradients across the site remain relatively flat, and the head at MW-11 has
dropped 2.7 feet since September 2003 in spite of the difference in tide stage and wetter

surface conditions evident during the October sampling.

This data set has been augmented with 2004 measurements for MW-3R, MW-4R, MW-7R,
and MW-16. August 2004 water levels were lower than in October 2003, whereas November
2004 levels were higher and were continuing to rise (see tidal influence monitoring for
_MW—?R in Appendix A). For MW-3R, the water level offset from November 2004 tidal

monitoring was used. For MW-4R, -7R, and -16, intermediate elevations were estimated.
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Note that the mean water level for MW-12 also was estimated. It is based on an estimated
TOC clevation of 11.32 feet msl, 0.5 feet below the surveyed top of vault (ground surface)
elevation. The vault could not be opened because of crab pots stacked on it at the time of the

survey.

3.3  TIDAL INFLUENCE

Water levels in monitoring wells fluctuate in concert with the daily tidal cycle in adjacent
Dutch Harbor. At a basic level, the tidal influence is comprised of a lag time, describing the
time interval between tide stages in the bay and in a well, and an efficiency, which compares
the amplitude of tide stages in a well to those in the bay. Strong tidal effects (efficiencies
greater than 0.75) and short lag times (less than an hour) indicate a strong hydraulic
connection between the well and the bay. The pattern of tidal effects will guide the pattern of
hydraulic properties in the flow model, and the observed efficiencies will become calibration

targets during development of the groundwater flow model.

3.3.1 Data Collection

Water levels were measured over several days in each monitoring well using downhole data-
logging pressure transducers (vented miniTROLLs, In-Situ Inc.). The pressure of the
overlying water (and product) column was recorded automatically at 6-minute intervals
coinciding with the tidal observations recorded by National Oceanic and Atmospheric
Administration (NOAA) in nearby Unalaska. The elevation of the top of the water column
(and product column, where present) was determined manually before or after the monitoring
period, providing a reference elevation and permitting calculation of water-level elevations

(heads) from the logged pressures.

3.3.2 Calculations

Raw data from the miniTROLLs consisted of a list of times and pressures. All miniTROLLs
were set to local clock time, so data from October 2003, based on Alaska Daylight Time,

required subtraction of 1 hour to match the time basis in the published tidal data (Alaska
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Standard Time). Pressures, recorded in pounds per square inch (psi) relative to atmospheric
pressure, were converted to feet of water by multiplying by 144 inch®/feet® / 62.42796
pounds/feet’ = 2307 feet/psi. The resulting records of water depths versus time were
converted to records of water level changes relative to the initial (or final) reading and then
combined with the initial (or final) manual elevation measurement to produce records of water
elevations versus time. (In MW-13, where there was approximately 1 foot of a Bunker
C/diesel product mixture, the equivalent water elevation was calculated using the measured
product density of 0.9485 g/mL at 15 degrees Celsius (°C) (see Section 3.7). No correction
was made in MW-11, which contained less than 0.2 feet of pure Bunker C, which has a

density very close to 1 g/mL.)

Tidal influence was simulated at each monitoring well using a three-parameter model
consisting of a lag time, an offset, and an efficiency. The lag time is the delay time between
tide changes in the bay and in the monitoring well, the offset is the average difference
between water elevation in the well and in the bay after accounting for the lag time, and tidal
efficiency is the ratio of tidal fluctuations in the monitoring well compared to those in the bay.
Values for the three parameters were found by simultaneous optimization. The optimal
values minimized the total error between the observed and simulated tide. The total error was
expressed as the sum of the absolute value of the difference between the observed and
simulated water levels at each 6-minute datum throughout the monitoring period. The quality
of the simulation can be seen graphically, comparing plots of the observed and simulated
water levels, and also is expressed by the mean error, calculated from the total error divided

by the number of observations and the range of observed water levels.

Next, the absolute water levels used to anchor the start (or end) of transducer measurements
were adjusted. This was done to compensate for tidal changes during the few minutes
between the manual water level measurements and the transducer records. These absolute
water levels were refined using the tidal parameters, the tidal record, and the time difference
between the manual measurement and the transducer record. Finally, the three tidal
simulation parameters, including their influence on the adjusted manual water levels, were

reoptimized. All calculations were automated using Microsoft Excel spreadsheets.
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3.3.3 Results

Twelve monitoring wells in and around the site were evaluated for tidal influences. Results
for each well are displayed in Appendix A (Figures 1-1 through 1-12). These figures display
observed water levels based on the transducer measurements, the tidal record measured by
NOAA nearby in Unalaska, and the simulated water level calculated from the three-parameter
model. Results for all wells are summarized in Table 3-3. Tidal efficiencies range from zero
in MW-6 and MW-7R and nearly zero (0.03) in MW-14, to 0.90 in MW-10. Lag times are
inversely correlated with efficiencies, ranging from a low of 36 minutes in MW-10 to
180 minutes in MW-8. Tidal efficiencies and lag times, posted and contoured on a site map in
Figure 3-9, show that tidal fluctuations affect the area between Biorka Drive and Rocky Point
for up to 500 feet from the shoreline. Bedrock rises to the north and south of this area,

pinching the aquifer and causing the water table to rise, eliminating any tidal influence.

Table 3-3
Summary of Investigation of Tidal Influence

Mw.-2

10/19/2003 17:42

0.55

10/21/2003 16:24 90 0.43 8.7
MW-3R 11/11/2004 13:12 | 11/12/2004 13:18 0.71 a6 0.42 4.6
MW-6 10/18/2003 21:30 | 10/21/2003 15:48 6.63 0 0.00 5.1
MW-7R 11/13/2004 16:24 | 11/14/2004 16:30 6.54 0 0.00 27.0
MW-8 10/18/2003 10:18 | 10/21/2003 16:00 0.73 180 032 9.3
MW-10 9/5/2003 1130 9/10/2003 10:24 0.49 36 0.90 1.5
MW-11 10M16/2003 17:24 | 10/20/2003 15:12 1.06 90 0.37 8.4
MWw-12 9/5/2003 10:24 9/10/2003 9:30 0.38 108 0.49 6.0
MW-13 10M17/2003 11:48 | 10/19/2003 15:30 0.81 a0 047 6.4
MW-14 9/7/2003 23:00 9/10/2003 9:54 2.42 162 0.03 7.8
MW-15 10/17/2003 16:36 | 10/21/2003 16:48 1.54 168 0.22 12.5
RPMW-16 | 10/17/200317:18 | 10/20/2003 17:00 2.88 168 0.22 12.8
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3.3.4 Imferred Hydraulic Conductivity

The average horizontal hydraulic conductivity (Kj) between each well and the shoreline can

be calculated analytically by making the following assumptions:

o The aquifer is uniform in thickness and hydraulic properties.

» The aquifer is approximated as a semi-infinite slab bounded on its edge by the shoreline.
» Water level fluctuations are small compared to the saturated thickness of the aquifer.

o Tidal fluctuations are approximately sinusoidal.

o The storage coefficient (S) for the aquifer is known.

Although site conditions satisfy the first assumptions only roughly, the greatest uncertainty is
related to S. Over the long term, the aquifer almost certainly behaves as an unconfined
system, with water draining from and refilling pore spaces as the water level fluctuates. Over
the course of a tidal cycle, however, drainage and refilling could be inhibited to an unknown
extent by silt and peat lenses with low vertical hydraulic conductivity. Thus, plausible a priori

estimates of S range over several orders of magnitude, from 0.1 to 0.0001.

The analytical solution for the hydraulic conductivity of a semi-infinite slab with a periodic
changing-head boundary has long been known in the hydrologic literature (as well in the
physical literature for an analogous problem in heat flow). The solution presented here was
taken from Ferris (1963). Two forms of the solution for X}, are used. The first finds X, from
the tidal lag time (#1,5):

2
_ X St

(0-1)

" 4g tes 2
where x is the shortest distance from the well to the shoreline, t74, is the tidal period (taken to
be 12.5 hours or 0.521 days), and z is the thickness of the aquifer. The second equation finds

K, from the tidal efficiency (f74, the fractional tidal response):

2
78§ X
K, = (0-2)
Lyt 2 ln(l f )
Tide 2 J Tide
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Calculated K, values are presented in Table 3-4. For each well, values for x were taken from
the base map for the site (Figure 1-1), and values for z are based on the average water level
and estimated average depth to bedrock between the well and the shoreline (see Section 4.3
for a discussion of bedrock topography). The value for .S was adjusted so that the minimum
and maximum calculated K}, values were plausible for naturally occurring sediments. For the
selected S value of 0.01, the lag-time K}, values ranged from 10 ft/day (in MW-15) to 426
ft/day (in RPMW-16), whereas the tidal-efficiency K values ranged from 4 fi/day (in
MW-15) to 239 ft/day (in MW-8). The selected S value corresponds to semi-confined
conditions, and the wide range in K} values implies substantial lateral heterogeneity in the
aquifer. The difference between the lag-time and tidal-efficiency K, values may be partly
attributable to the difficulty in selecting the applicable tidal period. During most of the lunar
month, Dutch Harbor tides are highly asymmetric, with only one prominent low tide, pootly
approximating a sine wave. In detail, the calculated K values are subject to substantial
uncertainty in other parameters in addition to S. Although x was chosen as the shortest
distance between a well and the shoreline, actual groundwater flow trajectories could be
significantly longer due to deflection by intervening zones of low K. Somewhat lesser
uncertainty accompanies the z values. Differences in x and z could change the calculated K,
values by 50 percent. Nevertheless, this analysis provides useful insights into the likely

variations of K, across the site.

3.4 HYDRAULIC CONDUCTIVITIES FROM SLUG TESTS

After an instantaneous change (displacement) of the water level in a well, the record of its
return to equilibrium provides information about the hydraulic conductivity of the nearby
aquifer. A slug rapidly lowered or withdrawn from a well produced the initial displacement,
and a downhole transducer recorded water pressure periodically, capturing the baseline water
level, the initjal displacement, and the pattern of re-equilibration. Hydraulic conductivity was
estimated using the Bouwer and Rice method for an unconfined aquifer with a partially
penetrating well (Bouwer and Rice 1976, Bouwer 1989, Zlotnik 1994) as implemented in
AQTESOLV (HydroSOLVE Inc., 2000).
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Table 3-4
Analytically Calculated Hydraulic Conductivities from Tidal L.ag Times and Efficiencies

MW-3R 0.067 0.42 165 11 231 61
MW-8 0.125 0.32 365 10 353 239
MwW-10 0.025 0.90 50 5 332 48
MW-11 0.083 0.37 115 15 0.01 94 19
MW-12 0.075 0.49 55 11 20 8
MW-13 0.063 0.47 200 15 283 78
MwW-14 0.113 0.03 210 5 289 31
MW-15 0.117 0.22 40 5 10 4
RPMW-16 0.117 0.22 355 9 426 170
Notes:

liag is the lag time calculated from tidal influence measurements

Jride is the fractional tidal efficiency calculated from tidal influence measurements
X is the approximate distance from the well to the shoreline

Z is the estimated average aquifer thickness between the welt and the shoreline
S'is the groundwater storage coefficient for the aquifer

K, Is the horizontal hydraulic conductivity

3.4.1 Data Collection

Shug tests were conducted successfully at MW-2, MW-8, MW-10, MW-12, MW-14, MW-15,
and RPMW-16. MW-6 was not tested because it contained only 0.75 feet of water. MW-11
and MW-13 were not tested because free product would have prevented meaningful
interpretation of test results. No attempt was made to locate and test MWNLF-2 or MWNLF-
3. MWNLF-2 has not been found since September 2001, and MWNLF-3 typically contains
very little water. These wells are near MW-14 and would not have significantly increased the

spatial coverage of slug testing.

At each well, at least one pair of falling head/rising head slug tests was conducted. A
transducer (vented miniTROLL, In-Situ, Inc.) was placed downhole and set to record the
pressure of the overlying water column at 1-second intervals. The depth to water was

manually measured to provide a point of reference. Next, the slug (a weighted solid plastic
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cylinder with a length of 36 inches and a diameter of 1.50 inches [for 2-inch wells] or 3.00
inches [for 4-inch wells]) was lowered to near the water level and then allowed to drop freely
to produce a rapid upward displacement of the water level, initiating the falling head portion
of the test. After a few minutes, when the water pressure had returned to near its original
level and was stable to £0.002 psi for at least a minute or had settled down to a constant rate
of change, the slug was quickly lifted out of the water. This produced a rapid downward
displacement of the water level, initiating the rising head portion of the test. As before, water
pressure monitoring continued until readings were stable or changing at a constant rate. At

most wells, a second pair of slug tests were conducted by repeating the process.

3.4.2 Calculations

Preliminary processing converted raw pressure readings to sets of corrected absolute
displacements versus time for each falling- or rising-head test. Pressure readings were
converted to water depths using the conversion factor of 2.307 feet/psi (see Section 3.3.2 for
derivation). This assumes a water density of 1.0 g/mL. The actual water density would have
been only negligibly different due to the small and offsetting effects of dissclved solids,
dissolved gasses, and temperatures slightly different from 4°C (at which water achieves
maximum density). The transducer record for each well was subdivided into separate test
segments, each consisting of at least one baseline reading, the initial displacement, the
equilibration period, and a final baseline period to quantify the rate of water level change due
to tides, infiltration, or drainage. A linear trend, calculated by least-squares regression of the
post-equilibration baseline readings, was applied to readings during the equilibration period to
comrect for these factors. Finally, artifacts related to inserting or withdrawing the slug were
identified and excluded from the final data sets. Such artifacts included extremely high or
low water levels produced as water sloshed in the well for a second or two following insertion
or withdrawal of the slug, and erratic equilibration for as much as 45 seconds, attributed to the

slug settling on top of or slowly sliding past the transducer.

Hydraulic conductivities were obtained from log-linear plots of absolute displacement versus

time. Manually determined best-fit straight lines provided slopes and intercepts needed for
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the Bouwer and Rice method, as implemented in AQTESOLV. Other necessary well and
aquifer parameters are included in Table 3-5. Early data (the first 10 to 45 seconds) usually
defined very steep trends, reflecting the high conductivities of the sand packs around the well
screens, and so were ignored. Equilibration was generally complete after 50 to 170 seconds,

although one well (MW-12) required up to 700 seconds to stabilize.

AQTESOLYV offers two other methods of slug-test analysis in unconfined aquifers: the
Hvorslev method and the KGS Model. Neither method could produce consistent results from
multiple tests on the same well, and appeared to be overly sensitive to parameters with limited
precision, such as the exact time of the initial displacement. Thus, neither method was

pursued.

3.4.3 Resulis

Interpretations of the slug tests need to consider the simplifying assumptions underlying the

Bouwer and Rice method. These are:

e Anaquifer of infinite areal extent, with a horizontal aquiclude at its base
¢ An initially horizontal water table
e Uniform and horizontally isotropic hydraulic properties

» Partial penetration of the aquifer by the test well, which may be screened across the water
table

» Instantaneous water displacement

* Steady flow, enabling omission of storage terms

In practice, although inserting or withdrawing the slug is not instantaneous, variations in

aquifer properties are the most important departure from the ideal case.
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Test pits and boreholes have shown that the aquifer at the Pre-WWII Tank Farm varies in
thickness and especially in lithology, with silt and peat layers interbedded with sands and
gravels. Lithologies noted on boring logs may change rapidly within a few feet to tens of feet
away from the hole. This possibility may explain unusual trends near the tails of
displacement curves. Because the radius of influence of a slug test increases with time, later
times reflect relatively more distant parts of the aquifer. The radius of influence of a 2-minute

slug test is probably less than 5 feet, however.

Detailed discussions of results for individual wells may be found in Section 2.0 of

Appendix A.

3.4.4 Summary

Shug-test results for each of the seven tested wells are summarized in Table 3-6. Using the
Bouwer-Rice method in AQTESOLV, high horizontal hydraulic conductivity (K;) values of
23 and 28 ft/day were estimated for MW-10 and MW-15, which the dominant lithologies are
loose sandy gravel or loose gravelly sand. Other wells completed in gravelly sand or sandy
gravel have estimated K, values of 4.9 to 8.3 ft/day, but have been described as having
medium dense or very dense compaction. One well (MW-12) is completed in loose sandy
silt, with an estimated K}, of 3.2 ft/day. These trends are portrayed graphically in Figure 3-10,
plotting qualitative compaction versus qualitative grain size. Loose gravel would exhibit the
maximal K} of more than 30 ft/day, and dense silt would exhibit the minimal K}, of less than
I f/day. For gravel, the degree of compaction is critical; densely compacted gravel may have
a K, less than 1 ft/day. In contrast, the degree of compaction for silt may make little
difference relative to the range of Kj, values covered by this figure; K, for all silts regardless
of compaction are expected to be much less than 1 ft/day. These trends will form the basis for
assigning hydraulic properties to hydrostratigraphic units delineated from boreholes and test

pits across the site.
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Table 3-6
Restults of Slug Test Analyses

MW.2

MW.-8

MW-10

MW-12

MW-14

Faliing Head

23

Falling Head #1 6.1 Graveily
Sand

Falling Head #2 55

Rising Head #1 5.4

Rising Head #2 44

Sand

Rlsmg Head

Sandy

Rising Head #2

Falling Head #1

Falling Head #1 16
Gravel

Falling Head #2 20

Rising Head #1 25

21

Sandy Silt

late

4.0
early
Falling Head #1 15
late
Rising Head #1 25
early
Rising Head #1 4.1

Fallmg Head #1 28 Silty
Gravelly
Sand
Falling Head #2 28
Rising Head #1 27
Rlsmg Head #2 28
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Very Dense

Very scattered after 45 s

Stairstep pattern after 30 s

Consistent behavior from10sto 80 s

Medium
Dense

Consistent behavior from 20sto 70 s

Arithmetic average of rising-head tests,
but low value may reflect effects of silt
washed into well in preceding days

Anomalous pattern may reflect high Ky in
the unsaturated zone, globules of Bunker
C deeper.

Consistent behavior from 20 s to 50 s

Rising-head value should be most
representative of the saturated zone

Consistent behavior rom40sto 90 s

Consistent behavior from 40 sto 60 s

Consistent behavior from 25sto 60 s

Consistent behavior from20sto 60 s

Average of rising-head values because
they should be most representative of the
saturated zone

Consistent behaviorfrom2st0 80 s

Consistent behavicr from 300 s to 700 s

Consistent behavior from 2 sto 80 s

Consistent behavior from 130 s 10 400 s

Early data refiects silt of screened
interval, not affected by underlying gravel.

Consistent behavior from20sto 50 s

Consistent behavior from20sto 50 s

Consistent behavior from 30sto 70 s

Consistent behavior from30sto 70 s

Average all values because of their
similarity

3-29
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Table 3-6
Results of Slug Test Analyses
(continued)

Falling Head #1 4.8 Gravelly Medium Consistent behavior from 40st0 170 s
Sand Dense
Faliing Head #2 5.0 Consistent behavior from 55 s to 125 s
Rising Head #1 8.1 Consistent behavior from 40sto 85 s
MW-13 Rising Head #2 8.4 Consistent behavior from 50sto 110s

Arithmetic average of rising-head tests:
i low values of falling-head tests reflect
effects of silt noted in boring log just
above the present water table.

Falling Head #1 35 Sandy Dense Slug did not fali cleanly, but consistent

Gravel behavior from 45 s to 115 s
Falling Head #2 2.2 Consistent behavior from 50 s t0 90 s
Rising Head #1 16 Consistent behavior from 20 s to 130 s,
RPMW- but later recovery is very slow
16 Rising Head #2 1.4 Consistent behavior from 10 s to 165 s,

but later recovery is very slow, and initial
displacement is impossibly large

Substantial hysteresis between falling and
i rising-head tests, implying a nearby but
unseen silt zone; use Rising Head #1.

RPMW-16 is an exception to these trends; although it is completed in dense sandy gravel, its
estimated K is only 1.6 ft/day, more like a silty sand or sandy silt. It is possible that the
hydraulic behavior of this well is governed by a nearby but unseen silt unit, or the lithology
may have been categorized differently than the other wells because the boring for this well

was logged by a different consultant.

Compared to most sands and gravels elsewhere in the world, these sands and gravels would
appear to have very low hydraulic conductivities, based on the slug test analyses. Whereas
typical K}, values for gravelly sands are on the order of 100 to 300 ft/day, the values here of 28
ft/day or less imply that the aquifer is choked with a substantial fraction of fine material.
Alternatively, the Bouwer and Rice method may simply underestimate the bulk hydraulic

conductivity of the aquifer.
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Figure 3-10
Inferred Hydraulic Conductivity as a Function of Grain Size and Compaction
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3.5 GEOMETRY OF THE FRESHWATER/SEAWATER INTERFACE

The geometry of the freshwater/seawater interface can be approximated by assuming
hydrostatic equilibrium in the vertical direction. Consider the case of a freshwater lens
floating in seawater. The weight of the freshwater lens will depress the saltwater surface by
an amount related to its thickness and density contrast with seawater. Much like an iceberg,

the height of the freshwater lens above sea level is supported by a much greater thickness of
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freshwater below the level of seawater. Known as the Ghyben-Herzberg relation, it may be

stated as:

2 =40z, (0-3)

where z; is the depth of the freshwater/seawater interface below sea level, and z,, is the height
of the water table above sea level. The factor of 40 is derived from the ratio of the density of
freshwater to the difference in density between seawater and freshwater, assuming the density
of freshwater to be 1.000 g/mL and that of seawater to be 1.025 g/mL. Thus, the Ghyben-
Herzberg relation states that for every foot of elevation of the water table above sea level, the

freshwater/saltwater interface will be depressed approximately 40 feet below sea level.

Real freshwatet/seawater interfaces, including that at the Pre-WWII Tank Farm, are dynamic
rather than static, with horizontal and vertical head gradients towards the groundwater
discharge zone along the shore, tidal fluctuations in sea level, fluctuations in the water table in
response to precipitation, and a broad rather than line-like discharge zone that may extend
from seeps above the high-tide line to some distance seaward beneath the ocean. Knowledge
of these features can be used to construct a cross-section of the interface with estimated flow
lines and lines of equipotential head. Neglecting the mixing zone, Equation 0-3 must hold
along equipotential lines and permits calculation of the depth to seawater given the elevation

of the water table.

3.5.1 Data Collection

To ascertain whether the freshwater lens extended seaward of the intertidal zone, electrical
conductivity profiles were measured at six locations along the beach (Figure 3-11). Although
not precisely surveyed, the field relationships among each group of wells were recorded as
bearings and distances to landmarks at the high-tide line. Each group was then located
approximately on the map to be consistent with observed relationships to the nearby
monitoring wells. Beach surface elevations were estimated from the high-tide line, tide stage

during monitoring, and water depth.
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Conductivities were measured using a Geoprobe® SC200 4-pole probe connected to a
Geotech® 330i conductivity meter. The probe was manually driven into soils and sediments
using a 30-pound slide hammer, reaching depths of up to 6.7 feet before refusal. Meter
readings were recorded manually every 0.5 feet. The meter-probe combination was pre-
calibrated in the Anchorage office before fieldwork, and is believed to have an absolute

accuracy of £20 percent or better. Relative accuracy is believed to be =5 percent or better.

Conductivity profiles were measured offshore in water depths up to 1.5 feet. Chest waders
provided sufficient protection from the cold water and wind waves, but buoyancy made
footing somewhat uncertain in the face of 1-foot wind waves and uneven bottom topography;
measuring greater depths was deemed impractical. Although planned work included the use
of a small boat in water depths up to 8 feet, high winds and large waves made this too risky.
Conductivity profiles from such depths would have been useful, but were not critical to

developing an understanding of the freshwater/saltwater interface.

3.5.2 Results and Conceptual Interface Geometry

Conductivities in aquifer materials near the shoreline could range from values associated with
undiluted groundwater to values indicating pure seawater, depending on the groundwater flow
field and the extent of mixing of the two end members. Groundwater conductivities in
MW-10 and MW-12, measured in September 2003 (USAED 2003a) were near 0.1 milli-
Siemens per centimeter (mS/cm), and the conductivity probe used here gave a reading of
30.6 mS/cm when placed in Dutch Harbor. When driven into the subsurface, however, the
measured conductivity will be reduced relative to pure liquid because the aquifer matrix
(sand) is relatively non-conductive. The magnitude of the effect likely depends on porosity,
grain size, and mineralogy. Assuming the matrix to be non-conductive and sufficiently fine-
grained, the conductivity should be reduced in proportion to the porosity. The porosity
probably ranged between 0.3 and 0.5, so the maximum anticipated conductivity in the
subsurface would be 9.2to 15.3 mS/em. The minimum conductivity would be similarly

affected.
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Profiles of conductivity as a function of elevation are posted on Figure 3-11 for each of the six
locations, two near MW-11 and four near MW-10. All profiles begin at 1 foot below ground
surface and continue to the depth of refusal. Profiles at the high-tide line (CND10-4 and
CND11-2) begin with conductivities near 0.1 mS/cm, indicating the presence of nearly pure
groundwater with a negligible seawater component. At CND10-4, conductivities increase
erratically with depth, reaching values as high as 5.6 mS/cm, although the deepest readings
near —5 feet msl are near 3 mS/cm. At CND11-2, conductivities increase more smoothly with
depth, reaching 6.7 mS/cm at —2.5 feet msl (the depth of refusal). Profiles from locations near
msl (CND10-3 and CND11-1, which penetrate deeper parts of the aquifer because they start
from a lower elevation, show a freshening trend with depth near MW-10 and an increasing
proportion of seawater near MW-11. At CND10-3, conductivity reaches 9.2 mS/cm at —4 feet
msl, but declines to only 2.4 mS/cm at —6.7 feet msl. Similarly, conductivity at CND11-1
climbs steadily with depth, reaching values near 9 mS/cm at —4 to —4.9 feet msl. Lack of
deeper data leaves open the possibility that conductivities at greater depths might decline here
as well. Offshore measurements in 1.5 feet of water were possible only near MW-10; the
bottom was too rocky and steep near MW-11. These short profiles encountered conductivities
near 5 mS/cm, suggesting a substantial freshwater component beneath parts of the beach that

would be exposed or just barely submerged durtng only the very lowest tides.

Conceptually, the profiles are consistent with a broad discharge and mixing zone for
groundwater entering Dutch Harbor, extending across the beach from the highest high-water
mark to the lowest low-water mark. Tidal flooding causes periodic flow reversal, permitting
groundwater drainage as the beach is uncovered and driving seawater a short distance into the
aquifer as the beach is flooded. The resulting mixing zone is dominated by freshwater at the
high-tide line, becoming progressively saltier with distance into the bay. The two
measurements at the low-tide line (CND10-1 and CND1(-2) appear to contain a substantial
fraction of freshwater (0.45 to 0.67 if saturation with pure seawater is presumed to give
conductivities of 9 to 15 mS/cm). These two sites are 50 feet down the beach from the high-
tide line. It seems probable that the fraction of seawater rapidly will approach unity a short
distance beyond the low-tide line because that portion of the beach is never exposed

subaerially, and thus would never be affected by groundwater seepage flowing near the
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surface of the beach. Groundwater seepage at low tide followed by seawater inundation at
high tide is probably responsible for the erratic salinity trends seen in CND10-3 and
CND10-4, near MW-10. Near MW-11, the beach is somewhat steeper, which may reduce the
effectiveness of tidal flooding and produce less pronounced conductivity variations with
depth. When the intertidal zone is exposed, the discharge zone here resembles a classical

seepage face.

The conceptual model of the freshwater/seawater interface is depicted in cross sections in
Figure 3-12. The steady-state configuration, depicted in panel (a), represents the long-term
average geometry of the interface, neglecting mixing effects at the interface and in the near-
surface intertidal zone. The angle of the interface is closely approximated by the Ghyben-
Herzberg relation (Equation 0-3), but its location is shifted seaward because of the finite
width of the groundwater discharge zone. Rather than occurring at a point, discharge occurs
across the exposed intertidal zone because transmissivity of the aquifer cross section that
conducts groundwater flow must remain approximately constant. At high tide, depicted in
panel (b), the intertidal zone is inundated completely by seawater, blocking most of the
discharging groundwater, focusing discharge (if any) at the high-tide line. Seawater begins to
infiltrate the previously exposed intertidal zone. At low tide, depicted in panel (¢), the
intertidal zone is exposed completely, permitting drainage of seawater and its replacement by
discharging groundwater. Deeper in the aquifer, the position of the freshwater/seawater
interface moves only slightly, as dictated by probable hydraulic conductivities and head
gradients. The maximum horizontal gradient is probably similar to the slope of the beach,
i.e., 0.1, and the maximum hydraulic conductivity may be 28 ft/day (Table 3-6). Assuming a
porosity of 0.3, the groundwater particle velocity is 9.3 ft/day. Tidal cycles at the site are
characterized by a single significant low tide each day (e.g., Figures 1-5 and 1-6 in
Appendix A) with an 8-hour ebb and 8-hour flood, so the interface may move seaward and

back again by 3.1 feet for each cycle.
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3.6 GROUNDWATER ANALYSES FROM THE DISCHARGE ZONE

Wellpoints installed in two locations in the groundwater discharge zone along the shoreline
were sampled: DZMW10 near MW10, and DZMW11 near MW11 (see Figure 3-11 for
locations). DZMWI11 was purged at 600 mL/min for approximately 20 minutes until the
parameters (except turbidity) were stabilized per standard protocol (EPA 1996). Field
parameters were measured using a Horiba U-22 multi-function analyzer. Suspended material
was eliminated by immediate filtration through a 0.4 micron filter before transfer to an
acidified sample bottle. In DZMW11, water in the purge bucket exhibited a coagulated

brown sheen, but the sample collected for analysis had no sheen.

Field parameters are presented in Table 3-7, and analytical results for polynuclear aromatic
hydrocarbons (PAHs), diesel-range organics (DRO), residual-range organics (RRO), iron,
manganese, and volatile organic compounds (VOCs) are presented in Table 3-8. There are no
exceedances of Alaska Department of Environmental Conservation Table C groundwater
cleanup levels (18 Alaska Administrative Code 75.345) for analytes with specified cleanup
levels; the most significant detection is for dibenzo(a,h)anthracene at slightly over half the
cleanup level of 0.1 micrograms per liter. DRO at both locations was near the detection limit,
and RRO was non-detect. Iron and manganese were barely detectable in samples from
DZMW10, and were absent from DZMW11. Only six VOCs, present at very low levels, were
found in samples from DZMW10, and none in DZMW11. It is possible that the similar PAH
concentrations seen in water samples from both locations reflect seawater rather than
groundwater influences; seawater concentrations have not been measured, but detectable
values seem likely given the heavy maritime industrial activity in Dutch Harbor and Iliuliuk

Bay.

Field parameters (Table 3-7) provide an indication of the extent of mixing with seawater and
clues to upgradient geochemical conditions. Conductivity and its related parameters (salinity
and total dissolved solids) are indicators of the extent of mixing with seawater. Salinity,
which provides the most direct basis of comparison, is near 1 percent at both locations. The

salinity of seawater is approximately 3.5 percent and the salinity of groundwater is near zero,

TATERCATO02- Amaknak\03m30225\wp\GWM Feb 2005\GWM Report.doc 3.38 AKT-JO7-05M302-122-0060
FINAL
21012005



Table 3-7
Field Parameters from Sampling Locations in the Groundwater Discharge Zone

l.ocation:

aalak ter i S e
Depth to water ft bgs 281 1.33
Total Depth ft bgs 3.42 3.30
Turbidity NTU 13 169
DO mg/L 7.6 10.3
Temperature °C 7.4 7.2

Salinity % 1.3 0.9
Total Dissolved Solids o/l 14 10

Oxidation-Reduction Potential mv 353 335
lpH -l0g4o Molarity 6.13 6.8
!Conductivity mS/cm 215 16.6

Notes:

mV = millivolts
NTU = nephelometric turbidity units

For additional definitions see Acrenyms and Abbreviations list.
so the observed values indicate that sampled waters contain a seawater fraction of
approximately 0.3. Dissolved oxygen (DO) and oxidation-reduction potential both indicate
aerobic, oxidizing conditions. Turbidity is the only major difference between the two sites,
with water at DZMWI10 running nearly clear (13 nephelometric turbidity units [NTU})
whereas DZMWI11 water was a cloudy orange suspension (almost certainly iron

oxyhydroxides) that slowly flocculated in the purge-water bucket.

During conductivity probing near MW-11, brown globules of product and a slight sheen were
noted emanating from a used probe hole at the water’s edge. Similar contamination was
noted during purging of DZMW11. Although these product traces could be the remnants of a
surface water spill, the suspended iron oxyhydroxides are evidence of upgradient reducing
conditions, probably engendered by the Bunker C contamination near MW-11 and farther
upgradient. Iron, ubiquitous in aquifer materials and readily soluble under reducing

conditions, would dissolve wherever microbes degrading the Bunker C have consumed the
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available DO and turned to ferric iron as an electron acceptor. The resulting dissolved ferrous
iron is stable until oxygen is encountered, probably near the groundwater discharge zone
along the shoreline. Tidal water-level fluctuations in the aquifer and mixing in the intertidal
zone likely equilibrate groundwater with air, returning DO levels to 8 to 10 milligrams per
liter (mg/L). If the zone of oxygenation were farther upgradient, the iron oxyhydroxides
would probably have plated out on aquifer materials and not appeared in the discharge-zone

water.

3.7 PHYSICAL PROPERTIES OF THE BUNKER C FUEL OIL CONTAMINANT

In October 2003, free-product samples of hydrocarbon contamination were collected from
three locations for determinations of viscosity and density. Two additional samples were
characterized in 1996 (USAED 1998). All five sample locations are indicated in Figure 3-13,

and viscosities and densities are listed in Table 3-9.

Table 3-9
Physical Properties of Free Product at the Pre-WWIIl Tank Farm

Sample ID: :
Date Sampled| 10/20/03 10/19/03 10/19/03 | 8/26/96 | 8/26/96
Laboratory ID:[ B3K0218-1 | B3K0218-2 j B3K0218-3

Date Analyzed:| 10/20/03 10/19/03 10/19/03

Viscosity at 21°C (70°F) | ASTM D445 NA' 208.3 NA®?
Viscosity at 50°C (122°F) ASTM D445 oSt 1085.7 £6.52 2137.7
Viscosity (Temperature not| ASTM D445 3050 3330
specified; 20°C assumed)
ASTM D1298 NA? 0.9483 1.0044
Density at 16°C (60°F) g/mL
ASTM D287 0.9930 1.0200

Notes:

! Sample was too thick at room temperature to perform viscosity determination
2 \nsufficient sample quantity to perform density determination

3 Sample contained a high proportion of solids, which plugged the viscometer
Results from USAED 1998

¢St = centi-Stokes
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Both 1996 samples (BLDG-351 (Center) and BLDG-551 (North)) and one current sample
(PRDBLIDG-551) were obtained from surface seeps beneath Building 551, the historical Navy
mess hall from WWIIL. The building is constructed with a raised 1-foot thick concrete floor,
with walk-in access to the entire sub-floor area. This area is unfinished, with a dirt floor, and
partially obstructed by piping runs and numerous footings. The area is well ventilated by
" numerous openings in the outer foundation walls. Large but shallow pools of Bunker C

encumber access to some parts of the sub-floor area.

Viscosities measured in the 1996 samples were slightly over 3000 ¢St (presumably at 20°C,
since temperature was not stated), whereas the current sample provided a viscosity near 2100
¢St but only at an elevated temperature of 30°C. Its viscosity could not be measured at room
temperature because entrained solids plugged the viscometer, For all three samples, densities
were within the range 0.9930 to 1.0200 g/mL. Much of the seepage beneath Building 551 is
weathered, as evidenced by a thick covering of dust and lack of imprint when stepped on, but
some appears fresh and is very sticky, providing evidence of continued mobility. Seepage
was first noted in 1994, and the investigation in 1996 described “a black, highly viscous
substance” at least an inch thick (USAED 1998). In some places, water was observed below
the product (USAED 1998), suggesting that the product density at that time was slightly less
than that of water. Although the current sample was taken from a fresh-looking seep, it
apparently was exposed long enough to have entrained sufficient dust to interfere with the
viscosity measurement. Soil dust has an expected density near 2.6 g/ml, so dust
contamination also would lead to an elevated density. Weathering also will contribute to
higher viscosity and density as shorter-chain hydrocarbons are preferentially degraded or

volatilized.

As part of the current study, product samples were obtained from MW-11 (PRDMW-11) and
MW-13 (PRDMW-13). MW-11 is the only well with a measurable thickness of what appears
to be pure Bunker C, and MW-13 is the only other well with a measurable thickness of
product, but with an obviously lower viscosity. PRDMW-11 was too viscous for the
instrumentation for viscosity determination at room temperature (21°C), but yielded a

viscosity near 1100 ¢St at 50°C. The laboratory could not determine density from the small
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amount of sample provided. PRDMW-13 had much lower viscosities (near 300 ¢St at 21°C
and 57 ¢St at 50°C) and density (0.9483 g/mL at 60°C), consistent with chemical evidence of
a significant diesel component (USAED 2001). Diesel fuel typically ranges in density from
0.825 to 0.904 g/mL (Nelson 1958), implying a diesel fraction in this sample of 0.34 to 0.63
(assuming that the other component is Bunker C with a density of 1 g/mL).

In summary, two sets of physical propertics must be considered in order to evaluate product
mobility, one for pure Bunker C representing contamination present beneath Building 551 and
along flow paths from the tank farm past MW-11, and one for a mixture of Bunker C and
diesel representing contamination along flow paths near MW-13 to Dutch Harbor. Pure
Bunker C probably is best represented by BLDG-551 (Center) because its low density and
viscosity suggest that it is minimally contaminated with dust, and the sample from MW-13 is
the only sample of the mixture. Estimated in-situ physical properties, extrapolated to ambient
subsurface temperatures of 5 to 8°C (based on groundwater temperatures, USAED 2003a, b)
are listed in Table 3-10.

Table 3-10
Estimated Physical Properties of Bunker C and Bunker C/Diesel at Ambient
Temperature

50 546 56.52
21 2880 298.3
Viscosity 20 3050 316 cSt

8 7643 629
5 7211 747

16 0.993 0.948

Density 8 1.000 0.955 g/mL

5 1.002 0.957

Notes:
Bold values are extrapolated from observed values.

Viscosity is assumed to be geometrically related to temperature, with a coefficient of -0.025 log cSt®C calculated from the
observed values for the Bunker C/Diesel mixturs

Density Is assumed to linearly relate to temperature, with a coefficient of -0.000828 /°C obtained from Jiterature from Chevron for
diesel.
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The temperature dependence of viscosity (v) was estimated by assuming a geometric

relationship:
log vr=log vy + o, (T — Tp) (0-4)

where vris the viscosity at some temperature 7, vy is the viscosity at some known temperature
Ty, and e, is the temperature coefficient of viscosity, found to be ~0.025 log cSt/°C from the
MW-13 data at 21 and 50°C. Extrapolated viscosities are lower limits; viscosities of
standards at various temperatures (ANSI 1988) show slightly greater increases with declining
temperature than predicted by Equation 0-4. More realistic values at 5°C might be 9100 ¢St
for pure Bunker C and 940 ¢St for the Bunker C/diesel mixture.

The temperature dependence of density for both types of product was assumed to resemble

that of diesel. The temperature dependence of density (o) is given by:

pr=pm+t o (T-To) (0-5)

where pr is the density at some temperature (7), oy is the density at some known temperature
Ty, and a, is the temperature coefficient of density, i.e., —0.000828 /°C for diesel (Chevron
2003). After applying this correction, the density of Bunker C at 5°C is slightly higher than
that of water, suggesting that admixed dust might affect the selected measured density, even
though the sample appeared to be fresh. A realistic density for Bunker C at 5°C is probably
0.98 to 1.00 g/mL. Water level calculations for MW-11 assume a density of 0.997 g/mL.
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4.0 GROUNDWATER FLOW MODEL

Development of a groundwater flow model for the Pre-WWII Tank Farm and surrounding
area requires a detailed assessment of hydrostratigraphy, water levels, and hydraulic
boundaries. Integration of these data sets into a quantitative model provides insights into
plausible groundwater flow patterns and highlights remaining areas of uncertainty. Although
generalized flow patterns may be inferred from manually contoured water table maps (e.g.,
Figures 3-5 to 3-8), they may be inconsistent with known or estimated hydraulic
conductivities, aquifer thickness, recharge rates, and fluxes from upgradient. A quantitative
groundwater flow model reflects the synergy among these parameters, explicitly illustrating
the tradeoffs and side effects that accompany assumptions about boundary conditions and

hydrostratigraphy, ultimately leading to a refined conceptual mode} of the site.

The 2005 Tank Farm groundwater flow model (the TFO05 model) presented here was
developed using GMS (EMS-i 2004) as a graphical user interface for MODFLOW-2000
{Harbaugh et al. 2000). MODFLOW-2000 and its predecessors are well established and
thoroughly tested tools for simulating groundwater flow. As with previous versions of
MODFLOW, MODFLOW-2000 uses the finite-difference approach to solve the equations for
three-dimensional groundwater flow. MODFLOW-2000 offers enhancements over previous
versions of MODFLOW, including built-in parameter estimation and explicit definition of
vertical hydraulic conductivity (X)) for each cell instead of the inter-cell leakage, among
others. The improved specified-head boundary facilitated realistic simulation of tidal

influences.

4.1  SITE COORDINATE SYSTEM

Numerous coordinate systems have been used at the Pre-WWII Tank Farm. Design drawings
for the WWIll-era utilidor use a local coordinate system in which northings and eastings are
less than 15000 feet, whereas the 1996 Remedial Investigation (USAED 1998) used a
different local system with coordinates of less than 1000 feet, and a 2002 re-survey of

monitoring wells by Foster-Wheeler (USAED 2003c¢) used state-plane coordinates with
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values over 1,000,000 feet. Finally, design drawings for a proposed drainage system under

consideration by the City of Unalaska use a local system measured in meters.

To obtain reliable elevations for all monitoring wells, and to eliminate discrepancies arising
from transforming coordinates from one system to another, a new survey was performed in
August 2004 by a professional land surveyor (St. Denny Surveying, Kodiak, Alaska). All
onsite monitoring wells, key building comers, and roads were surveyed in the NAD83 Alaska
State Plane coordinate system. Ground surface and TOC elevations were measured relative to
mean sea level using leveling data tied to the benchmark in the nearby City of Unalaska
referenced by NOAA for tidal observations. All coordinates in this report use the NADS3
system for eastings and northings, with elevations reported relative to the mean sea level

datum.

42  MODEL DOMAIN AND GRID

The model domain, portrayed in Figure 4-1, extends from northwest of the tank farm, where
topography rises toward Standard Oil Hill, across the tank farm and other level terrain
collectively known as Ptarmigan Flats, to the break in slope to Rocky Point on the southeast.
The model is bounded by Dutch Harbor on the northeast. These features form natural
hydrologic boundaries. The southwest boundary of the model cuts across Ptarmigan Flats
because no subsurface information was available farther to the west. The domain
encompasses all known past and present monitoring wells hydrologically related to the site.

MW-1 is not included because it is too far to the north.

The model coordinate system has its origin at NADS3 state plane coordinates of 5315600.0
east and 1189320.0 north, and is rotated 30 degrees counter-clockwise. The grid is 980 feet in
the x direction by 1160 feet in the y direction, and is subdivided into 10 feet by 10 feet cells,
resulting in 98 columns and 116 rows. The top and bottom faces of the grid are flat, at
9.0 feet msl and —16.0 feet msl, respectively. There are 15 layers, each 1.67 feet thick, for a
total of 170,520 cells, of which 82,144 are active initially. With this uniform grid, the bottom
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of the aquifer is represented by selectively inactivating cells whose center lies below the
aquifer/bedrock interface. An alternate model configuration with variable-thickness layers
draped over the bedrock topography was tested. In this model, there was no significant
difference in the calculated water table, but the shoreline boundary could not accommodate
head changes needed to simulate tidal stages. The selected cell size produces a compact
model that runs quickly and has manageable file sizes, yet is capable of representing potential
flow barriers such as the utilidor. The vertical range of the model is sufficient to

accommodate the lowest bedrock elevations and the highest groundwater elevations.

43 BEDROCK TOPOGRAPHY

The Unalaska Formation constitutes bedrock at the site, and has been studied in detail in
exposures several miles to the west (Lankford and Hill 1979, Drewes et al. 1961). It consists
predominantly of volcanic rocks (breccia, flows, and tuff) with some intercalated sedimentary
rocks (mainly turbidites and debris flows). Bedrock has been noted in some boring logs for
tank farm monitoring wells, in which it is described as dense gray-green volcanic rock.
Nearby outcrops near the Powerhouse (Building 409) form steep slopes and cliffs suggestive
of one of the volcanic members of the Unalaska Formation. The bedrock is assumed to be

impermeable compared to the overlying sediments.

Bedrock topography was contoured from bedrock elevations noted in 11 boreholes drilled in
preparation for installation of monitoring wells, and an outcrop on the beach noted during site
reconnaissance in October 2003. Only those boring locations surveyed in 2004 were
included, ensuring an internally consistent set of elevations all relative to the same datum
(msl). These were augmented with 20 control points manually placed to manipulate the
interpolation process and produce a plausible surface. The bedrock surface is illustrated in
Figure 4-2. Inverse-distance weighting in GMS gave the best results with a minimal number
of control points. The bedrock topography, interpolated to a two-dimensional grid matching
the x-y discretization of the model grid, was used to inactivate model cells if their centers lay

below the bedrock surface.
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44  BOUNDARY CONDITIONS

Conceptually, the TF05 model is configured with five types of boundaries:

e The freshwater/seawater interface where all groundwater discharges to Dutch Harbor

e Constant-flux boundaries around the remaining borders where groundwater flows into the
model from upgradient

s Areal recharge representing infiltration of precipitation
e Dry wells that provide conduits to the aquifer for surface drainage

s A no-flow boundary at the bottom of the model representing the interface between the
aquifer and comparatively impermeable bedrock.

The first four are discussed in detail in the following subsections; the last is self-explanatory.

4.4.1 Freshwater/Seawater Interface

The groundwater flow model requires a representation of the freshwater/seawater interface
that can be used both for steady-state simulations representing long-term average conditions
and for transient simulations evaluating aquifer response to tidal forcing. From the
conceptual model of the freshwater/seawater interface developed in Section 3.5 and portrayed
in Figure 3-12 vertical movement of groundwater toward the intertidal discharge zone occurs
primarily beneath the intertidal zone. At steady state, with seawater at msl, discharge likely
occurs across the exposed intertidal zone and extends slightly seaward of msl. At high tide
and low tide, flow lines are alternately compressed toward the upper edge of the intertidal
zone and then spread over the entire intertidal zone. It seems plausible that most of this
reorganization of flow lines is confined to the upper few feet of the aquifer beneath the
intertidal zone, leading to the idea that this interface could be incorporated in the model as a

vertical boundary with flow permitted only in layers intersecting the intertidal zone.

A cross section of the TF05 model through the freshwater/seawater boundary is presented in
Figure 4-3. Cells without shading or symbols are inactive, representing bedrock below the
shaded cells or Dutch Harbor to the right of the shaded cells. Shaded cells are active and

saturated, and unshaded cells with triangles were initially active but became dry and inactive
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from five dry wells intended to drain surface runoff into the subsurface. These features are

illustrated in Figure 4-4.

Conceptually, the model boundaries that accommodate water flowing in from upgradient are
of the constant-flux type. The rate of water inflow is a constant value unaffected by heads
within the model. Although MODFLOW provides a constant-flux specification for cells,
drying of such cells during a model run removes the flux from the model. An alternate
approach using additional recharge was adopted. Recharge is applied to the uppermost wetted
cell at the specified location, so the flux in a given column of cells would remain the same
even if one or more cells at the top dried out. Additional recharge was applied in the areas
designated R-1, R-2, R-3, R-4, and R-5 in Figure 4-4. The additional recharge within each
area was assumed to be constant. Each area was laid out to include an active width of two to
three cells, permitting rough comparisons of specified recharge rates among the areas. The
recharge flux is applied to the highest active cell in a column, so drying of one or more cells
leaves the flux unchanged. A disadvantage of this approach is that vertical gradients are
induced because the flux is focused at the uppermost layer of active cells rather than
distributed across all layers, but the aquifer is relatively thin and the vertical gradients

dissipate within a few cells.

Areal recharge is assumed to be constant over the active region of the model, indicated by the
shaded cells in Figure 4-4. No adjustments were made for topography or buildings; omission
of such detail had negligible effect on modeling results because of the large uncertainties in
most other model parameters. Total recharge along the constant-flux boundaries is the sum of

areal recharge and the specified additional recharge.

Dry wells are open-bottomed sumps that collect surface runoff and let it seep into the aquifer.
From the surface, they look like storm drains full of standing water (see photograph below).
They are not particularly effective; the City of Unalaska is planning to install actual storm
drains in the near future. Their hydraulic properties are unknown. During fieldwork in
October 2003, their water levels were essentially constant, within a foot or two of the ground

surface and therefore several feet above the water table. This condition likely reflects partial
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45  HYDROLOGIC ZONES

Developing correlations between lithology and hydraulic properties was not practical for the
2004 tank farm model given the paucity of lithologic information below the water table.
Numerous test pits have been excavated near the tank farm (USAED 1999), providing views
of the subsurface lithology and distribution of contamination down to the water table, but only
the soil borings that subsequently became monitoring wells provide a glimpse of the lithology
between the water table and bedrock. These borings are widely spaced compared to

stratigraphic variability, however, precluding correlations of silts and sands between borings.

Because a hydrostratigraphic representation of the site is not possible based on the available
data, hydraulic properties were assigned using a functional approach initially based on the
slug-test hydraulic conductivities. Assuming that the slug tests are an indicator of the average
hydraulic conductivities near the monitoring wells, the model domain was divided into
polygons (zones) delimiting the regions under the influence of each monitoring well.
Hydraulic properties (K, K., specific storage [Ss], and specific yield [S,]) are constant with

each zone.

The final zone configuration is shown in Figure 4-5. Zones are named after the monitoring
wells within them. No slug-test results are available in the southwestern portion of the model,
so this arca was named the Default zone, with the idea that hydraulic properties there might be
near the average of the existing slug tests. Model-calibration efforts suggested that a large
swath in the central part of the model, called the Tank Farm zone and encompassing the tank
farm site and MW-5, MW-8, and MW-13, has comparatively high hydraulic conductivity in

order to reproduce the shallow water-table gradients seen there.

At a general level, the relationship between hydraulic conductivity, water-table elevation, and
water-table gradient is simple when groundwater is traced backward from the shoreline. The
constant-head shoreline boundary anchors the water table to mean sea level there. Water-
table gradients across each zone are determined by the rate of inflow from upgradient zones or

boundaries, the rate of recharge, the hydraulic conductivity of the zone. In contrast, the
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water-table elevations at the downgradient boundaries of a zone are determined by the
adjoining downgradient zones or boundaries, not by the internal properties of the zone. Thus,
the hydraulic properties of upgradient zones have no effect on the downgradient water table
configuration. For example, the Default zone serves primarily to conduct water from the
western portion of the model to the Tank Farm, MW-2, and RPMW-16 zones. Because the
water-table gradient is inversely proportional to the hydraulic conductivity, if a higher
conductivity were assigned, the gradient would flatten, but no additional water would be
delivered to downgradient zones. Additionally, heads along the downgradient margins of the
Default zone would be unaffected because they are controlled by the downgradient hydraulic

properties and the shoreline boundary condition.

4,6  CALIBRATION

Calibration is the process of adjusting parameters for each of the boundary conditions and
hydrologic zones to obtain the best possible match to physical hydrologic data from the site
while maintaining reasonable values for the adjustable parameters. Three sets of physical
data are available: water table measurements, tidal influences, and hydraulic conductivities
from slug tests. Slug testing measures the response of only a small volume of aquifer around
each monitoring well, and is therefore used as an indicator of hydraulic conductivities to
initialize the calibration process. Average water table elevations are the targets for the first
stage of calibration, in which the model is run in steady-state mode with constant inputs and
discharge-zone heads. At this stage, the relative magnitudes of input fluxes and hydraulic
conductivities are adjusted to minimize the differences between observed and predicted water
levels. Tidal influences are the targets for the second stage of calibration, in which the model
is run in transient mode with changing discharge-zone heads. This dynamic stress on the
aquifer permits assessment of the specific yield and the absolute magnitude of the hydraulic

conductivities in the model.

4.6.1 Matching Observed Heads

The set of mean-tide monitoring-well water levels from October 2003, augmented with 2004

water levels from the four new wells, was used as the steady-state calibration target. As
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discussed in Section 3.3, water levels from wells with tidal influence measurements have been
corrected to remove any bias due to tidal stage or measurement timing, thereby producing a
set of water levels relative to mean sea level. The August 2004 water levels for the MW-4R
and MW-16 and the November 2004 mean tide levels in MW-3R and MW-7R were
extrapolated to their likely values in October 2003 based on their water levels relative to those
in the other onsite wells. These mean-tide water levels are broadly similar to those measured
at other times near low tide (compare Figure 3-8 to Figure 3-5 through Figure 3-6), with a
relatively high water level at MW-11, similar to that in MW-8 and MW-13.

Calibrated heads are listed in Table 4-2 and graphically portrayed in Figure 4-6, along with
the calibrated water table. Residuals are portrayed as bars on scales of +0.5 ft next to each
well. Calibrated versus observed heads near the tank farm show residuals (calibrated minus
observed) ranging from —0.40 to 0.37 ft. This range of 0.97 ft is 35 percent of the range in
observed heads across the tidally influenced area (a range of 2.77 ft, obtained from 3.05 ft at
MW-16 minus 0.38 ft at MW-12). Ideally, residuals should be a small fraction of the range.
The significant residuals reflect the difficulty in calibrating to accommodate two puzzling
features of the observed water levels: (1) the gradient across the tank farm site is very gentle
to the south, toward MW-13 and MW-2, and (2) the gradient between MW-11 and MW-8 is
toward MW-8 even though this well is much farther inland.

To transmit groundwater at a given rate, steep gradients imply relatively low hydraulic
conductivity whereas gentle gradients imply high hydraulic conductivity. A reversed gradient
requires a local source of water to the groundwater system. The calibrated properties for the
hydrologic zone and water sources in the model, listed in Table 4-3, reflect these principles.
The calibrated hydraulic conductivities bear little relation to the slug test measurements,
indicating that the aquifer properties are highly heterogeneous; properties of the local aquifer
around each monitoring well do not appear to persist for more than a few tens of feet at most.
This is especially evident at MW-2, where the slug test indicated a K}, of 4.9 ft/day, yet the
calibrated Ky is 200 ft/day (a value consistent with the strong tidal influence in this well,

discussed in the next section).
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Table 4-2
Observed and Calibrated Heads for October 2003 Mean Tide Water Levels

E}

LS Ghdat e A
Mw-2 5315985 1189947 o 0.55 0.34 -0.21
MW-3R 5316075 1189738 0] 0.71 0.55 -0.18
MW-4R 5315778 1189881 0 1.21 1.28 0.07
MW-6 5315409 1190301 6 6.63 7.00 0.37
MW-7R 5315268 1190098 0 5.00 537 0.37
Mw-8 5315636 1190175 0 0.73 1.00 0.27
MwW-10 5315826 1190652 0 0.49 0.48 -0.01
MW-11 5315821 1190447 0 1.06 0.79 -0.27
MW-12 5315945 1190244 0 0.38 0.38 0.00
MW-13 5315836 1190089 0 0.81 0.68 -0.13
MW-14 5315648 1190646 0 242 269 0.27
MW-15 5316215 1189769 0 1.54 1.79 0.25
MW-16 5315609 1190512 -0.01 3.05 265 -0.40
RPMW-16 5315940 1189603 0 2.88 2.74 -0.14
Mean 0.02

Standard Deviation 0.25

Calibrated X, values range from 3.0 ft/day for the Shoreline zone to 400 ft/day for the Tank
Farm zone. In the absence of information about vertical hydraulic gradients and X, a uniform
hydraulic anisotropy (K#/K,) of 3 was used, selected as a compromise between higher
anisotropies that likely characterize natural sediments and anisotropies near unity for the fill
material that may comprise a significant portion of the uppermost aquifer. This results in
sufficient vertical communication in the model that vertical gradients were negligible except

within a few cells of the boundaries.
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Table 4-3
Calibrated Properties for Hydrologic Zones and Water Sources

A T TR

Default na 20.0 7.00 3
MW-2 4.9 200.0 66.67 3
MW-6 nm 10.0 3.33 3
MW-8 6.6 400.0 133.33 3
MW-10 23.0 60.0 10.00 3
MW-11 nm 60.0 10.00 3
Mw-12 3.2 5.0 3.00 3
MwW-14 28.0 30.0 10.00 3
MW-15 8.3 3.0 1.00 3
RPMW-16 16 5.0 3.00 3
Tank Farm 6.6 50.0 10.00 3

ft*/day
DW-2 275 ft3/day
DW-3 dry well 100 ft*/day
DW-4 50 ft*/day
DW-5 100 fti/day
RO areal recharge 0.003 ftiday

13.14 infyr
R_1 WNW boundary recharge 0.02 ft/day
R.2 SW boundary recharge 0.01 ft/day
R 3 SSE boundary recharge 0.01 fi/day
R 4 ESE boundary recharge 0.05 fiyday
R_5 NNW boundary recharge 0.05 fi'day
Notes:

The MW-8 slug test result is reported here because MW-8 lies within the Tank Farm zone.

Kn = horizontal hydraulic conductivity
KiK. = hydraulic anisotropy
K, = vertical hydraulic conductivity

na = not applicable
nm = not measured

INTERCATO02-Amaknak\05m30225\wp\GWM Feb 2005\GWM Report.doc

FINAL
2/10/2005

AKT-JO7-05M302-122-0060









The Tank Farm and MW-2 zones are assigned the highest conductivities in order to achieve
some degree of calibration at monitoring well MW-8. Because the water level at MW-11 is
higher than at MW-8, and K}, near MW-12 is low, water from the western portion of the tank
farm site cannot drain directly to the east, but must flow south near MW-13 on its way to
Dutch Harbor. These trajectories are indicated by the particle tracks in Figure 4-6, with time
markers at 6-month intervals. Simulated groundwater requires 1 to 1.5 years to flow from the
northwest corner of the tank farm site to Dutch Harbor, passing south of MW-12. From the
northeast side of the tank farm site, simulated groundwater requires 1 to 2.5 years to reach
Dutch Harbor, flowing past MW-11, north of the low-K; MW-12 zone. From MW-11, transit

time is on the order of five months to Dutch Harbor.

Areal recharge was used as a free parameter in the model. Although precipitation in the
western Aleutians is on the order of 60 in/yr, the fraction reaching groundwater is a complex
interplay of runoff, conductivity through the vadose zone, and evaporation. These factors
have not been measured because of the difficulties involved in their accurate determination.
Field observations in October 2003 noted extensive and persistent ponding in low-lying areas,
with slow drainage toward the dry wells (and possibly other points of focﬁsed recharge),
suggesting that conductivity of surficial materials is low, raising the possibility that runoff
may be substantial. Given the cool damp climate, evaporation is unlikely to play a major role.
The calibrated recharge rate of 13.14 in/yr represents slightly less than 25 percerit of annual
precipitation, but still seems somewhat low. Higher recharge levels in the model resuited in
excessive water levels near the tank farm at MW-8 and MW-13, or impossibly high X, values
for the MW-8 and MW-2 zones.

Recharge from each dry well also was used as a free parameter, although modeled heads were
not very sensitive to these values. Calibrated recharge rates were 275 ft*/day for DW-1 and
DW-2 at the northeast corner of the tank farm site, and 100 ft/day for DW-3 and DW-5, and
50 ft*/day for DW-4. To put these values in perspective, annual rainfall (60 in/yr) on 100
model cells (100 feet by 100 feet) corresponds to a flux of 137 ft*/day, so the calibrated values
are physically reasonable if a substantial portion of the precipitation falling on the site drains

into the aquifer through the dry wells.
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Boundary recha.rge values representing groundwater fluxes from upgradient were free
parameters as well, and ranged from 0.01 to 0.05 ft/day. These values are three to fifteen
times greater than areal recharge, with the lower values occurring along the west-northwest,
southwest, and south-southeast boundaries (R-1, R-2, and R-3). The higher values occur near
the shoreline, on the east-southeast boundary (R-4) and the north-northwest boundary (R-5).
Although probably unrealistically high, they serve mainly to improve calibration at MW-135,
MW-14, and MW-10, and have little effect on heads across the tank farm site. Therefore, no

additional calibration effort was expended in this area.

4.6.2 Simulating Tidal Influence

To simulate tidal influence, addition of storage parameters and time-dependent heads along
the shoreline boundary converted the TFO5 model from steady state to transient. Storage
parameters in the model consist of the specific yield (S}, the fractional volume of water that
can drain from the aquifer as the water table falls) and specific storage (S;, the fractional
volume of water produced from within the aquifer by a unit drop in head). Storage
parameters were the same for all hydrologic zones. Simulations explored a range of specific
yields, ranging from realistic values for unconfined aquifers of 0.1 to 0.3, to very small values
of 0.001. The specific storage was set to a very small number (1 x 10'9), effectively

eliminating its effects from the model.

Time-dependent heads at the shoreline simulated tidal variations over one full tidal cycle

using four time steps:

e Mean tide to high tide
¢ High tide to mean tide
e Mean tide to low tide

¢ Low tide to mean tide

The applied time intervals and specified head values are listed in Table 4-4, and are depicted
graphically relative to the observed tides on 17-18 October 2003 in Figure 4-7. The specified

heads were scaled from the observed tidal range to provide a minimum value just above the
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Simulated tidal efficiencies in the TF05 model are very small. In an effort to maximize the
model response, a very small specific yield of 0.001 was selected. Conceptually, this
produces behavior much like that of a confined aquifer, maximizing the propagation of head
changes because little water is stored in or drained from the aquifer as the water table rises or
falls. As listed in Table 4-5 the model responses ranged from 0 to 18.6 percent of the
observed efficiencies. The worst performance occurred at RPMW-16, likely indicating that
the calibrated X for that hydrologic zone of 5 ft/day is much too small, and the best
performance occurred at MW-2, suggesting that the relatively high X, there of 200 ft/day is
qualitatively correct. Poor response in the southern portion of the model, near MW-15 and
RPMW-16, is of little concern given the large distance to the tank farm site. More puzzling is
the physical mechanism for the large observed tidal efficiencies in MW-13 and MW-8 just to
the south of the tank farm site. At about 400 ft from the shoreline, MW-8 has an observed
efficiency of .32, whereas the TF05 simulated efficiency is only 0.001 in spite of the high K,
in the hydrologic zones along the flow path (400 ft/day in the MW-8 zone and 200 ft/day in
the MW-2 zone). This indicates that the conceptualization of the aquifer remains incomplete,
suggesting that the aquifer behaves more like a confined system, or (less likely) might contain

an unidentified zone of high K}, linking the tank farm site more directly to the shoreline.

Table 4-5
Tidal Efficiency in the TF05 Model with Specific Yield Equal to 0.001

MW-2 0.32 0.46 0.080 0.430 -0.350
MW-3R 0.55 0.58 0.0295 0.017 0.420 -0.403
Mw-6 7.03 7.03 0.0000 0.000 0.000 NA
MW-7R 5.39 5.39 0.0000 0.000 0.000 0.060
MW-3 1.00 1.01 0.0022 0.001 0.320 -0.319
MW-10 0.45 0.54 0.0008 0.053 0.904 -0.851
MW-11 0.79 0.81 0.0258 0.015 0.374 -0.359
MW-12 0.36 0.38 0.0062 0.004 0.490 -0.487
MW-13 0.68 0.70 0.0248 0.015 0.474 -0.460
MW-14 2.70 2.70 0.0001 0.000 0.032 -0.032
MW-15 1.72 1.73 0.0050 0.003 0.216 -0.213

RPMW-16 2.78 2.76 0.0000 0.000 0.216 -0.216
Tide -(.99 0.71 1.70

Motes:
Efficiency = (head change in a well) / {Tide head change)
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4,7 SCHEMATIC MODEL THROUGH MW-11

A schematic groundwater flow model representing a vertical slice from the western edge of
the site to the shoreline facilitated investigation of the effects of hydraulic conductivity, S,,
and recharge on modeled tidal efficiency and to develop a set of parameters that would more
accurately simulate the observed tidal efficiencies. The schematic model is 800 feet long by
50 feet wide, with no-flow lateral boundaries and constant-head boundaries upgradient and
downgradient, as illustrated in Figure 4-8. K} is uniform throughout, and K, is equal to K/3.
There are two layers: —13 to 0.5 feet, and —0.5 to 12 feet. Surrogates for MW-10 and
MW-11 are at 65 feet and 125 feet, respectively, from the downgradient boundary.

Initially, X, was set to 50 ft/day. Maximum tidal efficiency was obtained with very small S,
(0.0001) and zero recharge. Even under these conditions, the maximum tidal efficiency at
MW-10 is 0.88, slightly less than the observed 0.90. At MW-11, the model tidal efficiency at
0.76 is much greater than the observed value of 0.37. More reasonable parameters, i.e., Sy =
0.1 and recharge = 0.007 ft/day (30 in/yr), produced much smaller tidal efficiencies: only
0.04 for MW-11 and 0.18 for MW-10. With high X} (150 ft/day) the tidal efficiencies
increased to 0.14 for MW-11 and 0.34 for MW-12, but were still much less than observed

efficiencies. These findings are compiled in Table 4-6 and illustrated in Figure 4-9.

This exercise shows that very high hydraulic conductivity and very low specific is needed in
order to successfully simulate the tidal efficiencies observed in MW-10 and MW-11. The
highest tested value of 150 ft/day was inadequate, and trends suggest that X}, of 300 fi/day or

more may be needed.
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48 GROUNDWATER FLOW MODELING RESULTS AND CONCLUSIONS

Groundwater flow modeling supports the following ideas:

o The high water level at MW-11 and lower water levels at MW-8, MW-5, MW-13, and
MW-2 require that groundwater from the western portion of the tank farm site drains to
the south, and require very high hydraulic conductivity in the vicinity of the latter wells.

o Areal recharge was modeled at 0.003 ft/day (13.14 inches/yr). The active portion of the
model has an area of 853,000 squared feet, thus capturing areal recharge of 2,559 ft*/day.
The dry wells contribute a combined total of 800 ft*/day, accounting for the equivalent of
4.1 infyr across the active model area. Actual recharge is probably at least 30 in/yr, so
slightly more than half the recharge may be missing from the model. If recharge in the
model were doubled, hydraulic conductivities also would need to be doubled in order to
maintain calibration with observed water levels. Such values, ranging up to 800 ft/day,
are pear the limits for coarse beach deposits, and seem too extreme unless required by
other lines of evidence.

s Particle tracks show that water from the west side of the tank farm site is presently
draining to the southeast in the model, beneath Bldg 551. The longest forward track, from
the northern end of the tank farm, is 612 feet long, with a transit time of about 500 days,
corresponding to 0.82 ft/day. From the east side of the tank farm site, slightly lower
velocities hold in the vicinity of MW-11 (427 ft in 475 days, or 0.90 ft/day). These are
minimum values, based on low recharge and low hydraulic conductivity and/or low
gradients.

e Tidal efficiencies in the TFOS5 model are very low, and cannot be raised adequately even
with the selection of extreme model parameters (very high hydraulic conductivity, very
low specific yield). The schematic model could reproduce the observed tidal efficiencies
in MW-10 and MW-11 only with high hydraulic conductivity and low specific yield.
Suitable values for Kj were much higher than the largest K}, from slug testing (28 ft/day in
MW-14) but are consistent with those obtained from calibration of the TF05 model. This
suggests that the slug test results may be biased low. In order to explain the observed tidal
efficiencies, the aquifer may be behaving as a confined groundwater system over the
period of a single tidal cycle, or highly transmissive channels in the subsurface may be
required.

s Major uncertainties affecting the modeling of groundwater flow are (a) the lack of
agreement among hydraulic conductivities inferred from slug testing, hydraulic evaluation
of the water table, and the calibrated TF05 model; and (b) Jack of a quantitative
understanding of appropriate values for recharge (areal, dry well, and model boundary).
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5.0 LNAPL FLOW MODEL

The goal of modeling the flow of an LNAPL is to evaluate the rate at which the Bunker C
might be expected to migrate toward and discharge to Dutch Harbor. The model presented
here simulates Bunker C migration from its time of release in mid-1942 until 2012, a period
of 70 years. Migration is modeled in two stages: an initial period of infiltration during which
3.3 feet of oil seep into the ground, followed by a long period of slow migration as the oil
spreads downgradient toward Dutch Harbor. Calibration targets are limited; Bunker C was
already present at MW-11 when it was first drilled in 1998 (USAED 1999), and traces of
heavy oil were observed at the shoreline in October 2003 (see Section 3.6) that may or may

not originate from the tank farm.

Because of the complexity of interactions between the three fluid phases (water, air, and oil),
the aqueous flow portion of the model has been greatly simplified compared to the 2004 tank
farm MODFLOW model and even the schematic model. The model represents a two-
dimenstonal vertical slice of the aquifer from the center of the tank farm through MW-11 to
Dutch Harbor, with fixed heads at each end to simulate a constant gradient toward the bay.
Tidal fluctuations are omitted, and flow is confined to the plane of the model. Although the
2004 tank farm model cast some doubt as to whether present flow patterns would result in
transport from the tank farm to MW-11, the presence of Bunker C in MW-11 indicates that

such transport has occurred in the past.

The complexity of three-phase modeling arises from the need to account for the physical
interactions for each of the three possible pairings of phases, simulating displacement of water
by oil, air by oil, air by water, oil by water, oil by air, and water by air. The resulting
capillary fringes have unique properties resulting from the interplay of interfacial tensions,
viscosities, densities, aquifer porosity, pore size, tortuosity, and wettability. Accurate
quantification of all input parameters is impractical for all but the simplest systems, but some
simplifying assumptions permit informative semiquantitative calculations to place limits on

the likely rate of Bunker C migration.
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5.1 SOFTWARE

The groundwater modeling technical memorandum (USAED 2003b) indicated that UTCHEM
(Pope et al. 1999) would be used for the LNAPL flow modeling. Although this model offers
a highly detailed parameterization of the three-phase interactions in three dimensions,
extensive testing suggested that it was quite sensitive to the selected input parameters when
the gas phase was present. The model ran reliably when only water and oil were present, but
always crashed when air was added. No timely assistance could be obtained from the
software developer or user community, so UTCHEM was abandoned in favor of the less
elaborate MOFAT (Katyal et al. 1991).

MOFAT, distributed by the U.S. Environmental Protection Agency (EPA), is a two-
dimensional finite-difference three-phase flow simulator in which air and water are modeled
using default parameters. Parameters need only be supplied to describe the characteristics of
the oil phase. MOFAT also has the capability of partitioning chemical components among the
three phases, but this feature was not used. The MOFAT source code was downloaded from
the EPA and compiled after several modifications to facilitate program operation. No
modifications were made to the flow algorithms. Input errors were minimized by developing
a simple pre-processor to strip all comments from an input file, leaving only the formatted
numerical values required for program operation. A post-processor was developed to

translate MOFAT output for loading and visualization in Tecplot (Amtec 2003).

52 MODEL CONFIGURATION

The layout of the LNAPL flow meodel for the tank farm, designated the TFslice model, is
illustrated in Figure 5-1, and grid dimensions are provided in Table 5-1. MOFAT requires
lengths in meters rather than feet, resulting in somewhat cumbersome values after conversion.
The model extends 377 feet from the center of the tank farm to Dutch Harbor, passing through
MW-11, which presently contains several inches of free product. Vertically, the model
extends from 10 ft msl to ~13 feet msl, encompassing the aquifer and vadose zone as it
existed in 1942 when the oil was released. For simplicity, bedrock is represented as a flat

surface; although it undoubtedly has undulations, The bedrock surface contoured for the 2004
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tank farm MODFLOW model in Figure 4-2 suggests that bedrock rises from —13 feet msl
along the shoreline to -5 feet msl beneath the tank farm, but no borings or test pits penetrated
to that depth near the tank farm. If bedrock is that shallow, then it would have forced the

spilled oil to move laterally more rapidly during the early stages of migration.

Model discretization is refined vertically to focus on the vadose zone and shallow
groundwater, and laterally to focus on the region beneath the tank farm. MOFAT uses a
mesh-centered grid for many aspects of the flow calculation, and is limited to no more than
50 nodes in either direction, and no more than 750 nodes total. Grid dimensions in Table 5-1
are for spacings between mesh lines, otherwise known as cells or elements. The TFslice grid
contains 49 columns of elements (and therefore 50 vertical mesh lines) and 14 rows of
elements (15 horizontal mesh lines). Minimum element size beneath the tank farm is
approximately 1.0 foot thick by 3.9 feet long, coarsening to 4.9 feet thick by 16.4 feet long at
the base of the model near the bay. Some cells violate the suggested 5:1 aspect ratio, and may

contribute to the minor numerical dispersion observed in some model runs.

Table 5-1
Grid Spacing for the TFslice MOFAT Model

Columns (x direction) Rows (2 direction)
110 29 29 1.2 3.94 14 1 0.4 1.31
30 1 1.5 4.92 13 1 0.4 1.31
31 1 1.7 558 12 1 0.3 0.98
32 1 2.0 6.56 ™ 1 0.3 0.98
33 1 2.5 8.20 10 1 0.3 0.98
34 1 3.0 8.84 9 1 0.3 0.98
35 1 3.5 11.48 8 1 0.3 0.98
36 to 39 4 4.0 13.12 7 1 0.3 0.98
40 to 49 10 5.0 16.40 6 1 0.3 0.98
Total 49 115.0 377.3 5 1 04 1.31
4 1 06 1.97
3 1 0.7 2.30
2 1 0.9 2.95
1 1 1.5 4.92
Total 14 7.0 23.0
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5.2.1 Boundary Conditions

Although MOFAT permits both specified-head and specified-flux boundary conditions, the
TFslice model utilizes only the former. Nodes with applied boundary conditions are
illustrated in Figure 5-1. Boundary nodes without an applied condition are no-fiow nodes.
Pressure heads for water are set for each node along the left and right boundaries based on the
node elevation relative to the desired initial water table. The water table is fixed at 4.9 feet
msl at the left edge of the model, and at 0.0 feet msl and the right edge. Initial pressure heads
throughout the mesh are interpolated from the boundary pressure heads, permitting
calculation of initial water saturations. Pressure heads for oil are automatically initialized
corresponding to zero oil saturation. For the initial infiltration period, nodes at the top of the
model beneath the tank farm are set to a pressure head of 0.0 feet, corresponding to a total
head of 10.0 feet msl, ensuring complete oil saturation but no over-pressure. After the initial
infiltration period, these nodes revert to the pressure head consistent with zero oil saturation at

this elevation in the model.

Recharge is not simulated in the TFslice model. In principle, it could be represented using the
specified-flux boundary type in MOFAT for all elements across the top of the model, but run
times were vastly increased to the point of impracticality. This omission is probably
conservative, resulting in more rapid oil migration because all water enters at the left end of
the model and flows to the right instead of some fraction percolating downward. In addition,
the vadose contains water only at residual saturation levels, minimizing the extent of the

capillary fringe and making more of the pore space available for oil migration.

5.2.2 Bulk Properties

Input parameters defining the bulk properties of the aquifer and oil are listed in Table 5-2.
The listed values are for the Base Case scenario {Run 01 of the model), which were modified
one at a time for subsequent model runs. The rationale for each value is as follows:

e K, — The selected horizontal hydraulic conductivity is quite high, at 300 fi/day.

Groundwater flow modeling (Section 4) did not successfully match the observed tidal
responses in MW-11 or MW-10 with K}, as high as 150 ft/day, indicating that average K}
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values must be substantially higher, so the bulk Xj was doubled for the TFslice model.
The value of 300 ft/day would be consistent with coarse sand and gravel with negligible
fines.

* K, — The vertical hydraulic conductivity is assumed to be one-fifth the value of Xj. This
affects the infiltration rate but not lateral migration.

» ¢— The porosity is assumed to be 0.35, typical for loosely consolidated material.

* . — The density of oil is assumed to be 0.99 g/mL. Measured product densities at room
temperature (excluding MW-13, which has a diesel component) range from 0.993 to
1.020 g/mL (Table 3-9) and temperature-corrected densities for ambient conditions are
1.000 g/mL or greater (Table 3-10), so the assumed value is a minimum.

* v,y — The viscosity of oil is assumed to be 1,000 ¢St. Measured product viscosities at
room temperature and higher (excluding MW-13, which has a diesel component) range
from 1086 to 3330 cSt (Table 3-9) and temperature-corrected viscosities for ambient
conditions are 6,071 cSt or greater (Table 3-10), so the assumed value is a minimum.

¢ [, — The scaling coefficient for the oil/air surface tension is taken to be 2.4, based on the
surface tension for water of 72 dynes/cm and a typical surface tension for hydrocarbons of
30 dynes/cm.

s [, — The scaling coefficient for the oil/water interfacial tension is taken to be 1.8, based
on the surface tension for water of 72 dynes/cm and a typical interfacial tension for
hydrocarbons of 40 dynes/cm.

* o, myg — van Genuchten parameters for soil capillarity, in the equation relating the
pressure head (#) to the effective water saturation (S, corrected for the irreducible
residual water saturation): '

S = [1 + (e By (0-6)

A guidance equation provided in the MOFAT manual (Katyal et al. 1991) suggests that
a6 should be near 13,5 m™ for material with K, = 300 ft/day, although the largest value in
a table of typical soil properties is 14.5 m™ for a sand with K}, of only 23.3 ft/day. This
latter value was chosen, but may be too small if K} is truly as large as modeled. For s,
the largest tabulated or example value in the MOFAT manual is 2.8, so that value was
selected, although it also may be too small. With the selected values for o,; and n,g, the
capillary fringe is relatively compact and exerts only a small influence on oil mobility, so
larger values would have little affect.

e Sr, — The residual water saturation is assumed to be 10 percent of the pore space, a
typical value for coarse sand with high Kj.

e Sroi — The residual oil saturation is assume to be 20 percent of the pore space, a value
that is probably too low given the high viscosity of Bunker C. Increasing Sr,; would
reduce the mobility of the oil phase because the oil phase at residual saturation would be
spread over a smaller volume of aquifer,
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Table 5-2
Base-Case Input Parameters for the TFslice MOFAT Model

<

K 93.1 miday [Saturated horizontal hydraulic conductivity. 93.1 m/day = 300 ft/day.

K, 18.3 miday [Saturated vertical hydraulic conductivity. 18.3 m/day = 60 ft/day,
implying an anisotropy {K/K,) of 5.

¢ 0.35 —  |Porosity.

Dol 0.99 —  |Density of oil relative to water. Assuming water to have a density of
1.000 g/mL, the relative density of oil is the same as its absolute
density.

Vit 1000 —  |Viscosity of oil relative to water. Assuming water to have viscosity of

1.0 ¢St and oil to have a density near 1 g/mL, the relative viscosity of
oil is the same as its absolute viscosity.

Lo 2.4 —  |Scaling coefficient equal to the ratio of water/air interfacial tension to
oil/air interfacial tension.

Lo 1.8 -— |Scaling coefficient equal to the ratio of water/air interfacial tension to
water/oil interfacial tension.

G 14.5 1/m |van Genuchten air-water capillary retention parameter.

™G 2.8 —  ivan Genuchten air-water capillary retention parameter.

St 0.1 —  |Residual saturation of water displaced by air.

Sroi 0.2 — |Residual saturation of oil displaced by water.

5.3 MODEL RUNS

All runs followed the same sequence of events, beginning at the approximate date of release
of Bunker C from the tank farm storage tanks {01 July 1942, or 1942.5). During an
infiltration period lasting between 0.19 and 1.66 years, a standing pool of oil initially 3.3 feet
deep saturated the ground surface and seeped into the subsurface. Subsequent migration with
no further infiltration was simulated for approximately 70 years, ending in 2012 to 2014. Ten
model runs were conducted, beginning with the Base Case parameters listed in Table 5-2 and
changing one parameter at a time to investigate the consequences of variations in oil density
and viscosity, hydraulic conductivity, and soil capiliarity. These runs were evaluated by
compiling snapshots of oil and water saturation at 6-month to 1-year intervals into animations
depicting oil migration over time. The animations are provided in AVI format on the

CD-ROM accompanying this report. Key milestones were extracted from the output files and
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animations, including the end of infiltration, the date that oil reaches MW-11, and the date
that oil reaches Dutch Harbor. These milestones are listed in Table 5-3 for each run, along

with the changed parameter.

Table 5-3
TFslice MOFAT Modeling Summary of Qil Mobility

g rstieiiiets) ¢ S e e gl 2 G % 5 SRR AR ] B 5 HRERRE AR
01 Base Case none 194269 019 1863.0 205 [1986.7] 542
02 | High Viscosity | 1,;= 3000 Cst | 1943.07 | 0.57 2014.0° § 71.5° ne
03 | LowDensity | p,y=0.95g/mL | 184270 | 0.20 1963.4 20.8 crashed*

04 } High Density | p,;=1.02 g/mL | 1942.70 0.20 1967.0° } 24.5° |2006.5| 64,0
05 | High Density | p,;=1.01g/mL | 1942.70 0.20 1968.4° ¢ 269° (2008.4| 659

06 Low van oy = 7.0, 194272 | 022 1957.9 15.3 (19821 396
Genuchten g = 2.0

07 |Actual Density | p, = 0.997 ghmL | 194270 | 020 | 1967.4 | 249 [2010.1| 676

08 Low Kh K, =100 ft/day | 1942.70 0.20 2015.7° 73.2° nc
09 Very High Voy = 8000 Cst | 1944.16 1.66 nc ne
Viscosity
10 High K, = 3 ft/day 1946.11 1.66 1969.9 274 {2003.4) 8609
Anisotropy
Notes:

' Alt model runs begin at 1942.5 (01 July 1942), approximately the date of release of Bunker C from the tank farm,
2 Arrival times, estimated from animations, correspond to oil saturation exceeding 0.25.

* Extrapolated beyond the end of the modeled period {greater than about 2012 or 2013, depending on the run).

* MOFAT could not converge on a solution at later timesteps.

® Time that leading edge of oil phase passed beneath the location of MW-11.

nc - not calculated because the oil phase was not mobile enough.
The following subsections discuss six of the mode] runs in detail: Base Case (Run 01), High

Density (Run 05), High Viscosity (Run 02), Low van Genuchten Parameters (Run 06), Actual
Density (Run 07) and High Anisotropy (Run 10).
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5.3.1 Base Case (Run 01)

Selected frames from the Base Case migration animation (Run_01 BaseCase.avi on the
accompanying CD-ROM) are portrayed in Figure 5-2. The initial oil release is very dynamic,
with infiltration complete after 0.19 years, shown in frame (a). Oil saturation beneath the tank
farm is less than 1.0 because water and air are present at residual saturation levels. One year
later, in frame (b), the oil has settled into the water table. Because its density at 0.99 g/mL is
only 1 percent less than the water it displaces, only 1 percent of its mass floats above the
water table. The zone of oil saturation exceeding 0.25 extends from 5 feet msl down to 7.5
feet msl, for a total contaminated thickness of 12.5 feet. In principle, the vadose zone beneath
the tank farm should be uniformly contaminated at the residual saturation level for oil of 0.2;
differences from this ideal likely reflect inaccuracies inherent in the numerical solution
algorithm. Six years after the release, in frame (c), the leading edge of the oil zone has
covered 80 of the 320 feet to Dutch Harbor and has reached its maximum depth of —12 feet
msl, almost at the bottom of the aquifer. The trailing edge has thinned somewhat but has
remained stationary, reflecting the flow patterns of the constant-head boundary (where the oil
blocks flow near the water table, but flow into the model continues at depth). Ahead of the oil
zone, the water table has fallen to nearly sea level, indicating that the oil is blocking much of

the normal water flow.

Subsequent migration is a long-continuing process that becomes progressively slower as the
leading edge is attenuated. The leading edge leaves behind a trail of oil at residual saturation
as it migrates downgradient. The leading edge (0.25 saturation) passes the location of MW-
11 at 1963.0 (between frames [d] and [e] in Figure 5-2), and reaches Dutch Harbor at 1996.7
(between frames [g] and [h]). The final water table, taken as the elevation at which both
water saturation and oil saturation fall off dramatically to residual levels or less, is
significantly elevated at MW-11. The final water table here is almost 3 feet msl, whereas the
initial water table was only 1.5 feet msl. This change occurred because the residual oil
present in the upper part of the saturated zone has significantly reduced the hydraulic

transmissivity of the aquifer.
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The internal precision of the numerical simulation can be evaluated in part by examining the
mass balance over the course of a run. In Figure 5-3, water volume and oil volume are plotted
versus time for the Base Case run. Volumes are calculated for the TFslice model by assuming
the model is 3.3 feet (1 meter) wide. During infiltration, the increasing oil volume is mirrored
by decreasing water volume. At the end of infiltration, the small but sharp drop in oil volume
is probably related to restarting the model, but the origin of similar offsets in the water curve
near 1992 and at the end of the simulation is unknown. Between the end of infiltration and
1996, when oil begins discharging to the bay at a significant rate, the volume of oil should be
constant. In practice, however, oil volume climbed very slowly. Convergence parameters in
MOFAT probably could be adjusted to further minimize this mass-balance discrepancy, but it
is not large enough to be of concern. The volume of water climbs continually after the initial
displacement followed by several years of drainage downgradient of the oil zone. This
increase in water volume reflects the rising water table induced by the lowered transmissivity

related to o1l migration and residual saturation.

5.3.2 High Density (Run 05)

In the High Density model run, the oil density was increased from 0.990 to 1.010 g/mL,
which corresponds to the density that product beneath Building 551 would have at ambient
temperatures (see Section 3.7). Given the occurrence of product floating in MW-11 and at the
ground surface beneath Building 551, the actual density of fresh Bunker C must have been
less than that of water (assumed to be 1.000 g/mL), but this run illustrates the migration

pathway if the density had been greater.

Selected frames from the High Density migration animation (Run_05_HighDensity.avi on the
accompanying CD-ROM) are portrayed in Figure 5-4. The infiltration period is nearly
identical to the Base Case, but significant differences begin to emerge after 6 years (frame [c]
at 1948.71). By this time, a substantial fraction of the oil has migrated to the bottom of the
aquifer and ponded there. Subsequent frames show ;[his process continuing until the zone of
significant oil saturation (greater than 0.25) is confined to the bottom of the aquifer, below

-7 feet msl.  As the oil sinks, it is also advected toward Dutch Harbor by flowing
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groundwater, passing beneath MW-11 in 1968.4 and reaching the bay at 2008.4. Migration is
about 25 percent slower than in the Base Case run because advection is the only driving force;

there is no gravitational pull downhill at the water table.

5.3.3 High Viscosity (Run 02)

In the High Viscosity model run, the oil viscosity was increased from 1,000 to 3,000 cSt, still
lower than a realistic value for fresh Bunker C at ambient temperatures (see Section 3.7), but
providing an illustration of the role of viscosity in oil migration. Selected frames from the
High Viscosity migration animation (Run_02_HighViscosity.avi on the accompanying CD-
ROM) are portrayed in Figure 5-5. The three-fold increase in viscosity has lengthened the
infiltration petiod by slightly more than three-fold, from 0.19 to 0.68 years (frame [a]).
Subsequent migration is nearly identical to the Base Case run, but at a similarly reduced rate.
Oil arrives at MW-11 in about 71.5 instead of 20.5 years (about 2014 instead of 1963.0), and
the model configuration in 2012 (frame [i]) is nearly identical to the Base Case run at 1958.9

(Figure 5-2, frame [d]). Because oil arrived at MW-11 by 1998, this viscosity is too large.

53.4 Low Van Genuchten Parameters (Run 06)

For the Low van Genuchten Parameters model run, ¢,g was reduced to 7.0 from 14.5, and n,q
was reduced to 2.0 from 2.8, values that are appropriate for silty sands with hydraulic
conductivities in the range indicated by the slug tests. Hydraulic conductivities in the model
were not altered. Because of the exponential form of the van Genuchten equation (Equation
0-6), these changes represent a considerable shift in vadose-zone properties. The direct effect
of these reductions is to significantly increase capillary effects, producing a much broader

capillary fringe above the water table that extends to the top of the model.

Selected frames from the Low van Genuchten Parameters migration animation
(Run_06_LowVGenuchten.avi on the accompanying CD-ROM) are portrayed in Figure 5-6.
Initial infiltration (frame [a]) is complete in essentially the same period as for the Base Case,
but the transition from oil to water occurs over a much broader zone vertically, and peak oil

saturations are lower. The plot of water saturation in the same frame reveals the extent of the
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broadened capillary fringe. These trends continue during the migration period, resulting in
the oil-saturation zone (saturation greater than 0.25) extending to the bottom of the aquifer by
1948.7 (frame [c]). Mobility has been enhanced by the increased capillarity, with oil reaching
MW-11 in only 15.3 years (1957.9) and Dutch Harbor in 39.6 years (1982.1), although the
underlying mechanism for this is not clear. This model run shows that the rate of oil
migration and distribution of oil saturation is strongly influenced by the properties assigned to
the vadose zone. Such properties are difficult to measure, so the van Genuchten parameters
may be considered adjustable within a reasonable range in order to calibrate the model to

known or presumed site characteristics.

5.3.5 Actual Density (Run 07)

In the Actual Density run, the oil density was set to 0.997 g/mL, the most likely value for
Bunker C at ambient temperatures based on the available site-specific measurements (Section
3.7). The difference between this density and that of water (assumed to be 1.000 g/mL) is
only 0.003 g/mL, about three times smaller than the difference for the Base Case run. Thus,
buoyancy effects will be correspondingly reduced; the oil will tend to displace the

groundwater rather than float on it, but will not sink to the bottom of the aquifer.

Selected frames from the Actual Density migration animation (Run_07_ActualDensity.avi on
the accompanying CD-ROM) are portrayed in Figure 5-7. Initial infiltration (frame [a]) is
essentially identical with the Base Case run, but differences reflecting reduced buoyancy
begin to be apparent in subsequent frames, in which the oil-saturation zone (saturation greater
than 0.25) penetrates more deeply. The oil zone has reached the bottom of the aquifer after
6.3 years (frame [c]), and at later times continues to be distributed across a wider vertical
range with lower peak saturations compared to the Base Case run. Migration is somewhat
slower, with oil arriving at MW-11 after 24.9 years instead of 20.5 years (1967.4 instead of
1963.0), and reaching Dutch Harbor after 67.6 years instead of 54.2 years (2010.1 instead of
1996.7).
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5.3.6 High Anisotropy (Run 10)

For the High Anisotropy run, K, was set to 3 ft/day instead of 60 ft/day, yielding a vertical
anisotropy (K,/K}) of 100 instead of 5. This change retards vertical fluid migration by a factor
of 20 relative to the Base Case, but has no direct effect on horizontal fluid migration.
Indirectly, reduced vertical oil migration changes the horizontal as well as the vertical
distribution of o¢il. Although sands and gravels, which probably transmit the bulk of the
groundwater flow, typically exhibit low anisotropies in the 3 to 10 range, the aquifer also
contains silt and peat lenses that could greatly reduce vertical conductivity. The resulting
high anisotropy would enhance the propagation of tidal influences by creating a semi-
confined condition; vertical movement of water would be inhibited, aiding the lateral

transmission of a head change.

Selected frames from the Actual Density migration animation (Run_10_Anisotropy100.avi on
the accompanying CD-ROM) are portrayed in Figure 5-8. Inttial infiltration (frames [a] and
fb]) is much slower than for the Base Case, and the strong anisotropy prevents the oil from
sinking deeply below the water table. Instead, the oil begins spreading laterally at the water
table. In late 1948 (frame [c]), the oil has migrated only about 50 feet downgradient of the
berm at the tank farm and still forms a compact zone with peak oil saturation greater than 80
percent. In contrast, the Base Case (Figure 5-2) in late 1948 depicts the leading edge of the
oil plume at 85 feet downgradient of the berm. The difference in oil saturation and vertical
distribution is striking; although peak oil saturation is lower for the Base Case (approximately
60 percent), oil is present throughout the entire thickness of the aquifer. The difference in
migration rates between the two cases soon subsides, however, with oil reaching Dutch
Harbor in 2003 in the High Anisotropy run compared to 1996 in the Base Case. The

distribution of oil within the model is similar in both cases at this stage.
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54  IMPLICATIONS OF LNAPL FLOW MODELING

Several important conclusions can be inferred from the LNAPL flow modeling runs:

¢ Qil infiltration is rapid because of the steep downward pressure gradient, whereas lateral
migration is slow because the water-table gradient is comparatively flat.

¢ Because the oil density is only slightly less than that of water, it mostly displaces water at
the water table rather than floating on top of the water table.

e Model parameters (with the exception of oil density) that give reasonable migration rates
are poorly constrained by the available data. Realistic model parameters consistent with
the most direct observations result in unrealistically slow migration rates. Given the
historical presence of oil at MW-11 since its original installation in 1998 (USAED 1999),
the mobility of Bunker C must have been greater than that portrayed by the High
Viscosity run. If the actual viscosity was 3,000 ¢St or more, then other factors must have
promoted oil migration.

o The rate of oil migration slows dramatically as the zone of oil saturation becomes
progressively less saturated. As the oil zone migrates downgradient, it loses mass by
leaving a trail of residual saturation. In the Actual Density run, 24.9 years elapsed before
oil reached MW-11, 160 feet downgradient. Another 42.7 years elapsed before oil
reached the shoreline, only 115 feet farther downgradient.

e Residual oil saturation will have a pronounced effect on the local transmissivity of the
aquifer to groundwater flow. This effect will be superimposed on hydrostratigraphic
variations, further complicating an already complex situation. This may offer a partial
explanation of the calibration difficulties encountered during the MODFLOW
groundwater flow modeling.

e Free product in MW-11 is probably a consequence of local well dynamics rather than
reflecting free product (oil saturation approaching 0.9} in the aquifer at large. Capillary
effects mean that the oil/water interface is a broad zone rather than a sharp front.

e Three key factors are not accounted for in the model: tidal smearing, recharge from
precipitation, and biodegradation. Tidal smearing would spread the oil, reducing its
saturation level and therefore its migration rate. Recharge would have a similar effect,
piling clean water on top of the oil, resulting in interfingering and dispersal as the water
and oil flow past each other to achieve hydrostatic equilibrium. Biodegradation would not
only reduce the amount of oil in the subsurface, it would preferentially remove the
relatively shorter-chain hydrocarbons, leaving a progressively more refractory and less
mobile residue.

The LNAPL flow modeling cannot conclusively reveal whether Bunker C is presently
discharging into Dutch Harbor. The available data for the Pre-WWII Tank Farm permit a

wide latitude in the selection of most input parameters other than density, and the timing of
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Bunker C arrival at offsite locations such as MW-11 is unknown, other than that it occurred

sometime before 1998. Nevertheless, the Base Case run is consistent with the currently

observed distribution of Bunker C in MW-11 and at the shoreline, suggesting that the two

observations are connected, and provides important insights into future Bunker C discharges

from the tank farm into Dutch Harbor:

¢ Bunker C may have recently arrived at the shoreline, indicating that the oil is migrating
quite slowly. Therefore, the rate of discharge will never be very high. The leading edge

of the oil zone is the most concentrated, so present discharge rates are probably the
maximum discharge rates.

e Bunker C may have been discharging for some time. In this case, peak discharge would
have occurred some time in the past, tapering to present discharge rates.

In either case, future discharge rates will be lower than present discharge rates. From the long
trail of oil at near-residual saturation going back to the tank farm depicted by the LNAPL
flow modeling, continuing low-level discharge can be extrapolated many decades into the
future. Biodegradation, discussed in the next section, may become a major factor at such a

time scale, however.

It is also possible that Bunker C from the tank farm has not yet arrived at the shoreline,
implying that the observed heavy oil contamination drifted in with the tide. Model runs
similar to the High Viscosity and Low K}, runs but with less extreme changes could simulate
oil migration at the required rate. Future discharge along the shoreline, if any, would be at a
very low rate, probably so low as to be undetectable compared to other local sources of

petroleum.
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6.0 REVIEW OF NATURAL ATTENUATION

The foregoing groundwater and LNAPL flow modeling suggests that petroleum
contamination in the subsurface at the Pre-WWII Tank Farm is slowly migrating toward
Dutch Harbor and may have begun discharging into the bay, where dilution (the simplest form
of natural attenuation) will reduce contaminant concentrations to undetectable levels.
Because of the high viscosity of the Bunker C coupled with the dynamics of oil migration,
this process will likely continue at a slowly declining rate for many decades, providing ample
oppottunity for in-situ degradation. If degradation rates are high enough, this mechanism of
natural attenuation may completely degrade the petroleum contamination in the subsurface,

eventually eliminating any discharge to the bay.

Biodegradation is the primary mechanism by which the petroleum contamination could be

degraded in the subsurface. Geochemical parameters that can provide evidence of

biodegradation have been measured in groundwater samples (USAED 2004; Table 6-1). The

following parameters have been measured:

e Ferric Iron (Fe3+) ~— Most oxidized form of iron. Essentially insoluble; elevated values
indicate particulate matter is present.

e Ferrous Iron (Fe?") — Reduced relative to ferric iron. Comparatively soluble; elevated
values indicate reducing conditions.

e Total Iron — Ferric plus ferrous iron. Low unless particulate matter or ferrous iron is
present.

o Nitrate (NO3) - Most oxidized form of nitrogen. An essential nutrient that can also be
used as an electron acceptor under anaerobic conditions.

e Nitrite (NO; ) — Moderately oxidized form of nitrogen, utilized much like nitrate.
e Nitrogen — Nitrate + nitrite. See nitrate and nitrite, above.

e Sulfate (SOi_) — Most oxidized form of sulfur, used as an electron acceptor under

anaerobic conditions after nitrate/nitrite has been depleted. Derived from weathering of
sulfide minerals or of sulfur in the Bunker C.

e Sulfide (8 — Most reduced form of sulfur, indicating strongly reducing conditions,

e Alkalinity — Increases during mineralization (conversion) of hydrocarbons to carbon
dioxide or dissolution of carbonate minerals.
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* Methane — Good indicator of degradation and reducing conditions. If methane is present,
conditions are anaerobic; the hydrocarbons have not been completely oxidized.

Results for natural attenuation parameters (Table 6-1) suggest that some biodegradation is
occurring near MW-8, MW-11, and MW-13. Evidence of biodegradation near these wells
includes elevated alkalinity and methane concentrations, depressed sulfate concentrations
compared to the other Pre-WWII Tank Farm wells, and occasional sulfide detections. These
observations are consistent with petroleum biodegradation under mildly anaerobic to sulfate-
reducing conditions, yielding either carbon dioxide or methane as metabolic endpoints.
Although elevated methane concentrations were also measured in MW-10 and MW-12, these
wells have not contained product in recent sampling rounds, and other biodegradation
indicators are absent, suggesting that some methane is occurring naturally, probably related to
the organic-rich clays and peat layers noted across the site in borehole and test-pit logs.
(Anomalously, MW-12 also contains the highest dissolved oxygen reading, which at
11.3 mg/L. suggests thorough equilibration with air, but this value is most likely an artifact of

the sampling process.)

Strongly reducing anaerobic conditions are generally absent, as signified by the uniformly low
ferrous iron concenirations, but a field observation in October 2003 of high levels of iron-
oxyhydroxide particulates in a temporary sampling point along the shoreline near MW-11
suggests that iron-reducing conditions may exist upgradient. High dissolved ferrous iron
concentrations from a zone of iron reduction would be oxidized to insoluble ferric iron and

then precipitated as iron oxyhydroxides by the time groundwater reaches the shoreline.

Geochemical and circumstantial evidence suggest that biodegradation of the petroleum
contamination is occurring only at a low rate, so free product will continue to be detected in
MW-8, MW-11, and MW-13 during future monitoring events unless additional active
remedial measures are pursued. Although low ambient temperatures contribute to the low
biodegradation rate, geochemical conditions could be improved. Nitrogen is low in all of the
wells sampled, not just those with product, suggesting that the rate of biodegradation may be

limited by lack of nitrogen. Although phosphorus was not analyzed, it may be in short supply
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Table 6-1
Sample Results for Natural Attenuation Parameters

oNov | 08 | 00 | 00 | 00 | WA [o0o00o | 38 | 58 | 04 | ND | 19
MW.-8

2-Feb 02 | 86 | 42 | 44 [ 000 [ 000 | 812 | 130 | ND | ND | 30
2-May 04 | 65 | 42 | 23 | 003 [ 000 | 732 | 101 | 003 | ND | 110
2-Aug 03 | 70 | 46 | 24 | ND | ND | 53 | 128 | ND | ND | 170
2-Nov 05 | 52 | 42 | 10 | NA [ o000 | es | 138 | 003 |005| 55
MW-10

2-Feb 08 | 21 | 1.0 | 11 [ o000 [ 000 | 612 | 104 | 01 | ND | 130
2-May 09 | 16 | 13 | 03 | 000 | 000 | 608 | 91 | ND | ND | 82
2-Aug 06 | 30 | 02 | 28 | 007 | ND | 61 o0 | 007 | ND | o8
2-Nov 05 | 12 | 18 | 06 | NA [ 001 | 98 95 | 005 | ND | 100
MW-11

2-Feb 07 | 91 | 44 | 47 J o000 | 000 | 366 | 166 | ND | ND | 580
2-May 03 | =10 | 29 | 71 [ 000 | 000 | 2 172 | ND | ND | 970
2-Aug 05 | >105| 52 | 48 | 006 | ND | 03 | 142 | 006 | ND | 2300
2-Nov 03 | 30 | 40 | 10 | NnA {000 | 61 | 161 | 003 | 02 | 1400
MW-12

2Feb | 16 | 34 | 24 | t0 [ 000 | 000 | 272 | 136 | 06 | ND | 290
MW-13

2Nov | 04 | 52 | 50 | 02 | WA [ 000 | 13 | 90 | 003 [019 ] NA
MW-14

2-May 18 | 13 | 08 | 05 | 013 | 000 | 492 | 46 | 013 | ND | 14
2-Aug 10 | 16 | 1.2 | 04 | ND | ND | 39 | 62 | ND | ND | 32
2-Nov 73 | 00 | 00 | 00 | nA Jooo | 45 | 39 | 03 | ND | ND
MW-15

2-May 14 | 07 ] 02 | 05 | 006 [ 000 [ 214 { 38 | 006 | ND | 12
2-Nov 21 | o0 | oo | oo [ nA [ o000 | 21 62 | 006 | ND | ND
MWNLF-3

2-May 73 | >10 | 07 | 93 {010 [000 | 145 | 82 | 01 [ ND | 08
2-Aug 54 | NA | WA | NA | NA [ Nna | owa [ A | na | wa | NA
2-Nov 52 | 00 | 00 | 00 | na o000 | 6 | 61 | 02 | ND | 051
Notes:

See the Groundwater Monitoring Program 2003 Annual Report (USAED 2004) for data qualifiers and raw data.
N/A = not analyzed
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as well. Finally, low oxygen levels force bacteria to use lower-yield electron acceptors.
Thus, oxygenation and fertilization of the subsurface environment might accelerate

biodegradation rates to useful levels.
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7.0 SUMMARY AND RECOMMENDATIONS

Constructing and calibrating a groundwater flow model provides a structured means of
evaluating and integrating the numerous and often disparate bits of information about the
groundwater system. The modeling process starkly illuminates key parameters and
conflicting observations, as was discovered at the Pre-WWII Tank Farm for estimates of
recharge, storage coefficient (specific yield), slug-test hydraulic conductivity, vertical
hydraulic conductivity, and interpretations of tidal influences. Water level measurements
revealed a nearly flat water table across the former tank farm site. Flat gradients imply high
transmissivity; otherwise, water from rainfall-derived recharge would pile up with time,
leading to steep gradients. Slug-test results suggested that hydraulic conductivities were in
the 1.5 to 25 ft/day range, but such values were found to be too low to be consistent with the
nearly flat water table. Therefore, hydraulic conductivities were adjusted upward to
accommodate a low but potentially plausible rate of recharge from precipitation (13 inches
per year, or approximately 25 percent of annual precipitation). The resulting horizontal
hydraulic conductivities ranged from 3 to 400 ft/day, broadly consistent with values inferred
from an analytical evaluation of tidal influences. Finally, tidal influences were very strong in
monitoring wells near the shoreline, and remained significant on the far side of the tank farm
site at MW-8. The site-wide groundwater flow model could simulate only weak tidal
influences, and an evaluation using a schematic groundwater flow model reinforced the idea
that effective hydraulic conductivities may be on the order of 300 ft/day. These groundwater
models assumed that the aquifer was unconfined, with good vertical hydraulic conductivity,
but the low calibrated storage coefficients of 0.001 to 0.0001 imply that the aquifer is
semiconfined at the tidal time scale. Physically, semiconfined behavior would be a natural
consequence of silt and peat lenses interbedded with the sands and gravels, drastically

reducing vertical — relative to horizontal — hydraulic conductivity.
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General features of the hydrologic system at the Pre-World War II Tank Farm are well
supported by this investigation:
¢ Groundwater flow from the eastern portion of the site is to the east, toward MW-11,

whereas groundwater flow from the western portion of the site is to the south, beneath
Building 551 and toward MW-13.

» The water table shows strong seasonal variability, with the water table rising by 2 feet or
more in some wells during wetter seasons. The general flow usually persists, but local
anomalies, perhaps related to recharge from the dry wells, have occurred.

» Groundwater moves rapidly across the site to the discharge zone along the shoreline,
probably requiring only a year or two for the trip. Modeled travel time for water is
between 1.0 and 2.5 years, and is directly related to assumptions about recharge. Higher
recharge would only shorten travel times.

o Horizontal hydraulic conductivity to the south of the site must be large, but vertical
hydraulic conductivity may be quite smali

The LNAPL flow model reveals much about the dynamics of Bunker C migration. In spite of
rapid groundwater flow, Bunker C released at the tank farm was simulated to arrive at
MW-11 in 20 years or more, and may have reached Dutch Harbor afier 54 years or possibly
much longer. Migrating oil is attenuated as it moves because it leaves a trail of trapped oil at
residual saturation. Thus, the rate of Bunker C discharge to the bay can never be very high.
If the oil contamination observed at the shoreline during the October 2003 fieldwork is
derived from the tank farm, then the leading edge of the migrating oil, where the degree of oil
saturation is the highest, must already have discharged. This means that the current rates of
discharge will only decline with time, although discharge will persist for many decades. In
the more likely scenario where the observed oil contamination at the shoreline derives from
maritime activities in Iliuliuk Bay and Dutch Harbor, the leading edge has probably not yet
arrived at the shoreline. When it does arrive, discharge rates are likely to be imperceptibly
low. Alternatively, it may never arrive because weathering and degradation along the flow

path lead to increasing viscosity with time, eventually immobilizing it.

The evaluation of natural-attenuation geochemical parameters in groundwater suggests that
some biodegradation is occurring, but not at rates that will mitigate the remaining subsurface

contamination in the near future. Biodegradation rates appear to be limited by the availability
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of oxygen and nutrients, as well as by cold ambient temperatures and the refractory nature of

the long-chain hydrocarbons that comprise the bulk of Bunker C.

If no further action is taken at the Pre~WWII Tank Farm, the groundwater flow modeling,
LNAPL flow modeling, and natural-attenuation evaluation combine to indicate that conditions

will not worsen, but will slowly improve on a decadal time scale.

Several actions could be implemented to treat soil, groundwater, and LNAPL contamination
at the site. The Focused Feasibility Study developed for the Pre-WWII Tank Farm evaluates
several remedial technologies (alternatives) to address the contamination (USAED 2005a).
The Proposed Plan, which will be open to public review and comment, will discuss the
preferred alternative(s). Following receipt of comaments on the Proposed Plan, a Decision

Document will be developed to document the remedial alternatives evaluation.

Lack of knowledge regarding a few key parameters prevents groundwater modeling from
providing a more definitive assessment of Bunker C migration pathways and prediction of

possible discharge to the surface environment. These data gaps are as follows:

e The current distribution of Bunker C in the subsurface is poorly known. A detailed
investigation of the subsurface by numerous boreholes or direct-push laser-induced
fluorescence profiling would accurately delineate the margins of the plume and help
answer the question of whether Bunker C is presently discharging to Dutch Harbor,

e Recharge and boundary flows in the model are not based on site-specific data. These
could be refined somewhat by developing a surface-water budget for the site to determine
the fraction of precipitation that leaves as overland flow, the fraction that enters the
aquifer via the dry wells, and the fraction that reaches the aquifer via infiltration. The
City of Unalaska and the Alaska Department of Transportation and Public Facilities may
have already collected and analyzed much of the data in preparation for upgrading storm
drains and roads in the area.

e The ramifications of high anisotropy (low vertical hydraulic conductivity compared to
horizontal conductivity) have not been thoroughly explored in the model. Future
modeling should investigate whether high anisotropy can produce the short-term semi-
confined conditions needed to simulate the observed tidal influences. Numerous soil
borings or direct-push conductivity profiles to bedrock could identify the frequency and
extent of silt and peat zones that likely are responsible for the apparent highly anisotropic
semi-confined conditions. '
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e Hydraulic conductivity has not been satisfactorily measured. Although both the model
calibration and the analysis of tidal influence measurements suggest that hydraulic
conductivities are high, the slug-test results appear to be biased low. Although the slug-
test data should be re-analyzed for confined conditions, those results likely would be even
lower. A pumping test could provide a more reliable determination of hydraulic
conductivity, but should be conducted only if quantitative defensible model results
become critical to selecting an appropriate remedial action for the site.
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APPENDIX A

Figures for Tidal Influence Evaluations, and Details and Figures for Slug Tests
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2.0 SLUG TEST DETAILS AND FIGURES

The following discussions rely on figures which display (a) the raw transducer data
(converted from pressure to head), and (b} the processed displacements. The wells are

discussed in ascending order, with RPMW-16 last.

2.1 MW-2

The raw heads from MW-2 (Figure 2-1a} show no drift in baseline head over time and
reproducible displacement curves. Initial displacements for the rising-head tests are much
more negative than predicted from the slug and well-bore dimensions, indicating that rapid
withdrawal of the slug produced a brief period of suction. The second falling-head test
oscillates over the first several seconds, perhaps related to the slug falling through the water

column and then bouncing off the stainless steel body of the transducer.

The processed displacements versus time (Figure 2-1b) highlight the differences between the
falling-head and rising-head tests. The falling-head tests return to the pre-test water level
much more quickly, likely reflecting the influence of the loose gray sandy gravel noted in the
upper part of the borehole (USAED 1999) relative to the dense slightly gravelly sand noted
below 10 feet below ground surface. The slow recovery for the rising-head tests may reflect
the thinner initial saturated thickness near the well, and may also be influenced by the filter

pack around the well screen.

Applying the Bouwer-Rice analysis to visually best-fit straight lines through the later data
yields surprisingly consistent estimates of K, for all four tests (Figure 2-2). The arithmetic
average is 4.9 ft/day, somewhat low for gravelly sand, and may reflect the effects of silt that
could have washed into the open well during the tidal monitoring that preceded these tests.
Although the well was redeveloped a day before slug testing, there may have been some

residual fines in the filter pack.
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22 MW-8

The raw heads from MW-8 (Figure 2-3a) show negligible drift, and the recovery curves are
smooth. Initial displacements are similar to the theoretical value of 1.80 feet (Table 3-4 in the
main body of this report), lacking any artifacts relating to insertion or withdrawal of the slug,
The processed displacements (Figure 2-3b) show the same dichotomy as seen from MW-2,
with much more rapid recovery for the falling-head test. The borehole log (USAED 1999)
indicates that this well is screened in medium-dense gravelly sand. Although the lithology is
uniform, the lower four fect of the well resides in moderately to heavily contaminated

material, with greatly reduced hydraulic conductivity.

Results of the Bouwer-Rice analysis (Figure 2-4) are quite different for the two tests. Unlike
at MW-2, the falling-head test exhibited only a rapid return to baseline, without any late-stage
slow equilibration, providing an estimated X} of 23 fi/day. In contrast, the rising-head test
returned to baseline much more slowly, resulting in an estimated K}, of 6.6 ft/day. This latter
value is most representative of the saturated zone here, and provides an indication of the

effect of extensive contamination by Bunker C.
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2.3 MW-10

The raw heads from MW-10 (Figure 2-5a) exhibit several problematic characteristics.
Baseline heads between tests slowly rise with time, reflecting a strong tidal influence. The
test period was about an hour before high tide, when water level in Iliulivk Bay was
increasing at approximately 0.4 fi‘hr (0.007 ft/min). Because the tidal efficiency of MW-10
was found to be 0.90 (Table 3-3 in the main body of this report), a similar rate of increase in
the well is expected. The second problematic feature is that the slug tests exhibit some
hysteresis, with final water levels not quite returning to the pre-test baseline trends even
though the rate of change matches the baseline rate of change. This may reflect some jostling
of the downhole transducer as the slug was dropped and lifted. The ragged and erratic shape
of the initial displacements provides further evidence of transducer disturbance. The cleanest
tests appear to be the Rising Head #1 and Falling Head #2. Rising Head #2 exhibited a large

suction effect when the slug was withdrawn, and had a prolonged slow return to baseline.

The processed displacements versus time (Figure 2-5b) have been corrected to account for the
sloping baseline, and early data affected by transducer disturbances have been eliminated.
The good-quality tests (Rising Head #1 and Falling Head #2) exhibit nearly identical
displacement curves, and are bracketed by the problematic tests. Nevertheless, the Bouwer-
Rice analysis of all four tests (Figure 2-6) produced clustered K, estimates, ranging from 16 to
25 ft/day. On log-linear plots, the late data (later than about 30 seconds) define similar slopes,
and hence K, values. The early data, where still present, define much steeper slopes, and
hence higher K values, probably reflecting the properties of the filter pack around the well

5CICI.

The average of the rising head tests, 23 fi/day, should be most representative of the saturated
zone near MW-10. The borehole log (USAED 1999) indicates that the aquifer here is

composed of loose sub-angular to angular sandy gravel.
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24 MW-12

The raw heads for MW-12 (Figure 2-7a) show that this well is very slow to respond to
perturbations, with each test requiring more than 10 minutes to return to baseline. Because of
the slow response, only one falling-head test and one rising-head test were conducted.
Baseline appears to have remained constant throughout the 40-minute testing period, but
initial displacements were erratic. For the falling-head test, the initial baseline was at about
4.2 feet, whereas the final baseline was at 4.4 feet. The rising-head test also returned to the
4.4 fi baseline, indicating an absence of hysteresis. Initial displacements for both tests arc
erratic; the falling-head test showed a wide oscillation for the first three seconds, and the

rising-head test showed a large suction effect for the first two seconds.

The processed displacements versus time (Figure 2-7b) are plotted for 300 seconds, for
consistency with the slug tests in the other wells, but require up to 1000 seconds to return to
the baseline (0 feet displacement). In addition to this very slow recovery, the falling-head test
is anomalous because the extrapolated initial displacement falls short of the expected initial
displacement by about 0.15 feet, an amount that closely matches the observed baseline shift.

This is most readily explained by a one-time hysteresis effect.

Estimates of K, by the Bouwer-Rice method (Figure 2-8) range from 1.5 to 4.1 ft/day, with
higher values derived from the early part of the falling-head test and late part of the rising
head test, and lower values from the other parts of the tests. In these log-linear plots, the
falling-head test shows the usual concave upward pattern, but with the steep portion lasting
for nearly 120 seconds, too long for filter pack effects. One interpretation is that the nearby
aquifer is more conductive than more distant parts. This idea is not supported by the rising-
head test, which shows the opposite pattern, concave downward, with slower than expected

initial equilibration compared to later observations.

The boring log for MW-12 (USAED 1999} indicates that the well is screened in loose sandy
silt, but that 6 feet of medium-dense slightly sandy gravel occurs less than a foot below the
bottom of the screen. Early data should predominantly reflect the properties of the silt, with
increasing contributions from the underlying gravel at later times. The average of early data

from the two tests is 3.2 ft/day.
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25 MWwW-14

The raw heads for MW-14 (Figure 2-9a) exhibit few irregularities. Baseline is constant, and
each test shows smooth and similar recoveries. Initial displacements for the falling-head tests
are similar to the expected value of 1.84 feet, but those for the rising-head tests are somewhat
larger because of suction effects as the slug was withdrawn. For the first falling-head test, the
slug must have been lowered several inches into the water column before being released,
producing the 2 second step in the initial displacement. This was compensated for during data

processing.

Processed displacements (Figure 2-9b) show nearly coincident curves for the falling-head
tests and for the rising-head tests. The two scts of curves are similar in shape, but the rising-
head curves are offset by about 30 seconds to later times relative to the falling-head curves,
Estimated X, values from the Bouwer-Rice analyses for times later than 20 seconds are very
consistent for all tests, averaging 28 ft/day with a range of 27 to 28 ft/day. The falling-head
tests exhibit the usual rapid carly recovery, but the rising-head tests show slower than
expected early recovery rates. From the boring log (USAED 1999), there is a gravelly silt
from 6 to 10 feet below ground surface, bracketing the static water level of 8.41 feet below
ground surface during the test period, which may be responsible for the asymmetry of the

early recovery rates. Below the silt is 5 feet of loose gravelly sand.
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2.6 MW-15

The raw heads for MW-15 (Figure 2-11a) exhibit a constant baseline, with each test showing
smooth and similar recoveries. Most initial displacements are similar to the expected value of
1.84 feet, but that for the first rising head test is slightly larger at 2.3 feet, reflecting some
suction as the slug was withdrawn. Processed heads (Figure 2-11b) show excellent
agreement, with nearly coincident curves for the two falling-head and for the two rising-head

tests, and only a slight difference between the two types of test.

Bouwer-Rice analyses of displacements after 30 seconds yield consistent results near 4.9
ft/day for the falling-head tests and near 8.3 ft/day for the rising-head tests. Earlier data show
very rapid recovery rates, interpreted as arising from the sand filter packs around the screens.
The boring log for this well (USAED 1999) records a silt zone, just above the static water
level, that is a likely explanation for the slow falling-head response. The saturated portion of
the screen, completed in medium-dense gravelly sand, would be best represented by the

rising-head value (8.3 ft/day).
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277 RPMW-16

RPMW-16, the first well to be slug-tested, utilized a range of data-collection rates and
equilibration periods, as is shown by the plot of raw heads versus time (Figure 2-13a). These
data showed that complete recovery required only several minutes, so there was no need to
change the recording interval part way through each test. Rather, the recording interval could
be left at 1 second without producing an ungainly data file. Hydraulically, the raw data show
a nearly constant baseline for the first 140 minutes followed by a declining trend for the next
55 minutes, reflecting tidal influences (slack water followed by the ebbing tide). The small
step downward at 8 minutes may reflect departure of a vehicle that had been parked nearby.
The initial displacement for the first falling-head test is erratic because the slug continued to
move slowly downward in the well for 45 seconds. The initial displacement for the final
rising-head test is inexplicably large at 2.19 feet (compared to the expected value of 1.80
feet). The remaining tests have reasonable initial displacements but show substantial
hysteresis.  Although it appears that heads never recovered fully during the 95-minute
equilibration period following the first rising-head test, it is likely that recovery occurred but

was masked by the start of the ebb tide.

Processed displacements (Figure 2-13b) show little consistency among the four tests. The K,
estimates from the Bouwer-Rice analyses (Figure 2-14) range from 1.4 to 3.5 ft/day; the two
rising-head tests have essentially the same slope, and average 1.5 ft/day. Because of the
anomalously large displacement for the second rising-head test and other difficulties with the
falling-head tests, the Kj estimate of 1.6 ft/day from the first rising-head test is the most

representative value.

The aquifer matrix in the saturated interval of RPMW-16 is sandy gravel according to the
boring log (Chevron 2001), and probably densely compacted because of the low hydraulic
conductivity there. The substantial hysteresis in the slug tests may imply a nearby but unseen

silt zone.
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Appendix C



APPENDIX C
Historical Boring and Test Pit Logs






Test pit logs from the 1996 Amaknak Interim Removal Action/Investigation Report, Appendix
C, prepared by Jacobs Engineering Group Inc. for the USAED, August 1998,
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Boring logs and cross sections from the /998 SI/RI/IRA Report, Amaknak and Unalaska
Islands, Alaska, Appendix D, prepared by Jacobs Engineering Group Inc. for the USAED,
August1999,



JACOBS BORING LOG PWWIIZ.GPJ SHAN WIL GDT 115/99
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, The discussion in the text of this report is necessary for a proper

. Water level, if indicated above, is for the date specifiad and may vary.
4, USC letter symbol based on visual classification.

" LEGEND

Sample Not Recovered TR  Surface Seal
2" Q.D. Split Spoon Sampl K

Solid Casing and Annular Sealant

3" 0.D. Split Spoon SampleT ]  Well Screen and Filter Sand

Cuttings Backfil
2z Ground Water Level ATD

MATERIAL DESCRIPTION i 3| 8 Ty & Penetration Resistance
_ =18l & 5% g (340 Ib. weight, 30" drop)
sl E 53 F A Blows per foot
] ® %2} © a
_ 0 25 50 75 10C
Loose, gray, silty, gravely SAND; dry e G
K
2 : T A
e e g 5
X i = o
e ol ARl SR -
I 10.0 g:: o % 10
Dense, gray, sandy GRAVEL P e g | = a
ARV e 2 ‘ Bl
Visuals and smell of impacted soil R iy [ Gl | boeens b :
3 3=
] iﬁ
:éédrock 15.0 @ g 15 Refuani-
15.5 I Il el Bl ’
Bottom of Boring -
Boring Completed 28 November 1998 e
20 i
25
30
35
40
45 —
0 100 200 300 400}

® PID Reading (ppm)

b 4 Static Ground Water Level

NOTES

The siratification lines represent the approximate boundaries between
soil types, and ihe transition may be gradual.

LOG QF BORING NO. B1
Pre-WW1l Tank Farm
1998 Report SYRI/IRA

Amaknak and Unalaska Islands, Alaska

understanding of the nature of subsurface matsrials,

PROJ MGR.: FILE NO: FIGURE NO.:
L., Phyte Y-6007-12 1
DRAWN 8Y: REVIEW BY: 'PRCJ NO.: DATE:
54w, Inc, DK.C. 05M30211 12 January, 1999’




ACOBS BORING LOG PWWIIZ GPJ SHAN WIL.GDT 2/1/99

MATERIAL DESCRIPTION o -1 = & Penetration Resistance
£ 'E E 3% £ {340 1b: weight, 30" drop)
i3 & 5= 2 A Blows per foot
81? & o~ 2

0 25 50 75 100
GRAVEL fill =
W
Stiff, brown, organic SILT L —
I 50 L% X A
.. Medium dense, gray GRAVEL . 5'0 F L — Pl s o
Loose, gray, sandy GRAVEL R N | ®a
Ll —
DC - T
s =
A _ 100 Po — = ¢
Very dense, gray/brown, slightly gravelly e Vss s Sl e N
SAND; slightly moist N O B I SR R SO
D 3=
o =i
] = .
° 1 1T g = 18
o Ass i g5 SRR IRVt SIS A B
) b o | r: -
o E
C
i 20
° 4ss i) -@
D B . A
2 = -
IC s I N -
" Medium dense, anguiar, gravelly SAND Rl s 2 b &
S—— 27.0 J_E‘ —
Bottom of Boring
Boring Completed 28 November 1998 30
35
40
45
LEGEND 0 100 200 300 400}
»  Sample Not Recovered Surface Seal . ® PID Reading (ppm)
I 2"0.D. Spiit Spoon SamplE Bl Solid Casing and Annular Sealant
I 3" 0.D. Spiit Spoon SampleE ]  Well Screen and Filter Sand
Cuttings Backfilt
v Ground Water Level ATD
Y Static Ground Water Level
. LOG OF BORING NO. B2
Pre-WWwWIH Tank Farm
NOTES 1998 Report SIRINRA
1. The stratification lines represent the approximate boundaries between
wftym' catlon iines repre: ok the appron Amaknak and Unalaska Islands, Alaska
2. The di $ion in the text of this repert is necessary for a proper X T -
ungerlsst;:;ing of the nature of auba?rfaca materials. y PROJ MG:‘ ‘I‘?h yfé FILE h:’?s-(}o?qz FIGURE :O"
3. Water level, if indicated above, is for the date spacifisd and may vary. ’
4. USC letter symbol based on visual classification, DRAWN BY: REVIEW BY: PROJ NO.: DATE:
S&W, Inc. D.KC. 05M30211 1 February, 1999




ACOBS BORING LOG PWwWil2 GPJ ‘SHAN WILGDT 2/1/99

MATERIAL DESCRIPTION sl 8 vy B Penetration Resistance
£ -g Ex 3z < (340 Ib. weight, 30" drop)
Fl P B 52 & A Blows per foot
[5] O]
o 0 o
- 0 25 50 75 100
Medium dense, brown, sandy GRAVEL, dry F
- - s0 P -— 5 ) ]
. Medium dense, gray, organic, sandy SILT so k=lsi =1 ® a
Medium dense, gray/brown, sandy GRAVEL R S A R |
A =
¢ =
c"‘- “"T' : 10 k-
U — —— e —— ] [ # I e i
Moist; diesel smell e ke %1 P =S I R .
F 2 8l =
0! = o—
b E
Medium dense, gray, gravelly SAND; wet 180 £ o3 w 8 15 A @ o |
" Diesel smell, brown, impacted R e ; { -+ 8 -
o
q -
- 200 |- T
Soft, black/brown, sandy SILT; moist; rust 0 T‘ sa 20 -~
| staining. _ ez A .
BottomofBosing | | | p----- e .
Boring Completed 28 Novemnber 1998 25
30
35
40
45
LEGEND 0 100 200 300 400
* Sample Not Recovered [N 9  Surface Seal - @ PID Reading (ppm)
7 2°0.D. Split Spoon SamplEl &) Solid Casing and Annular Sealant
I 3"0.D. Split Spoon Samplaii | Well Screen and Filter Sand
B8 Cuttings Backfill
%4 Ground Water Level ATD
Y Static Ground Water Level
LOG OF BORING NO. B3
Pre-WwIl Tank Farm
NOTES . 1998 Report SURIIRA
1. The stratification lines represent the epproximate boundaries betwaen
50l types, and the ransition may be g?: ot Amaknak and Unalaska Islands, Alaska
2. The discussion in the text of this report is necessary for a proper . " ;
understanding of the nature of subsurface matenals, PROJ MGLR'I"hyfe FiLE 2106;007 12 FIGURE 1:0..
3. Water level, if indicated above, is for the date spacified and may vary. )
4, USC lettar symbal based on visual cassification. DRAWN BY: REVIEW BY: PROJ NO.: DATE.
S5&W, Inc. D.K.C. 05M30211 1 February, 1999




JACOBS BORING LOG PWWII2.GPJ SHAM WIL.GDT 1/15/99

MATERIAL DESCRIPTION L’i 3 8 2 T Penetraticn Resistance
£ e éx 35 & {340 Ib. weight, 30" drop)
Sial & 5= & A Blows per foot
= @ e lo 25 50 75 100
Medium dense, gray, angular sandy GRAVEL P> N N
)% - o
v 9 A
. v . “ M e SV
- Medium dense, brown, organic, silty, sandy f= 4.5 :_:—;_ ? g
- GRAVEL, dry; found waod P L v i A
- Medium dense, gray, anguiar GRAVEL o LT S : -
Medium dense, gray, silty, sandy GRAVEL  / [6.5 o "sa i =3 B SR ORAS EEEEEEE EEREE 1
| Medium dense, brown organic silty PEAT, dry / |70 f> .L = T
Medium dense, sandy, round to angular oo Y - = 10. Al
. GRAVEL; heavilly impacted with brown idizo bed = F.... 1.
residue. =
Medium dense, brown SAND; intermitant ! ot=1 t
layers of gray, angular gravel; moist; no visual | H ‘% c |13
" evidence. .-/_ 160 P S 2g| P - o
Medium dense, brown SAND ; = é I
Medium dense, gray, siity, sandy GRAVEL; :b g .
wet o T a 20
zoasaii @ - A
e 22.0 P, T .
BottomofBoring | b |} }b--e-- 2 D DU N
Boring Completed 29 November 1998 25
30
35
40
s L]
0 100 200 300 400

LEGEN

*  Sample Not Recovered
— 2'0.D. Split Spoon Samplal
I 3" 0.D. Split Spoon SampleE]

B =

Surface Seal

g 4]

NOTES

1. The stratification lines repreaent the approximate boundaries betwaan

soil types, and the transition may be gradual.

Static Ground Water Level

2. The discussion in the text of this report is necessary for a proper

undersianding of the nature of subsurface materials.

3. Water level, if indicated abave, is for the date specified and may vary.

4. USC letter symbol based on visual claasification,

Solld Casing and Annuiar Sealant
Well Screen and Filter Sand

Cuttings Backfili
Ground Water Level ATD

® PID Reading (ppm)

LOG OF BCRING NO, B4
Pre-WWH Tank Farm

1998 Report SI/RIIRA
Amaknak and Unalaska Islands, Alaska
PROJ MGR.: FILE NO: FIGURE NO.:
L. Phyfe ¥-6007-12 4
DRAWN BY: REVIEW BY: PROJ NO.: DATE:
S&W, Inc. D.K.C. 05M230214 12 January, 1959




JACOBS BORING LOG PWWIHZ.GPJ SHAN WH. GDT 1/15/99

MATERIAL DESCRIPTION i_ 3| 3 2 g & Penetration Resistance
£1€| © 38 £ (340 tb. weight, 30" drop)
T el = 52 & A Blows per foot
V]
[a)] 72} ]
_ i 0 25 50 75 -
Medium dense, gray, angular, slightly sandy F
GRAVEL; silty coating, no visual evidence or D
smell s
e SRR S S J
)_ - -~ | 5
L st = : A
N =1 I S S o]
F o =
I 2| =
Dense, gray, slightly gravelly SAND: wet; il » Ts2 g = 10 N
slight odor and sheen s 4 3 = I S
., HE
- — _—— — _— T = —— — {50 b C g - 15
No odor or sheen at this level s o _
- —LU— _______ ‘. -----
D
=
R q ..
I[{ 20
° yea | - A
220 P - N
Bottom of Boring AN R S R
Boring Compieted 29 Noverber 1998 25
30
35
40
45
o] 100 200 300 400

.

1,

2

3.
4,

LEGEND

Sample Not Recovered Surface Seal
2" 0.D. Split Spoon Sampld B} Solid Casing and Annular Sealant
3" Q.D. Split Spoon Sampie—] Well Screen and Filter Sand
L B2 Cuttings Backfill
v Ground Water Level ATD

@ PID Reading (ppm)

Y Static Ground Water Level

NOTES

The stratification lines represant the approximate boundaries batwean
sci types, and the transition may be gradual.

LOG OF BORING NQ. BS

Pre-WWit Tank Farm
1998 Report SIRHIRA

Amaknak and Unalaska islands, Alaska

The discussion in he text of this report is necessary for a proper PROJ MGR.. FILE NO: FIGURE NO.-
understanding of the nature of subsurface materials, L. Phyfe ¥ 6-007 12 5 h
Water lavel, it indicated above, is for the date specified and may vary. "
USC tetter symbol based on visual classification. DRAWN BY: REVIEW BY: PROJ NO.: DATE:
54W, Inc. D.K.C. 05M30211 12 January, 1999




MATERIAL DESCRIPTION c sl 2 oy € Penetration Resistance
g | € 2 3% £ (340 Ib. weight, 30" drop)
§ A 5> §’ A Biows per foot
- 0 25 50 75 100
Loose, gray, siity, sandy GRAVEL P <N
o |
b
)° . I =l B I E e i R
A =i5
v 5, e =
Loose, black PEAT, heavy organic smell o A A = P4
I e — - 10.0 [ = {10
Very loose, brown, silty SAND; with organics, Clep o T e
possible ash. N R 3 = e i
| 5=
t g . .
15.0 ki -r Z 15
Medium dense, gray-green, weathered sa i F N R D ]
BEDROCK; volcanic with white veins _.J‘_ g e
5 -
SRR 20.0 g 20
a .. :
Bottom of Boring E
Boring Completed 29 November 1998 E A SRR R g -
§ . - ‘ B
& .
30
35
40
45 :
LEGEND 0 100 200 300 400
»  Sample Not Recovered Surface Seal @ PID Reading (ppm)
= 2" 0.D. Split Spoon Sampldl B}  Solid Casing and Annular Sealant
T 3" 0.D. Split Spoon Sampiel=.; Well Screen and Filter Sand
Cuttings Backfill
< Ground Water Levet ATD
h 4 Static Ground Water Level
LOG OF BORING NO. B6
Pre-WWI1 Tank Farm
NOTES 1998 Report SURVIRA
1. The siratfication lines repressnt the approximate boundaries between Amaknak and Unalaska Islands. Alaska
soil types, and the transiticn may be gradual. '
2. The discussicn in the text of this report is necessary for @ proper PROZ MGR.: FILE NO- FIGURE NO.:
upderstanding of the nature of subsurface materials, L. Phyfe . Y—L;;OOT-12 6
3. Water level, if indicated abovs, is for the date specified and may vary, ’
4. USC letter symbol based on visual classification. DRAWN BY: REVIEW 8Y: ~ PROJ NO.. DATE:
S&W, inc. D.K.C. - 05M30211 12 January, 3999

ACOBS BORING LOG PWWIIZ.GP) SHAN WIL GDT 1/15/99




JACOBS BORING LOG PWWH2 GPJ SHAN WL GDT '2.'1:‘99

x

Py

R

w

. The stratification lines represent tha approximate boundaries between
, The discussion in the text of this report is necessary for a proper

. Water level, if indicated abave, is for the date specified and may vary,

>

LEGEND

Sample Not Recovered 4  Surface Seal

2" 0.D. Spiit Spoon Sampll B Solid Casing and Annular Sealant

3" Q.D. Split Spoon Sample— |  Well Screen and Filter Sand
3 Cuttings Backfill
v Ground Water Level ATD

MATERIAL DESCRIPTION T 5 § i 5 v Penetration Resistance
£ ‘g g. 3% £ (340 lb. weight, 30" drop)
Sl = 52 5 A Blows per foot
(] w o -
i 0 25 50 75 100
Medmum dense, gray, sandy GRAVEL with Fol NS
small pieces of wood w-
)c:w s1 =
~
o =
e = --
) = T T [T .
Ko =
0.0 - s
__ Sliff, gray, gravelly SILT :1 o sz = 10‘__ A
Medium dense, brown, sandy GRAVEL; moist TER A 1= b, .
te wet b g =
_ :u\;::" — g =AT:
D "1ss | s O - A--F--
DC - 8 °
0.0 f-'l“ 20 .
. R — 2 . _,—.
:‘pense, black SAND oo @54 : ® A
" Hard, black/brown SILT /o i
Hard, fractured, weathered BEDROCK ‘AN
- 220
BottomofBoring | | @} @ kemme--pe---- e
Boring Completed 30 November 1998 25
30
35
40
45
0 100 200 00 400

® PiD Reading (ppm)

h 4 Static Ground Water Level

NOTES

soil types, and the transition may be gradual.

LOG OF BORING NO. B7
Pre-WWii Tank Farm
1998 Report SYRIIRA

Amaknak and Unalaska Islands, Alaska

understanding of the nature of subsurface materials.

USC letter symbot based on visuai classification.

PROJ MGR.: FILE NO: FIGURE NO -
L. Phyte Y-6007-12 7
DRAWN BY: REVIEW BY: PROJ NG DATE:
S&W, inc, D.K.C. 05M30211 1 February. 1999




ACOBS BORING LOG PWWIE2 GPJ SHAN WL GBT 11549

LEGEND

Sample Not Recovered Surface Seal

~ 2" 0.D. Split Spoon SampE B  Solid Casing and Annuiar Sealant

I. 3" 0.D. Split Speon Samplel ] Well Screen and Filter Sand

Cuttings Backfill
hvid Ground Water Level ATD
h 4 Static Ground Water Level

NOTES

1. The stralification lines represant the approximate boundaries betwesn
soil types, and the transition may be gradual.

2. The discussicn in the text of this raport is necessary for a proper
understanding of the nature of subsurface materials.

3. Water lavel, if indicaled abova, is for the date‘speciﬁed and may vary.
4. USC letter symbol based an visual classification.

® FPID Reéding {ppm)

MATERIAL DESCRIPTION G.‘ 'g 8 2 Penetration Resistance
=g % 3 (340 tb. weight, 30" drop}
§ & 8 3 A Blows per foot
. - 25 50 75 106
Soft, sandy, gravelly SILT; contained organics A
and wood pieces T
L O st
W0 T B < I Al il I - -
. - - - - 50 Pt b
Stiff, organic SILT with gravel; heavily Hle L B A
~ impacted : 1 5B e~ AR nE v
Medium dense, black, gravelly SAND; wet; o fsa B RS R Rt EEEEES |
heavily impacted b 2 = B
Eo) - -E = |10
~ Wet moderately impacted .~ ™Mb 9% & HELE r
- —— o —— —— —— —— 25 e - = _
Heavilly impacted )“ s _ % A
" 150 M2 o = |15 —
Dense, gray, gravelly SAND; slight sheen and © Jss i IPIRN N D o
odor o JL S e
oo | 4
= 195 4 20
Bottor of Boring T 1
Boring Compieted 1 December1998 | | ¢+ | Foi..| LI KR A I
25
30
a5
40 :
45
0 100 200 300 400

LOG OF BORING NO. B8
Pre-WWwWH Tank Farm
1998 Report Si/RIIRA
Amaknak and Unalaska Islands, Alaska

PROJ MGR.. FILE NO: FIGURE NO.,
L. Phyls Y-6007-12 8
DRAYN BY: REVIEWBY: | PROJNG. DATE.
S&W, Ine. D.K.C. 05M30211 12 January, 1999




ACOBS BORING LOG PWWI2.GPS SHAN WIL GOT 1/15/59

MATERIAL DESCRIPTION G.“' g 3‘3 2% T _ Penetration Resistance
cle cEx 35 £ (340 Ib. weight, 30" drop)
§ & 3 53 & A Blows per fooi
at
0 25 50 75 10C
Brown, slightly organic SILT; wet i |
i
i
pi DR e
1 L) e 5 TETiSET 8t 7 Teet |
7.0 L}
BottomofBoring ) } v | FToos o
Boring Completed 1 December 1998 10
g L.
2 s
5 SR B o )
g
E - - . i &
£ =
=} e L LR
1 S
oot
B 25
4
: .
:
3 X
30 R
35
40
45 e
0 100 200 300 400}

LEGEND

Sample Not Recovered Surface Seal

Z 2'0.D. Split Spoon SampR B Solid Casing and Annular Sealant

3" Q.D. Split Speon Sample=]  Well Screen and Filter Sand
& 5 Cuttings Backfil
2 Ground Water Level ATD

® PID Readi.ng (ppm)

h 4 Stati¢ Ground Water Level

NOTES

1. The stratification lines represent the approximate boundaries between
soil types, and the transition may be gradual.

Amaknak and Unalaska islands, Alaska

LOG OF BORING NO. B9
Pre-WWII Tank Farm
1998 Report SI/RIIRA

2. The discussion in the text of this report is neceasary for a proper
understanding of the naiure of subsurface materiats.

3. Water level, if indicated above, is for the date spacified and may vary.

4. USC letter symbot based on visual classification.
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L. Phyle Y-6007-12 9
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ACOBS BORING LOG PWWIIZ.GP) SHAN WIL.GDT 1115/99

LEGEND

*  Sample Not Recovered Surface . Seai

T 2'0.D. Split Spoon Samplé Bl
T 3" 0.D. Split Speon Sample ]
.

z.

Yy

NOTES

Static Ground Water Level

1. The stratification lines represent the approximate boundariea batween

aoil types, and the tranaition may be gradual,

2. The discussion in the text of this report is neceasary for 2 propar

understanding of the nature of subsurface materials.

. 3. Water lavel, if indicated above, is for the date specified and may vary.

4, USC letter symbol based on visual classificatlon,

Solid Casing and Annular Sealant
Well Screen and Filter Sand

Cultings Backfill
Ground Water Level ATD

MATERIAL DESCRIPTION ﬁ." B E Penetration Resistance
g€ S (340 Ib. weight, 30" drop)
§ & & A Blows per foot
0 25 50 75
Loose, brown to black, sandy GRAVEL, dry, 7
subangular fov
= e
ol T Hi®
h |82 1 S - A
oy 3= IO O
)o e B I il I o
L C v = T -
Loose, gray/green, slightly sandy GRAVEL; 100 3-\,? s —{i_ 3 = 10. A
o H CLl
angular )oi‘— AL e S A
L O 3 = -
Q{"\ 'm Y
s Lrl
- Very dense, black, slightly gravelly SILT; oily f::: 3@ 4 I Gl T ) X
sheen and slight oder. ,:/—13'0
Very dense, green, weathered, volcanic P
BEDRQOCK ‘ -
Bottem of Boring 20 _ .
Boring Completed 5 December 1998 .
IEUREEE DU SR
25 ——r =
30 —
35
40
45 e ] ]
v} 00 200 300 4004

@ PiID Reading (ppm)

LOG OF BORING NOQ. B10

Amaknak and Unalaska islands, Alaska

Pre-WWwW1 Tank Farm
1998 Report SYRINRA

PROJ MGR.: FILE NO: FIGURE NO.:
L. Phyle Y-6007-12 10
DRAWN BY: REVIEW BY: PROJ NO.: DATE:
SaW, Inc. D.KC. 05M30211 12 Janyary, 1999




 LEGEND

Sample Not Recovered Surface Seal

3" 0.D. Spht Spoon Sample= ] Well Screen and Filter Sand
Cuttings Backfill
kva Ground Water Level ATD

T 2°0.D. Spiit Spoon Sampl 3  Solid Casing and Annular Sealant

MATERIAL DESCRIPTION I E E R e Penetration Resistance
£ | E E. G £ (340 ib. weight. 30" drop}
§ & 3 5= § A Blows per foot

. 0 25 50 75 [y,
Medium dense, biack to brown, sandy E ,
GRAVEL b ]
=,
"a,; _______________ o
Medium dense, brown, slightly organic, 50 P st ER 5 N
gravelly SAND N ..
Medium dense, gray/black, anguiar gravels, 80 P ls - ?r a7
. with brown, silty GRAVEL o0 P — 10
Bottom of Boring 8 i
Boring Completed 5 December 1998 g |
E
B
L -
8
£ 2
=] .
2
R ST et Ot
3 25
T i
30
!
35 :
40
45 :
0 100 200

300 400

® FID Reading {ppm)

Y Static Ground Water Level

JACOBS BORING LOG PWWII2.GPJ SHAN WIL.GDT 21198

NOTES

1. The stratification finas represent the approximate boundarias between
soil 2ypes, and the transition may be gradual.

LOG OF BORING NO. 811

Pre-WW! Tank Farm

2. The discussicn in the text of this report is necessary for a propar
understanding cf the nature of subsurface materials.

3. Water level, if indicated above, is for the date specified and may vary,

4. USC tetter symbol based on visual classification.

1998 Report SI/RUIRA
Amaknak and Unalaska Islands, Alaska
PROJ MGR.: FILE NO: FIGURE NO.:
L. Phyfe Y-6007-12 11
DRAWN BY: REVIEW BY: PROJ NO.: DATE:
SaW, Inc. D.K.C. 05M30211 1 February, 1999
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ACOBS BORING LOG PWWII2 GPJ SHAN WIL GOT 2/1/89

MATERIAL DESCRIPTION ﬂf_ 2 B Ty Penetration Resistance
S i€ 2 28 (340 1b. weight, 30" drop)
{5 E g3
3 & 3 A A Blows per foot
25 50 75 100
Medium dense, black to brown, sandy -2
GRAVEL R
Cf—\
b
o ‘:; ________
- - 5.0
Medium dense, brown, slightly organic, -
gravelly SAND 0
.0 : = Foe-n- -
Medium dense, gray/ black, angular gravels ® %\T{ =
. with brown silty Gravel 100 P — = o
- Dense, brown, sity GRAVEL - ~{ito [ay® | A 1 A
Heavily impacted bunker at 11 feet Dt — = }-
b =
affy =R
I " 150 Pud o ZiZ 15
Medium dense, gravelly SAND; heavily I PURS g = | @ --Al-. - -
impacied; wet o AL % = .
)O 5
4 : Ll
o -;F « 20
88 i oA
215 ™
Medium stiff, gray gravelly SILT; water was [ ]iq}, — R
dirty but soils appeared clean h - .- SR
I i 25
o "
27.0 S
Bottom of Boring I R
Boring Completed 5 December 1998 20
35
40
45
LEGEND 0 100 200 300 .400
{ ~ Sample Not Recovered Surface Seal @ PID Reading (ppm)
= 2" 0.D. Split Spoon SamplE  Solid Casing and Annutar Sealant
== 3" 0.D. Split Spoon SampleEL]  Well Screen and Filter Sand
H R Cutlings Backiil
kv Ground Water Level ATD
h 4 Static Ground Water Level
| LOG OF BORING NC. Bt1a
Pre-WWil Tank Farm
NOTES 1998 Report SI/RIIRA
1. The stratification lines represant the approximate boundaries between Amaknak and Unaiaska Islands, Alaska
s0il types, and the transition mey be gradual. '
2, Tha discussion in the text of this report is necessary for a proper PROJ MGR.: FILE RO FIGURE MO~
understanding of the nature of subsurfaca materials, N Phyl'é Y-8007-12 11a
3. Water lavel, if indicated above, is for the date specified and may vary. )
4, USC letter symbol based on visual classification. DRAWN BY: REVIEW BY: PROJ NO.: DATE:
f S&W, Inc. D.K.C. 05M30211 1 February. 1999




ACOBS BORING LOG PWWIHZ.GPS SHAN WIL GDY 2/1/99

LEGEND

*  Sampie Not Recovered
“~ 2" 0.D. Split Spoon Samplel_EJ
I 3" 0.D, Split Spoon Sample

t. The stratification lines represant the approximata boundaries betwasn
sait types, and the transition may be gragual.

Surface Seal
Solid Casing and Annular Sealant
Well Screen and Filter Sand

MATERIAL DESCRIPTION gl 2 o L Penetration Resistance
£ |8 B 3% £ (340 'b. weight, 30" drop)
§ & & 5= § A Blows per foot
0 25 50 75 J
Very loose, brown, gravelly SAND e NS =
D
= 2 -
b N — 5
Very loose, brown, slightly organic, sandy N P = .
= p_ F
SILT : = ‘
— n - 10.0 '—:—L —_ E 10
Very soft, brown, sandy SIL.T; with occasional s 1 = A
large rocks/ cobbles, maist S [ =48 N I S S
f =
— %1 = is
e - 160 B s-sm é SR N R
Medium dense, gray, slightly sandy GRAVEL 3“?. o
)O E
30 S
2008 [~ @ 20
Loose, gray SAND 210 bofse TIT A
__Loose, gray, slightly sandy GRAVEL 20 F BHR L
BottomofBoing |} |} + | pe----- IR -
Boring Completed 5 December 1998 25
30
35
40
45 .
¢ 100 200 300 400

@ PID Reading (ppm)

Cuttings Backfill
¥ Ground Water Level ATD
Y Static Ground Water Level
NOTES

LOG OF BORING NO. B12
Pre-WWII Tank Farm

1998 Report SI/RI/IRA
Amaknak and Unalaska Islands, Alaska

2. The discussion in the text of this report is necassary for a proper PROJ MGR.-

y ! FILE NO: FIGURE NO..
tul .
underslandm.g‘of .the nature of subsuiface materials L. Phyte Y-6007-12 12
3, Water level, if indicated above, is for the date specified and may vary.
4, USC letter symbet based on visual classification. DRAWN BY: REVIEW BY: PROJ NO.: DATE:
S&W, Inc. D.K.C. 05M30211 t February. 1985




JACOBS BORING LOG PWWII2 GPJ SHAN Wil GDT 2/1/99

LEGEND

+  Sample Not Recovered Surface Seal

2" 0.D. Split Spoon Sampl_
3" 0.D. Split Spoon Sample

—re

Solid Casing and Annuiar Sealant
Well Screen and Filter Sand

MATERIAL DESCRIPTION izl & |@ Penetration Resistance
£ 1€ g. 3 (340 Ib. weight, 30" drop)
RS 5 = A Blows per foot
T ) 1G]
. 0 25 50 75 100
Loose, gray, sandy GRAVEL,; with wood and -
silty organics ~o:
e
3 Q ___________________ T
b | T 5
BQ 81 'E! ® A
- E _______________ -
LC =
ifedium dense, gray. gravely SAND 1100 BN T =" A
Heawly impacted with bunker at 11 feet B 2 = - I
2 =
G = .
'a - —
s —§ =15
" Impacted heavily to 16 feet ¢ s =1 AT
- :
4 -}
o ™ a
e e 20
e e e e i e e ——— 210 | © 5 R o
Siightly Tmpacted Sl N Rl @A
(=4
. RO SRt K .
o ','l' 25
| Medium dense, gray, silty, gravelly SAND; _:j'g o s g . A
appeared not impacted R [ R A VNP DI R ..
Bottom of Boring a0l
Boring Completed 6 December 1998 .
35
40
45
0 100 200 300 400

® PID Reading {ppm)

Cuttings Backfi
% Ground Water Level ATD
Y Static Groung Water Level
NQOTES

1, The stratification fines represent the approximate boundaries betwean
soil types, and tha transition may be gradual.

2. The discussicn in the text of this report is necessary for a proper
understanding of the nature of subsurface materials.

3. Water tevel, if indicated above, is for the date specified and may vary,
4, USC letter symbol based on visual claasification.

LOG OF BORING NO. B13
Pre-WWIl Tank Farm
1998 Report SI/RIJIRA
Amaknak and Unalaska Istands, Alaska

PRQOJ MGR.: FILE NO: FIGURE NO.:
L. Phyfe Y-5007-12 13
DRAWN BY: REVIEW BY; PROJ NO.: DATE:
S&W, Inc. D.KC. 05M30211 1 February, 1999




LEGEND

Sample Not Recovered
2" 0.D. Split Spoon Sampla 1
3" 0.D. Split Spoon SampleE]
= &

74

Y

SR

NOTES

Surface Seal
Solid Casing and Annular Sealant
Well Screen and Filter Sand
Cuttings Backfill
Ground Water Level ATD
Static Ground Water Level

1. The stzatification lines represeant the approximate boundaries betwaen

sail types, and the transiticn may be graduat.

2. The discussion in the text of this report is necessary for a propar

understanding of the nature of subsurface matenals.

3. Water lavel, if indicaled above, is for the date specifiad and may vary.

4, IJSC tetter symbol based o visual classification.

JACOBS BORING LOG PWWIR2.GPJ SHAN WIL.GDT 21;11'99

MATERIAL DESCRIPTION T 3 E, 2y T Penetration Resistance
Ak a 33 £ (340 Ib, weight, 30" drop)
Sl o G52 A Blows per foot
°© @ S lo 25 50 75
Medium dense, sandy GRAVEL; also 2 T3
contained wood, concrete, and organics ):f
% IR N | [ S v IO
. - 5
Medium stiff, brown, gravelly SILT 0 i S - | A
1““ g i
. 0 e —_— =
Loose, brown, silty, gravelly SAND 100 P o2 = e A
~ Heavily impacted wood T TS § - 2§ = T
5 dE
50 I HE
" Browni white, volcanic BEDROCK, with white —j.~ [¥%% % gl = |"°1 retiisa]
veins | 3
Bottomn of Boring
Boring Completed 8 December 1998 20 ‘
25
30
35
40
45
1] 100 200 300 400

@ PiD Reading {(ppm)

LOG OF BORING NO. B14
Pre-WWwWil Tank Farm
1998 Report SIRI/IRA
Amaknak and Unalaska Islands, Alaska

PROJ MGR.. FILE NC: FIGURE NO.:
L. Phyfe Y-5007-12 14
DRAWN BY: REVIEW BY: PRQOJ NO.: DATE:
S&W. Inc. D.X.C. 05M30211 t February, 1999
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1
2

3
4

JACOBS BORING LOG PWWIIZ GPJ SHAN WIL.GDT 1/15/93

LEGEND

Sampie Not Recovered LI  Surface Seal
2 0.D. Spiit Spoon Sampl.E  Solid Casing and Annular Sealant
3" 0.D. Spiit Spoon SampleEH ] Well Screen and Fiiter Sand
&1 B Cuttings Backfill
AV Ground Water Level ATD

MATERIAL DESCRIPTION Tls 8 2y O Penetration Resistance
£ |g a 3% £ (340 1b. weight, 30" drop)
Slal @ 53 & A Blows per foot
(o} 2 Q
' _ . 25 50 75 100
Medium stiff, brown, organic, slightly sandy o
SILT; with gravel !;:
! !
:}, SN RN AN
i I =| fa e
il S| po :
;’il =1 I A S A
il B .
Medium dense, gray, gravelly SAND; moist 10.0 SLtsz i E 10 ) Al
N il = I Ol S .
D =
o E = .
Is =
T T e i T e ELY I T = |8
Wet; diesel smell o fsa 1l 2 LA - - )
e e e e o e —— e iz b : ¢ e
___Sillier with large gravel 155 E1RN A
Bottom of Boring 20 R .
Boring Completed 9 December 1998 : }
PRI R BER: SR !
25 :
30 ‘
35
40
45 oo
0 100 200 300 4004

® PID Reading (ppm)

h 4 Static Ground Water Leve}

NOTES

. The stralification lines represent the approximate boundaries betwesn
soil types, and the transition may be graduai.

LOG OF BORING NO. 815

Pre-WWIl Tank Farm
1998 Report SI/RIRA

Amaknak and Unalaska |siands, Alaska

. The discussion in the text of this report is necessary for a proper PROJ MGR..: FILE N FIGURE NO.:
uncerstanding of the nature of subsurface materials, L. Phyfe Y-6007-12 15
. Water level, if indicated abova, s for the date specified and may vary. )
. USC letter symbol based on visual dlassification. DRAWN 8Y: REVIEW BY: PROJ NO.: DATE:
S&W, inc. DKC. - 05M30211 12 January, 1999
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Boring logs from the 2000 Islandwide SI/IRA/RI Report, Amaknak/Unalaska Islands, Alaska,
prepared by Jacobs Engineering Group Inc. for the USAED, August 2001..
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EXPLORATION LOG ISWIDE.GPJ ACE_ANC.GDT 2/16/01

ALASKA DISTRICT Project  Amaknak@Unalaska Islands, Alaska 2000 Islandwide Page 1 of 1
CORPS OF ENGINEERS Former Naval Laundry Facility Date: 9 Nov 2000
ENGINEERING SERVICES |- — =
. ' Drifing Agency: Alaska District Elevation Datum:
Soils and Geology Section | "w oner  penoring ®MSL O3 o
. Northing: , Topof Hole
EXPLORATIONLOG [ 10
Hole Number, Field; Permanent; Drilles; inspector.
_ NLF-MWT Ryan Kaston/Orville Emes Bruce McDonald
Typeof Hole: OJ other ' Depth fo Groundwaler: Depth Drilled: Total Depth:
7 TestPit [3 AugerHole X Moniforing Well 3 Piezomeler NE 120t , 12.0#t
Hammer Weight: Split Spoon I.D; Size and Type of Bit Type of Equipment Type of Samples;
300 s 3.0in 4.25 in Hollow Stem Auger Mobile B-61 ~ Split Spoon
B . Classification GrainSize | = o
S| = ASTM: D 2467 or D 2488 El = Description and Remarks
elyleo| o8 3 |4 AR
2| alg=l2 @ oS B
HEIHEAEIERE: SlslEl5|e|2
ol 3l ijud|wi- [ia) [%2) iR |=| o | s
2 GP. | Poorly graded GRAVEL with Silt 0.0 Brownlgray, medium dense, silty, sandy
7 GM | and Sand gravel. Fill material.
i 1
— 2
3 GP- | Poorly graded GRAVEL with Siit 0.0 Brown/gray, medium dense, sitty, sandy
- 4 GM | and Sand gravel. Fill material.
3 .
— 4B
0
i f@ 4 GP- | Poorly graded GRAVEL with Silt 0.0 Brown, medium dense, sitty, sandy grave.
'0:6 : 6 GM | and Sand organic silt zones. Collected AM-A510616 au.u
6P 7 AM-A510617.
@ 10
[ GP- | Poorly graded GRAVEL with Silt 0.0 Dark brown, medium dense, silty, sandy gravel
7 GM | and Sand with organics.
10
1 SP- | Poorly graded SAND with Silt 0.0 Brown, medium dense, silty sand. Collected
12 SM NAM-A510618, AM-A510619, and AM-A510620,
14 '
Bottom of Hole 12.0:t
Groundwater Not Encounted
2 PiD = Photo lonization Detector
Possible refusal on bedrock,
—14
—16
—18
NPA Form 19-E . Projedt: Hole Number:
May 94 Prev. Ed. Obsolete Amahnak/Unalaska Islands, Alaska 2000 Islandwide NLF-MV1




ALASKA DISTRICT Project  Amaknak/Unalaska Islands, Alaska 2000 Islandwide | Page 1 of 1
, 2 g g P i CORPS OF ENGINEERS Former Naval Laundry Facility Dale: 9 Nov 2000
PN ENGINEERING SERVICES TS
{ . . rilling Agency: 3 Alaska District Elevation Datum:
& | Soils and Geology Section | " oner ponaipriing | X ML O ofer
. Northing: Top of Hole
EXPLO RATION LOG Location: Easting: Elevation:
Hole Number, Fiefd: Permanent; Driller: Inspector:
i NLF-}A2 Ryan Kaston/Orville Emes . Bruce McDonald 7
Typeof Hole: 1 other Depth to Groundwater: Depth Drilled; Total Depth:
[ TestPit 3 AugerHole DX Monitoring Well [ Piezomeler 9.50 ft 13.0ft 13.01t
Hammer Weight: Split Spoon 1.D: Size and Type of Bit - | Type of Equipment: Type of Samples:
300 Ibs 30in 4.25 in Holfow Stem Auger Mobile B-61 Split Speon
2, Classification GrainSize | — i
i glgzl = ASTM: D 2487 or D 2488 — Elel| . Descriplion and Remarks
t=Y (%] — 1 .
Bl=l5|82/8F 2 | & Qlele|81815 .
2 GP- | Poorly graded GRAVEL with Silt 0.6 Gray/brown, loose, sitty, sandy gravel, Fill
2 GM | and Sand -material.
1
6 GP- | Poorly graded GRAVEL with Siit | 65 | 20 | 15 0.0 Brown, medium dense, silty, sandy gravel.
6 GM | and Sand Colfected AM-A510607, AM-A510608, and
o AM-A510609,
6 GP- | Poorly graded GRAVEL with Silt 1 65 | 20 | 19 0.0 Brown, loose, sihf, sandy gravel with trace
4 GM | and Sand smal roots.
4
7 GP- | Poorly graded GRAVEL with Silt | 65 | 20 | 15 0.0 Browm to gray, medium o very dense, siightly |
12 GM | and Sand silty, sandy gravel. Odorfvisible product.
Collected AM-A510610, AM-A510611,
14 AM-A510612, and AM-A510613.
27 GP- { Poorly graded GRAVEL w'llh Sit [75]20] 5 3001 Brown to gray, medium to very dense, slightly
2 GM { and Sand : silty, sandy gravel. Odorivisible product.
13 . Collected AM-A510614 and AM-AS10645.
. GP- | Poorly graded GRAVEL withSilt | 75 | 20| 5 8.9 Brown to gray, medium to very dense, slightly -
53t f OMTamisanst 7 \silty, sandy gravel. Odorlvisible product, Ie
Bottom of Hole 13.0 ft ‘
. PID = Photo lonization Detector
= —14 - Possible refusal on bedrock,
=1
.
]
@
218
[11]
2
F
2
a
g g
i) Q
gl
St
=z
o .
’é .
SINPAForm 19-E Project: , Hole Number:
=1 May 94 Prev. Ed. Obsolete Amaknak/tnalaska Istands, Alaska 2000 Islandwide NLF-MW2




ilf.

ALASKA DISTRICT Project:  Amakmak/Unalaska Islands, Alaska 2600 Istandwide Page 1 of 1
CORPS OF ENGINEERS Former Naval Laundry Facility Date: 7 Nov 2000
ENGINEERING SERVICES | Y
riling Agency: Alaska Disfrict Elevation Datum:
Sonls and Geology Section | " ones _ penanosing X MSL O oher
_ Northing: Top of Hole
EXPLORATIONLOG  [uwcr [0
Hole Number, Field: Permanent: Driller: Inspector;
NLF-MW3 Ryan Kaston/Orville Emes Bruce McDonald
TypeofHole: [ other -| Depth to Groundwater: Depth Drilled: Total Depth:
O TestPit [J AugerHole DO Monitoring Well [ Piezometer B.00 it 151t 1.5M
Hammer Weight: Split Spoon .D: Size and Type of Bit: Type of Equipment: Type of Samples:
300ibs 3.0in 4.25 in Hollow Stem Atiger Mobile B-61 Split Spoon
% gl = g@%ﬁﬁ%"’gﬁ% or D 2488 Grain Size | = = Desctiplion and Remarks
—— o™ pee ) o n . .
€18121:2/88] 8 |3 Slolg|8| 8|5
Bl2|EISCige] 5 | € Sla&ls|s|e|=
SIEIS|ERIEE| & | & IR B
b Concrete Slab
7 GP- | Poorly graded GRAVEL. with Silt 0.0 Brown/gray, medium dense, slightly silty,
9 GM | and Sand sandy gravel. Fill material.
1
3 GP- | Poorly graded GRAVEL with Silt 0.0 Brown/gray, medium dense, slightly silty,
1 GM | and Sand sandy gravel. Fill material.
1
6 GP- | Poorly graded GRAVEL with Silt [ 65 | 20 | 15 0.0 Brown, medium dense, silty, sandy gravel. -
10 GM | and Sand ’ Collected AM-A510601 and AM-A510602,
1
2 GP- | Poorly graded GRAVEL with Silt | 65 | 20 | 15 0.0 Brown, medium dense, silty, sandy gravel,
3 GM | and Sand Collected AM-A510604 and AM-A510605.
] A
3 GP- | Poorly graded GRAVEL with Silt | 65 | 20 | 15 ' 0.0 Brown, meditm dense, silty, sandy gravel.
3 GM | and Sand
501"

Bottom of Hole 11.5 1t

EXPLORATION LOG 15VWIDE.GPJ ACE_ANC.GDT 2/18/01

L— 12 PID = Photo lonization Detector
Possible refusal on bedrock.
—14
16
— 18 (
NPAForm 19-E Project: Hole Number:
May 94 Prev. Ed. Obsolete Amaknal/Unalaska Islands, Alaska 2000 Islandwide NLF-MW3




EXPLORATION LOG ™.

ALASKA DISTRICT

~.GPJ ACE_ANC.GDT 2M6/01

Project  Amaknak and Unalaska Islands, Alaska Page 1 of 2
‘CORPS OF ENGINEERS Pre-WWIl Tank Farm Date:  2Se
b : p 2000
‘ ENGINEERING SERVICES T
. . rilling Agency: [ Alaska District Elevation Datum;
Soils and Geology Section | " oner  discovery riting ® ML OO ober
. Northing: Top of Hole
EXPLORATIONLOG [ 20
Hole Number, Field: Permanent: Driller; Inspector;
MW-11Replacement Gary Cormer/Tim Beckner Bruce McDonald
Typeof Hole: (3 other Depth to Groundwater; Depth Drilled: Tolal Depth:
[ TestPit [ AugerHole [X Monitoring Well [ Piezometer 11.50 ff 20.0 ft T 2001t
"Hammer Weight: Split Spoon LD: Size and Type of Bit: Type of Equipment: Type of Samples:
300 Ibs 3.0in 4.25 in Hollow stem auger CMETS Split Spoon
21 . Classification GrainSize | — o
_ gleel = ASTM: D 2487 or D 2488 Ei= Description and Remarks
= § £ o 8N S K= . - w0 g o b
R HHHHEE
o w -3 s
HEIREIE IR B | BRI
B! 14 GP- [ Poorly graded GRAVEL with Siit | 60 | 30 | 10 3.0 Brown to gray, meditm dense to very dense,
O,-EB“ % GM | and Sand slightly silty, sandy gravet (fill). Grains are
| B anguiar to subrounded. QOccasional metal
-] z debris.
AN 35
‘.:_-ESE 26 GP- | Poorly graded GRAVEL with Silt | 60 | 30 | 10 1.2 Brown to gray, medium dense to very dense,
B > 10 GM | and Sand sfightly silty, sandy gravel {fill). Grains are
o - angular fo subrounded. Occasional metal
et 103 debris.
L 45,_.55: 2
¥o
[ AN ’ .
E:,IBc 11 GP- | Poorly graded GRAVEL with Silt | 60 | 30 | 10 14 Brown to gray, medium dense fo very dense,
D= GM | and Sand slightly silty, sandy gravel (fill). Grains are
o .0 14
— 6l,Q- angutar to subrounded. Qccasional metal
i 13 debris.
of3 7
- by
s
L8y 40 GP- } Pooriy graded GRAVEL with Silt | 60 { 30 | 10 4 Brown to gray, medium dense to very dense,
— 8 %)D B 138 GM | and Sand slightly silty, sandy gravel {fill). Grains are
Qs angular to subrounded. Occasional metal
AN debris.
D
—10 b 2
Py 9 GP- | Poorly graded GRAVEL with Sit | 50 | 40 | 10 60,2 Dark gray to biack, medium dense, slightly
D"E}) 8 GM | and Sand sitty sandy gravel. Grains are angtar to
- oD 5 subrounded. Productis visible.
D A 4
LYY 5
-2
o"ﬁf)g 7 GP- | Poorly graded GRAVEL with Silt 5 |40} 10 97.3 Dark gray to black, medium dense, slightly
" ps 9 GM | and Sand silty, sandy gravel. Grains are angular to
) BE i subrounded. Product is visible,
bt
—14 :;,‘.Bc . 12
=)
L B
o™~ 10 | GP | Poorly graded GRAVEL with 80|20 0 913 Dark gray to btack, medium dense, sandy
"-‘Bﬁ Sand grave). Grains are angular to subrounded.
. 12 9
T e Product is visible.
B L -
£ 10
i )o’.(;.
'Y 5 GP | Poorly graded GRAVEL with 812010 59.7 Dark gray to black, medium dense, sandy
6 Sand gravel. Grains are angular to subrounded.
. Product is visible,
- 9
oY
NPA Form 19-E Project: Hole Number:
May 94 Prev. Ed. Obsolete Amaknak and Unalaska Islands, Alaska MW-11Replacemer




ALASKA DISTRICT Project  Amaknak and Unalaska islands, Alaska Page 2 of 2
CORPS OF ENGINEERS Pre-WWI Tank Farm Dale:  2Sep 2000
ENGINEERING SERVICES | it
: . fiting Agency: [ Alaska District Elevafion Datum: 3
Soils and Geology Section | "o oter  piscovery g XML O ober (L.
. . Northing: Top of Hole
EXPLORATION LOG  [ucser i
Hole Number, Field: Permanent: Driller; - Inspector;
MW-11Replacement Gary Cormer/Tim Beckner Bruce McDonald
Type ofHole: O other Depth to Groundwater: Depth Drilled: Total Depth:
(] TestPit [ AugerHole [XI Monitoring Well [ Piezometer 11.50 it 20.0 t 20014
Hammer Weight: Split Spoon LD: Size and Type of Bit: Type of Equipment: Type of Samples:
300 Ibs 3.0in 4.25 in Hollow stem auger CME7S Split Spoon
) 2 . Classification GrainSize | — -
- Slue| = ASTM: © 2087 or D 2488 £l = Descripfion and Remarks
=\ = o Sy =3 — o i al s
=lS|al5=1828] 2@ | 8 gl =
Si£|EISh|8z & | E SIglEislel=
Ofg]wvlhLd|icim o [75) R R R RS
Bottom of Hole 20.0 ft
PID = Photo lonization Detector
- 22
24
26
28
—30
—32
34
oL
B
g1-36
<
g
& |
8] ag L
e \/
3
5 .
S| NPA Form 19-E Project: Hole Number:
[ May 94 Prev. Ed. Obsolete Amaknak and Unalaska Istands, Alaska MW-11Replaceme




Boring logs from the Groundwater Monitoring Program, 2004 Annual Report, Pre-WWII
Tank Farm, Amaknak Island, Alaska, prepared by Jacobs Engineering Group Inc. for the
USAED, February 2005 (draft). '



KODIAK BORING LOG AMAKNAK PRE-WWI TANK FARM 2004.GPJ CHINIAK.GDT 1/20/05

Project:

Amaknak Pre-WWIl Tank Farm

MW-3R

Client:

US Army Corp of Engineers, Alaska District

Elevation Datum:

EXPLORATION LOG

. North‘ing: 1,189,737.54 ft Surface
Location: I -
Easting:  5,316,075.65ft Elevation: 1218 ft
Date Completed: Driller: Inspector:
24 Aug 2004 Gary Cormier Frank Marley
Type of Hole: [ other Depth to Groundwater: Depth Drilled: Total Depth:
O TestPit [J Auger Hole Monitoring Weil [ Piezometer 13.00 ft 20.60 ft 20.60 ft
Hammer Weight: Split Spoon Size: Drill Type and Size: | Type of Equipment:
25in IDx 2.0t ' CME75 Hollow Stem Auger
= Classification e - Description and Remarks
= g; _5__39 § = ASTM: D 2487 or D 2488 é_:‘_', g g ’E: ‘gé
£lglsB 3| & 5| 2| 8] SIS
= Bl < 2
SIElE8a| & 5| 3| & §iFg .
o GM 0.0 Gray, sandy, siity, gravel. Moist.
of(h
VN
b 8 !
° >°
— 2% [o
bt ¢
el
] PT none | Dark brown peat. Moist,
A
C 8| GM 55 | 30 | 15 | 40.0 | none| Brownish-gray, sfity sandy gravel, Molst,
AL
b = 5
R
O 3
HEEE
GM
[ 8
—mt}'f**é 14| GM 551 30 | 15 |104.0| slieht| Brownish-gray, silty, sandy gravel, Moist.
e 12
i ol 15 | SP-5M 20 | 50 i 30 strong| Dark gray, gravelly, sity sand. Moist to wet.
X
”*29'.\4'5 3| GM 60 | 25 | 15 |316.0 | strong| Dark gray, silty, sandy gravel. Wet. Sheen.
>°-' . 10 ! Analytical Sample AM-A562001 and AM-A-62002 {duplicate}
B GQ{E 15 =T collected and analyzed for GRO, DRO/RRO, VOCs, and PAHs.
¥e}
o4 13
[~ oM
i 9%‘5 20| GM 60 | 25 1 15 strong) Dark gray, sitty sandy gravel. Wet,
o
b 14
—t6[2.0
\OE_‘;" 19
i GM )
m189’,\4'§ 16| GM strong] Dark gray, silty sandy gravel. Saturated. S
LB
D 14
L e
;..Q.'{ 12
B I
Page: Project:
Page 1 of 2 Amaknak Pre-WWil Tank Farm MW-3R




K PRE-WWII TANK FARM 2004.GPJ CHINIAK.GDT 1/20/05

Project:

Amaknak Pre-WWN Tank Farm MW"3R
Client; Elevation Datum:
US Army Corp of Engineers, Alaska District
. Northing:  1,189,737.54 ft Surface

Locaion: e cting:  5.316.075.65 t Elevation: 1218 t

Date Completed: Driller: Inspector:
24 Aug 2004 Gary Cormier Frank Marley

Type of Hole: {1 other Depth to Groundwater; Depth Drifled: Total Depth:
O TestPit [ AugerHole (X] Monitoring Well (] Piezometer 13.00 ft 20.60 ft 20.60 it

Hammer Weight: Split Spoon Size:

Drilt Type and Size; Type of Equipment:

KODIAK BORING LOG #.

25in IDx2.0ft CMET5 Hollow Stem Auger
= Classification — - Description and Remarks
ElzBJd3l = ASTM: D 2487 or D 2488 2l = g gl
sl 2=d 9l 8 T 5| g &5z
T|EEH 2] E s 5| & o B3
o |SlEwm) @ & | L &L
-~22
—24
26
28
—30
32
—34
—36
| i
t— 38
- N
Page: Project; MW-3R
Page 2 of 2 Amaknak Pre-WWIi Tank Farm )




KODIAK BORING LOG AMAKNAXK PRE-WWII TANK FARM 2004.GPJ CHINIAK.GDT 12/22/04

Project:
Amaknak Pre-WWIl Tank Farm MW-4R
Chient: _ Elevation Datum: {
US Army Corp of Engineers, Alaska District
EXP LORAT'ON LOG . Northing:  1,189,884.36 ft Surface
Location: Easting: .
asting:  5,315,777.70 Elevation: 1172
Date Completed: Drilier: ' [nspector:
24 Aug 2004 Gary Cormier Frank Marley
Type of Hole: . other Depth to Groundwater: Depth Drilled: Total Depth:
[J TestPit [ AugerHole & Monitoring Welt [ Piezometer 15.00 ft 20,20 ft 20201t
Hammer Weight: Split Spoon Size: Drilf Type and Size: Type of Equipment:
25in IDx2.0ft ' CMET5 Hollow Stem Auger
e Classification . c Description and Remarks
= § Eg é = ASTM: D 2487 or D 2488 E‘:’i g g E ‘:g-%’“,
£l2lsg | ¢ gl 2| B S|3=
Lo [~
8| 5iE3a| & S & El 2Fe |
o GM 0.0 Brownish-gray, silty, sandy gravel. Moist. Observed from drill
""EBU cuttings.
L P
B (5{
af
— 2D
B EB(
s (20N
o
g
- 4;_&0
FINE
R Q(
4 PT 0.0 No recovery due to a rock in the split spoon. Very sott (pe
3
— &
] AR PT Dark brown organic peat mixed with gravel. Observed from
Y drill cuttings,
— 8 AR
o
i Wy
e
108 2 GM 50 | 15 | 35 | 0.0 | none| Brownish-gray, sandy, silty, gravel. Moist.
)"" Cf)c 8 .
[ BT 10| 8P 45| 55 nene | Brown, gravelly sand. Moist.
9
ool
14
B PE 3| GM 45| 35| 20 | 0.0 | none| Brown, silty, sandy gravel, Saturated.
Y o
1 6
L 15[ B
o5 6
k|
18 s
Page: Project:
Page 1 of 2 Amaknak Pre-WWil Tank Farm MW-4R



AAK PRE-WWII TANK FARM 2004.GPJ GHINIAK.GDT 12/22/04

KODIAK BORING LOG .

EXPLORATION LOG

Project:
Amaknak Pre-WWIi Tank Farm

MW-4R

Client:
US Army Corp of Engineers, Alaska District

Elevation Datum;

Location: Northing:  1,189,881.36 #t Surface _
O Easting:  5315777.70 Elevation:  11.72 t
Date Completed: Driller: inspector:
24 Aug 2004 Gary Cormier Frank Marley
Type of Hole: .[J other Depth to Groundwater: Depth Drilled: Total Depth:
J TestPit [] AugerHole ] Monitoring Well [ Piezometer 13.00 ft 20,20 ft 20201
Hammer Weight: Split Spoon Size; Drifl Type and Size: Type of Equipment:
25in Dx 204 CMET75 Hollow Stem Auger
= Classification . = Description and Remarks
sl zEal - ASTM: D 2487 or D 2488 2 = S vzs
= 2EgS| B Bl S| % 2|88
S1E2g 8| E el 51 2| g8
a|Sldslm| ® I AN
—22
—24
25
28
30
- 32
-~ 34
— 36
—38
Page: Project:
Page 2 of 2 Amaknak Pre-WWil Tank Farm MW-4R




EXPLORATION LOG

Project:

Amaknak Pre-WWH Tank Farm MW-7R

Client;

US Army Corp of Engineers, Alaska District

Elevation Datum:

Location: Northing:  1,190,098.62 ft Surface
OCaION:  Easting: 5315268514 Elevation; 13.78 t
Date Completed: Dritler: Inspector:
24 Aug 2004 Gary Cormier Frank Marley
Type of Hole: (1 other Depth to Groundwater: Depth Drilled: Total Depth:
T TestPit [ AugerHole X Monitoring Well [T Piezometer 15.60 ft 18.00 ft 19.00 ft
Hammer Weight; Split Spoon Size: Drill Type and Size: | Type of Equipment:

KODIAK BORING LOG AMAKNAK PRE-WWIi TANK FARM 2004,GP) CHINIAK.GDT 12/22/04

25in IDx2.0ft CMET75 Hollow Stem Auger
= Classtfication —_ - Description and Remarks
=3 §gm § = ASTM: D 2487 or D 2488 _a-;i‘, £ g £ %%
£ |8 2 2l 9| g| =82
g8 2| & g 5 2| 2185
a|S|<oalm| @ G| o] L] & %8
Py GP-GM 0.0 Brown grey sandy gravel with large cobbles. Moist,
O.-Ef'f Observations made from drill cutiings.
AT
o Eé(
of-y
— 2D,
L o
"l
YO
- Al
%p
i 0’\{"“5 2 GM 60 | 25 | 45 | 0.0 | nenei Brownish-gray, silty, sandy gravel. Moist.
Ny 2 PT none { Black, organic peat. Moist to wet,
[ 61, Ry 1
Sy 1
-~ 8
1
—10 o PT 0.0 | none| Reddish-brown peat. Moist to wet,
7Y
" Wy
o3
—12]
\‘ JI
AR
i W
14l 24
M
B FERY)
A 0 PT 10 | 0.0 | none! Brownish-black peat with some sitt. Wet,
e e 1 !-
—16 0l 5
] Rx none | Gray, weathered bedrock.
—18
Page: Project: : MW-7R
Page 1 of 1 Amaknak Pre-WWil Tank Farm




NAK PRE-WWII TANK FARM 2004.GP4 CHINIAK.GDT 12/22/04

KODIAK BORING LOG

Project:

Amaknak Pre-WWH Tank Farm MW'1 6

Client; Elevation Datum;
US Army Corp of Engineers, Alaska District
EXP LO RATI 0 N LOG Localion: Northing: ~ 1,190,511.85#t Surface
© Easting:  5315609.36 ft Elevation: 1599 f
Date Completed: Driller: tnspector:
24 Aug 2004 Gary Cormier Frank Marley
Type of Hole: [] other Depth to Groundwater: Depth Drilled: Total Depth:
[J TestPit [J AugerHole X MonitoringWell [ Piezometer 17.00 ft 20001t 2000t
Hammer Weight: Split Spoon Size: Drill Type and Size: Type of Equipment:
25in Dx20ft CMET5 Hollow Stern Auger
- Classification . - Description and Remarks
= ™ 3 ASTM: D 2487 or D 2488 2 = & =|8
158938 3 HEREBE
g 258 2| £ 5| 2| B 2|8°
Q! 5Sicw m ) Gl | £ & |&
0.0 No cuttings observed.
— 2
— 4
- 9'.\4‘2 4| GM 50 {30 | 20 | 0.0 | none| Dark brown, silty, sandy gravel. MolsL
O
DT 1
- gl
I
— 8
— 10 B b 349 ‘
)°" s 157 GM B5 (25 [ 10 strong! Brownish gray, silty, sandy gravel with fractured rock. Moist -
- 9 to wet with visible bunker oil.
9'%<
(-4 10
—12p 10
— 14
P~ 3 GM 70 | 20 | 10 | 67.8 |strongl Brownish gray, silty, sandy gravei with fractured rock. Moist
;.- -3 7 to wet with visible bunker oil.
16720 12 Analytical - sample AM-A562003 collected and analyzed for
5O { GRO, DRO/RRO, VOCs, and PAHs.
R \"EB 3 Rx ¥ Bedrock. Final blow count advanced 2 inches.
~18
Page: Project: MW-16
Page 1 of 1 Amaknak Pre-WWIi Tank Farm i
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APPENDIX D

Respouses to Comments on the Draft Report
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