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Well ID DLNR ID USGS Site ID Known Aliases

Fort Shafter Monitor 2053-10

Moanalua Deep 2153-005 212123157535501 Moanalua Fresh Water Mon. Well

TAMC1 2153-007
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Moanalua 1 2153-010
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Halawa Deep Monitor Well (2253-03) 2253-003 212241157535501 Halawa Deep
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RHMW2254-01
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T45 (2255-33)

‘Aiea Navy 2256-010 212238157561101 ‘Aiea US Navy (187-B)
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1. Introduction

This technical memorandum was prepared to present the Navy’s interim environmental analysis of
current data and an initial framework and analysis of potential environmental risks as part of
executing the Administrative Order on Consent (AOC) In the Matter of Red Hill Bulk Fuel Storage
Facility (“the Facility™).

1.1 PURPOSE

The purpose of this technical memorandum is to provide an interim environmental analysis of
current data, and presents an initial framework and analysis of potential environmental risks in
preparation for the AOC Statement of Work Section 6.3 deliverable, Investigation and Remediation
of Releases Report, and the AOC Statement of Work Section 7.1 deliverable, Groundwater Flow
Model Report, to be submitted to the Regulatory Agencies in December 2018. Information sources
include but are not limited to the following:

» Past investigations conducted in the region and in the vicinity of Red Hill (e.g., geologic,
hydrogeologic, environmental)

» Facility information

» Fuel types and releases

» Groundwater and vapor monitoring data

» Geologic and hydrogeologic data

e Seismic studies data

» Hydraulic recharge and water balance

» Light non-aqueous-phase liquid (LNAPL) and hydrocarbon-based fuel forensic studies

* Natural source-zone depletion (NSZD) and natural attenuation studies

»  Water supply well design and pumping rates

»  Water level elevations

» Interim groundwater modeling of migration of groundwater from underneath the Facility,
and of the source water zones for key public supply wells and shafts

The recently released Conceptual Site Model (CSM) for the Facility is the primary reference for
detailed information for this document and is extensively referenced herein.

1.2 OBJECTIVES

Key objectives for the interim environmental analysis include the following:

Protect public health and environment.

Meet Department of Defense (DoD) Operational Requirements for the Red Hill Facility.
Comply with the AOC.

Comply with government regulations.

A

Meet acceptable environmental performance criteria and risk reduction defined as: Localized
limited impact such that any contamination from Red Hill will be evaluated to determine if:
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(1) it may adversely impact a water supply well and (2) if so, that appropriate contingencies
are in place so that water pumped from such a supply well will meet federal maximum
contaminant levels (MCL) as well as State of Hawai‘i Department of Health (DOH) criteria.
In addition, the interim risk assessment will also evaluate other potential chemicals of
concern (COCs) from a drinking water perspective to ensure that human health is protected
relative to use of potable water.

This memorandum is intended to provide sound, objective, defensible and relevant information to
document the interim environmental analysis.

2. Conceptual Site Model Summary

The generalized physical and environmental setting is comprehensively addressed in the Red Hill
CSM and includes information regarding (1) current monitoring network; (2) Facility information;
(3) subsurface geology, hydrogeology; and (4) migration, degradation, and characteristics of released
fuels. As with any CSM, this CSM will continue to evolve over time as new information is obtained
that will further improve understanding of the area. The current initial CSM (DON 2018) is
summarized below. The CSM fully details the current understanding of the physical and
environmental setting and is intended to be updated as new data are added. Therefore, the CSM is
considered an important companion reference to this document. The CSM is referenced extensively
in subsequent sections of this document, with the formal “(DON 2018)” citation omitted for brevity.

The Facility and vicinity are shown on Figure 2-1. Due to the complexity of the site, the
comprehensive CSM was divided into seven modules, as reflected on the initial pictorial CSM
(Figure 2-2):

A. Physical Setting and Current Monitoring Network. The 144-acre underground fuel
storage Facility is located in south-central O‘ahu approximately 2-3 miles east of Pearl
Harbor, within the Red Hill ridge that divides South Halawa Valley from Moanalua Valley
on southwest flank of O‘ahu’s Ko‘olau Mountain Range. The Facility’s twenty
12.5-million-gallon fuel storage tanks store and supply fuel for military operations in
Hawai‘i and throughout the Pacific. The tank bottoms are situated approximately 100-
130 feet (ft) above an underlying basal aquifer that is a major municipal and military
drinking water source and is considered an irreplaceable resource with a high vulnerability to
contamination. Water supply wells located near the Facility tank farm that pump from this
basal aquifer include the Navy’s Red Hill Shaft (2254-01, approximately 2,600 ft west), the
Honolulu City and County Board of Water Supply’s (BWS) Halawa Shaft (2354-01,
approximately 4,400 ft northwest), and the BWS Moanalua Wells (2153-10, -11, -12,
approximately 6,650 ft south).

Below the surface soil and saprolite of Red Hill ridge, geologic formations consist largely of
basalt with varying layers of materials exhibiting high and low permeability, containing
occasional voids. In the surrounding valleys, sedimentary deposits are underlain by
weathered basalt (saprolite) and unweathered basalt. In the Red Hill area, the basal aquifer
water table lies at approximately 20 ft mean sea level (msl). Groundwater in the Pearl
Harbor vicinity generally flows toward the harbor, although potential exists for variances in
localized flow directions depending on geologic formations and other factors. Subsurface
cross sections of the Red Hill area are based on available boring and tank barrel logs and are
presented on CSM Figures 5-2 through 5-9.
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Currently, a network of 14 groundwater monitoring locations is established at and around
Red Hill (Figure 2-1), and an expansion of the network is planned (Section 3.1).
Groundwater from the monitoring network is sampled quarterly at a minimum and analyzed
for a list of chemicals of potential concern (COPCs) established by the Regulatory Agencies.
Additionally, soil vapor monitoring points are installed under each of the Facility’s 18 active
fuel storage tanks (Tanks 1 and 19 are inactive and do not contain fuel) and are monitored
monthly. Results of both groundwater and soil vapor monitoring events are regularly
reported to Hawai‘i DOH.

Facility Construction and Operations. The Facility’s 20 fuel storage tanks were
field-constructed of steel-lined concrete in the early 1940s. They are connected to a fuel
pumping station at Pearl Harbor via a tunnel system. Kerosene-based jet fuels stored at the
Facility have included Jet Fuel Propellant (JP)-5, JP-8, and NATO-grade F-24; the tanks
currently contain kerosene-based JP-5 and F-24 and diesel-based F-76 Diesel Fuel-Marine.

. LNAPL Release and Source-Zone Migration Model. During Tank 5 refilling operations

following a routine 3-year inspection and refurbishment process conducted every 20 years, a
release of approximately 27,000 gallons of JP-8 was confirmed and reported to DOH in
writing on January 23, 2014. During that month, a fuel hydrocarbon seep confirmed to be
JP-8 was observed on a tunnel wall below Tank 5, and soil vapor monitoring points installed
beneath the tank exhibited a sharp increase in hydrocarbon vapor concentrations. Potential
migration pathways include through gaps between the tank’s steel lining and inner side of its
concrete shell, and through cracks in the concrete shell into higher-permeability rock
surrounding the concrete.

Subsequent analysis indicated the cause of the release to be defective workmanship in
welding by the tank refurbishment contractor, poor inspection, and ineffective quality
control.

. Vadose Zone Model. The Facility tanks are surrounded by rock in the vadose

(i.e., unsaturated) zone, which consists primarily of basalt flows in complex, alternating
layers. These heterogeneous layers vary from extremely high to extremely low permeability,
with a corresponding varying ability to transmit or hold LNAPL depending on the layer’s
type and micro-pore structure (i.e., high ability in high-permeability a‘a and thin pahoehoe
flows; low ability in massive a‘d and massive pahoehoe flows; limited transmissivity but
high holding capacity in a‘a clinker zones). Geologic and water saturation characteristics in
the rock surrounding the tanks will cause LNAPL to spread as it moves through the rock. As
LNAPL moves through the larger pore spaces, some of it will be trapped in poorly
connected fractures and blocked by capillary tension of moisture, especially water held in
the smaller pores.

Hawaiian volcanic rocks vary in porosity and permeability depending on the emplacement
process, lava type, genesis, flow thickness, flow rate, extent, cooling rate, and weathering.
Permeability is typically highest in the relatively thick, unweathered rubbly a‘a clinker zones
and intensely fractured zones or lava tubes of pahoehoe flows. Permeability is much lower in
the interior portions of massive flows, weathered interflows, intrusive rocks (dikes/sills), ash
beds, and weathered rocks (saprolite)/soil horizons, which can impede vertical flow and
horizontally flow across valleys. Generally, the vertical permeability of the basalt is often
orders of magnitude lower than the horizontal permeability. Horizontal permeability is
significantly higher in the direction that the lava flowed.
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E. Saturated Zone Model. Groundwater flow and solute transport are controlled by the
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hydraulic and physical properties of the hydrogeologic units (HGUs), including hydraulic
conductivity, effective porosity, specific yield, specific storage, and dispersivity.

Fresh groundwater inflow originates as deep infiltration of precipitation and seepage from
surface water features. According to the United States Geological Survey (USGS), estimates
of recharge for O“ahu for recent conditions (2010 land cover and 1978-2007 rainfall) differ
from predevelopment recharge values by only a few percent (lzuka et al. 2018). Spatial
distribution of recharge mimics the orographic rainfall pattern—recharge is highest on
windward slopes and mountain peaks below the top of the trade-wind inversion.

Groundwater outflow includes withdrawals from wells and natural groundwater discharge to
springs, streams, wetlands, and submarine seeps. Under predevelopment conditions,
groundwater withdrawal was negligible and natural groundwater discharge probably was
approximately equal to recharge. Under recent conditions, natural groundwater discharge has
been reduced by the pumping well withdrawals. Data collected by the USGS for
groundwater levels, saltwater/freshwater interface, spring flow, and stream base-flow
indicate an overall reduction in aquifer storage for most areas where groundwater has been
extracted; this has caused groundwater levels to decline (Izuka et al. 2018).

Recharge from multiple sources including precipitation, stream recharge, and recharge from
the Halawa Quarry/cement plant area north of South Halawa Valley may increase
groundwater recharge rates locally, and create zones of shallow water (e.g., perched zone at
the prison).

Fate and Transport of LNAPL and Dissolved COPCs in Groundwater. Attenuation
studies, in the vadose zone as NSZD and in the dissolved groundwater plume as monitored
natural attenuation (MNA), provide strong evidence of biodegradation. Occurrence of
LNAPL is primarily limited to a depth of 30 ft beneath wells RHMWO02 and RHMW03 and
is being biodegraded based on thermal, soil vapor, and carbon trap studies. Attenuation of
dissolved-plume COPCs in the saturated zone limits the extent of the existing dissolved
plume before reaching Red Hill Shaft under present conditions and within the context of
historical releases. Spatial and temporal trends in COPCs, natural attenuation parameter
(NAP) data, and fuel studies provide strong evidence that active attenuation processes are
responsible for degradation of COPCs within the groundwater plume under the tank farm.

Profiles of total petroleum hydrocarbons—diesel-range organics (TPH-d) from site data are
consistent with soluble components of jet fuel. The available chromatograms from
RHMWO02 groundwater samples are all consistent with chromatograms for biodegraded
kerosene-type fuels (e.g., JP-5 and JP-8). Petroleum fuels are composed primarily of
hydrocarbons (nonpolar) that have distinctive chromatographic profiles. The majority of the
fuel is not water soluble, and the chromatographic profiles are useful in distinguishing
LNAPL from biodegraded material that is polar and indicating ongoing biodegradation.

. Exposure Model. Historical releases (prior to 2005) are considered the main source of

impacts to groundwater at the Facility. Other releases (e.g., spills or leaks in the fuel system)
may have occurred or may occur in the future. Potentially contaminated media are
unconsolidated materials, volcanic rock within the tunnels, soil/rock vapor within the
tunnels, tunnel air, groundwater beneath the Facility, and offsite surface waters (e.g., Pearl
Harbor, springs) where groundwater may discharge. Offsite surface waters are considered
too far away to pose a significant concern for ecological receptors. Human receptors that
may contact onsite or offsite Facility-impacted media are Facility occupational workers,
construction workers, and visitors, and offsite residents. Among the potentially complete



~NoO ok~ WD

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

35
36
37
38

39

40
41
42
43

44
45

July 27, 2018 Groundwater Protection and Evaluation Considerations for the
Revision 00 Red Hill Bulk Fuel Storage Facility, JBPHH, O‘ahu, Hl Page 7 of 62

exposure pathways identified, the primary one is offsite residents using tap water sourced
from the Red Hill Shaft water supply well. While residents using water sourced from Red
Hill Shaft may likely be a receptor, these criteria are also protective of residents deriving
water from other water supply wells (such as Halawa Shaft). These receptors could be
exposed to chemicals in tap water via direct ingestion and dermal contact, and via inhalation
while showering/bathing. Exposure by ecological receptors is considered incomplete or
insignificant.

As stated above, the CSM is an evolving tool that will continue to be updated as new information
becomes available. The initial 2018 CSM indicates that LNAPL released from Red Hill fuel storage
tanks has entered the vadose zone at various areas beneath Red Hill. LNAPL entering the vadose
encounters a complex geology in the surrounding volcanic layers that vary significantly in their
permeability and overall geometry. Consequently, LNAPL will migrate laterally through
high-permeability zones underlain by low-permeability layers. Vertical migration is likely
manifested through clinker bridges, and highly fractured zones. As LNAPL moves through the pore
spaces, some of it will be trapped in poorly connected fractures, voids, and pores. The LNAPL tends
to preferentially migrate toward the predominant dip direction of 10-12 degrees to the south-
southwest (between 190 and 210 degrees). Once the LNAPL encounters the water table, its vertical
migration potential is minimized due to the density difference between LNAPL and water. Soluble
components (monitored by analyzing groundwater samples for COPCs) will enter the groundwater
through either dissolution from LNAPL in the vadose zone due to infiltrating water or through
dissolution of LNAPL in the saturated zone close to the water table. Currently, no LNAPL has been
measured in the water table monitoring wells, and analytical data are inconclusive as to the presence
of LNAPL in the saturated zone. Even if some LNAPL had migrated to the saturated zone, the
source would be very small, as evidenced by the depletion in naphthalene concentrations after the
2014 release. The thermal study conducted in October 2017 shows evidence that residual LNAPL is
primarily limited to a depth of 30 ft beneath wells RHMWO02 and RHMWO03 and is being
biodegraded. COPC concentrations in groundwater suggest that there is not a significant source of
LNAPL at the water table. General transport of COPCs in the dissolved plume is in the southwest
direction toward Red Hill Shaft. Migration to the southeast and northwest is limited by the extent of
lower-permeability materials (valley fill and saprolite) extending below the water table in the valleys
bounding the Facility. Attenuation of COPCs in the dissolved plume in the saturated zone limit the
extent of the existing dissolved plume before reaching Red Hill Shaft under present conditions and
within the context of historical releases.

3. LNAPL Properties and Distribution

This section covers (1) the detection and history of fuel releases at the Facility, (2) the distribution of
LNAPL fuel in the subsurface, and (3) evidence of LNAPL weathering. The intent of this section is
to highlight key elements of the CSM related to LNAPL distribution and properties as described in
CSM Sections 2.12,4, 7.1, 7.2, and 7.3.

3.1 RELEASE DETECTION

Leak detection has evolved over time since the tanks entered service in 1943. The initial tank design
included a system of tell tales for leak detection; however, these were removed from most tanks in
1977 due to operational problems. A soil vapor monitoring system is now used as one of several
release detection measures.

The Red Hill Long-Term Monitoring (LTM) Program, initiated in 2005, provided an additional
mechanism for the detection of releases. The LTM consists of groundwater monitoring (beginning in
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2005; Figure 3-1) and soil vapor monitoring (beginning in 2008; Figure 3-2). The LTM monitoring
results can be used to identify releases that result in an increase in fuel vapors below the tanks and/or
increased impacts to groundwater. The LTM program is conducted pursuant to the Red Hill
Groundwater Protection Plan (GWPP) (DON 2014). As shown on Figure 3-1, plans are underway to
expand the Red Hill groundwater monitoring network.

3.2 RELEASE HISTORY

The occurrence of historical fuel releases (i.e., releases that may have occurred before 1998-2002)
has been characterized through the completion of angle borings below each active tank between
1998 and 2002 (DON 2002). These results indicate historical LNAPL releases from several of the
tanks; however, the timing and magnitude of these releases cannot be determined. As shown on
Figure 3-3:

* LNAPL staining and/or sheens were observed below Tanks 1, 9, 11, 13, 14, and 16.

» Petroleum odors (but no staining or sheens) were observed below Tanks 2, 3, 4, 5, 6, 7, 8,
12, 18, 19 and 20.

* No evidence of petroleum impacts were observed below Tanks 10, 15 and 17.

The LTM monitoring dataset indicates that impacts to groundwater are most likely attributable to
historical releases rather than releases since 2005 (when monitoring started), and only one recent
release impacted the below-tank soil vapor wells since 2008 (i.e., the 2014 release from Tank 5). As
discussed in CSM Section 7.2, groundwater monitoring conducted since 2005 has consistently
shown (1) no consistent presence of LNAPL in any of the monitoring wells and no evidence of
LNAPL since 2014, (2) no more than trace levels of benzene, toluene, ethylbenzene, and xylene
(BTEX) in any groundwater samples, (3) concentrations of naphthalenes that have varied over time
but have remained within the historical range observed early in the monitoring period, and
(4) chromatograms consistent with dissolved constituents originating from a biodegraded/weathered
source. Together, these results indicate an absence of recent (i.e., since 2005) LNAPL releases that
have migrated to groundwater. Monthly photoionization detector (PID) monitoring conducted since
2008 indicates a single LNAPL release (2014) during the monitoring period that resulted in an
impact within the vadose zone directly below the fuel tanks. Section 6.1.1 provides a more detailed
overview of soil vapor monitoring results and conclusions.

3.3 LNAPL PROPERTIES

Kerosene type jet fuels (Jet A, JP-5, JP-8) are middle distillates from crude oil characterized by a
wide variety of hydrocarbons. Typically, about 80% are aliphatic hydrocarbons (straight, branched,
and cyclic alkanes) and 20% are aromatic hydrocarbons (monoaromatics like xylenes and
diaromatics like naphthalene and methylnaphthalenes). Hydrocarbon molecular structure is
important in partitioning into water and weathering of the fuels once released to the environment.
Aliphatic hydrocarbons have relatively very low water solubility compared to aromatic
hydrocarbons. For instance, pure xylenes (eight carbons) are >200x more soluble in water than pure
n-octane. A relatively small portion of jet fuel (aromatics) partitions to water based on the effective
solubility of the individual compounds with effective overall water solubility of ~5 milligrams per
liter (mg/L). BTEX can account for ~3 mg/L and substituted benzenes and naphthalenes are the rest
of the dissolved components. The chromatographic profile or fingerprint of jet fuel is quite different
from the corresponding fingerprint of dissolved jet fuel in water. As the fuel weathers, older releases
may be dominated by heavier substituted benzenes, naphthalenes and metabolites (degradation
products of biodegradation). Refer to CSM Appendix B.7 Section 3.
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3.4 LNAPL DISTRIBUTION

LNAPL Distribution in the Vadose Zone: The distribution of LNAPL within the vadose zone has been
inferred based on the results of the thermal NSZD study conducted in Fall 2017 (CSM Appendix B.1).
In summary, when bacteria biodegrade LNAPL, they produce heat, and therefore, in an aerobic
environment, the LNAPL-containing interval within the vadose zone can be determined based on the
interval of heat generation (Figure 3-4). Based on the temperature profiles for Facility wells, LNAPL is
inferred to be present within the top one-third of the unsaturated zone between the Facility’s lower
access tunnel and the water table (i.e., within a depth interval of 70-110 ft msl (Figure 3-5).

HOW: Measure

temperature in well at WHERE: RHMWO01, RHMW02,
5 ft intervals from lower RHMWO03, RHMW04, RHMWO05
tunnel to water table
LOWER TUNNEL
m :’w;'-:cw.r

Figure 3-4: Collection of Temperature Data for Identification of LNAPL-Containing Interval
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Figure 3-5: Groundwater Protection and Evaluation Considerations for the Interim Environmental
Analysis

LNAPL Distribution within Groundwater: No LNAPL has been measured in any Red Hill
monitoring well since 2014 (i.e., after the January 2014 Tank 5 release event). Prior to 2014, the
available records regarding LNAPL observations (in RHMW02) do not provide a clear indication of
the presence or absence of LNAPL in individual wells; however, it was frequently noted that water
purged from the well had a yellow tint and naphthalene odor in sampling events conducted in 2006
and 2007 (email from Bob Whitter to John Kronen dated June 26, 2018). Section 4 provides a
detailed explanation.

Dissolved-phase concentrations of COPCs in groundwater and chromatographic profiles of TPH
analysis may be useful as indirect indicators in evaluating the presence of LNAPL in groundwater or
in close proximity to specific monitoring wells when used collectively as multiple lines of evidence.
Based on the visual evaluation of the chromatograms, there is no evidence that LNAPL was present
in any of the groundwater samples collected from Red Hill monitoring wells. For the four monitoring
wells located adjacent to or immediately downgradient from the tanks, the dissolved-phase COPC
concentrations support the following observations:

* In monitoring well RHMWO3, total dissolved-phase concentrations of fuel constituents are
relatively low (< 0.5 mg/L since 2005), with limited depletion of groundwater electron
acceptors (oxygen, nitrate, and sulfate) and no measurable methane production. The
groundwater data in this area suggest the presence of a low-concentration dissolved plume,
potentially one that is driven by infiltration/leaching processes, and do not indicate the
presence of LNAPL in the saturated zone upgradient of RHMWO03.
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3.5

Monitoring well RHMWO02 exhibits the highest total dissolved-phase fuel constituent
concentrations among Red Hill monitoring wells (approximately 2-7 mg/L since 2005).
Much of these concentrations are in the form of polar compounds associated with the
biodegradation of petroleum. The concentrations of naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene are equal to or greater than the expected concentration based on the
effective solubility of these compounds in jet fuel. However, BTEX concentrations are very
low (generally less than 1 microgram per liter [ug/L]). Although COPC concentrations have
varied over time, the observed concentration ranges are similar for the monitoring periods
before and after the 2014 Tank 5 release. The MNA sampling parameters indicate high
levels of biodegradation occurring in the vicinity of this well, as key electron acceptors are
depleted and high concentrations of dissolved methane are present (sometimes greater than
10 mg/L). Taken together, these data suggest the presence of weathered LNAPL (i.e.,
pre-2005) in the immediate vicinity of RHMWO2 or within the saturated zone upgradient
from this well. Based on the angle boring investigations conducted in 1998-2002, this
LNAPL may have originated from Tank 9, 11, or 13. Based on an assessment of overall
trends and data forensics, the monitoring data indicate that impacts to groundwater are likely
from historical releases and are not associated with the 2014 Tank 5 release.

Monitoring well RHMWO1 exhibits the next-highest dissolved-phase fuel constituent
concentrations (approximately 0.1-1 mg/L since 2005); RHMWO01 may have some hydraulic
connection to monitoring well RHMWO02 located upgradient. Electron acceptors are depleted,
and methane is present in the 0.2—7 mg/L range since 2005. These data are consistent with
the natural attenuation of dissolved constituents in groundwater and do not suggest the
presence of LNAPL within the saturated zone between RHMWO02 and RHMWO01.

Monitoring well RHMWO5 is located between the tank farm area and the Red Hill Shaft
water development tunnel. Groundwater at this location exhibits low concentrations of fuel
hydrocarbons (typically less than 0.05 mg/L). These data do not suggest the presence of
LNAPL within the saturated zone between RHMWO01 and RHMWO05.

EVIDENCE OF LNAPL WEATHERING

The available monitoring data indicate that the LNAPL present in the subsurface has undergone
physical weathering (i.e., volatilization of light-end constituents) and biological weathering. This is
reflected in soil vapor samples collected from below the tanks (CSM Appendix B.3), and LNAPL
from the vadose zone below some of the tanks in angle borings completed in 1998-2002
(Figure 3-3). Section 6.3 provides detailed discussions of this topic.

3.6

CONCLUSIONS

The available site investigation and monitoring results support the following conclusions regarding
the presence and distribution of LNAPL at the Facility:

Since the initiation of LTM in 2005, the monitoring data indicate only one detectable release
of LNAPL.: the release of approximately 27,000 gallons of JP-8 from Tank 5 in 2014.

The angle boring investigations from 1998 to 2002 indicate LNAPL releases from other
tanks prior to this time.

Based on the temperature profiles for Facility wells, LNAPL is inferred to be present within
the top one-third of the unsaturated zone between the lower access tunnel (70 ft msl) and the
water table (110 ft msl).
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» Monitoring data suggest the presence of weathered LNAPL (i.e., pre-2005) in the immediate
vicinity of RHMWO2 or within the saturated zone upgradient from this well.

« The LNAPL present at the Facility has undergone significant physical and biological
weathering consistent with natural attenuation of these historical releases.

* Available data suggest that the LNAPL from the 2014 Tank 5 release is likely being retained
in the unsaturated zone, and has been and is being attenuated via NSZD. Based on current
data and detailed forensic analyses, only weathered constituents have been observed within
the Red Hill monitoring network, and COPC concentrations have generally remained within
recent historical ranges.

» Based on existing data, it appears that LNAPL from the 2014 release has not reached
groundwater. There were also no discernable changes in dissolved constituents in
groundwater before and after the 2014 release, indicating that dissolved constituents from
that release likely did not impact groundwater and impacts to groundwater are most likely
attributable to historical releases.

4. Dissolved Fuel Constituents in Groundwater and Analytical
Considerations

This section summarizes key points from CSM Sections 6.7, 7.2, and Appendix B.7. LNAPL has not
been measured in any Facility monitoring well since 2014 (i.e., after the January 2014 Tank 5 release
event). Prior to 2014, the available records regarding LNAPL observations do not provide a clear
indication of the presence or absence of LNAPL in individual wells. Discussions with DOH (Bob
Whittier, pers. comm. 2018) indicate that a small sheen may have been present in an early sampling
event for RHMWO02 prior to the 2014 release (CSM Section 7.1.2.1). Therefore, dissolved
constituents were evaluated to identify the type of source fuel, assess natural attenuation in the
groundwater at the Facility, and investigate evidence of impact to groundwater since the onset of the
LTM program in general and from the 2014 JP-8 release in particular.

Dissolved COPCs include individual target compounds including TPH measurements. There are
analytical issues that should be considered when interpreting individual concentrations of the COPCs
in each well with time. For example, low-level COPC detections near and below the limit of
detection and well below the limit of quantitation should be reviewed carefully, particularly when
analyses were done by multiple laboratories with varying reporting limits. These results should be
evaluated carefully along with other site information to determine actual presence of the COPCs in
groundwater that fits the current understanding of the CSM. Furthermore, interpretation of TPH
results is not straightforward because TPH is defined by the method used to measure it. Inherent
limitations and variability associated with TPH analysis should be considered in evaluating trends
over time. Further discussion of TPH and naphthalenes analytical considerations and usability of
low-level detections is presented in CSM Appendix B.7 Sections 5.2.1, 5.2.2, and 5.2.6 and
Attachments B.7.2, B.7.3, and B.7.4.

4.1 DISSOLVED CONSTITUENTS IN GROUNDWATER

Dissolved-phase concentrations of COPCs in groundwater are summarized in CSM Section 7.2 and
Appendix B.7 Sections 4 and 5.1.2. Cumulative historical groundwater monitoring results and COPC
graphs are included in CSM Appendix A.1 and A.2. Other than for RHMWO02 and to a much lesser
extent RHMWO1, most site wells have very low concentrations of COPCs. Close scrutiny of the data
indicates that many of the detected compounds are very low estimated concentrations, often also
detected in the laboratory and/or field blanks. The frequency of low-level estimates can be correlated
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to particular laboratories within certain time periods. Multiple lines of evidence were used to
evaluate the validity of the data as further described in the CSM Appendix B.7 Sections 5.2.1, 5.2.2,
and 5.2.6 and Attachments B.7.2, B.7.3, and B.7.4.

41.1 RHMWO02

Groundwater samples from this monitoring well have the highest concentrations reported at the site
since the LTM program began in 2005. Concentrations of TPH and naphthalenes have varied
somewhat over time, but concentration ranges were similar for the monitoring periods immediately
before and after the 2014 Tank 5 release. This well has had a continuous presence of TPH-d and
naphthalenes. The TPH-d chromatographic signature and the results of the TPH-d with silica gel
treatment analysis indicate that the reported TPH-d results are a mixture of jet-fuel-soluble
components (substituted benzenes and naphthalenes) and biodegradation by-products. Up to 85% of
the TPH-d is removed by silica gel (which removes polar organic compounds, including metabolites
from biodegradation of hydrocarbons). Metabolites are shown on Figure 4-1 by the presence of a
“hump” (unresolved complex mixture) that is largely removed by silica gel. The MNA sampling
parameters also indicate high levels of biodegradation occurring in the vicinity of this well, as key
electron acceptors are depleted and high concentrations of dissolved methane are present (sometimes
greater than 10 mg/L). Taken together, these data suggest the presence of weathered LNAPL
(i.e., pre-2005 release) in the immediate vicinity of RHMWO02 or within the saturated zone
upgradient from this well. Further discussion is presented in CSM Sections 7.1 and 7.2 and
Appendix B.7 Section 4.
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Figure 4-1: Chromatographic Fingerprints of TPH-d in Groundwater from RHMWO02 (January 2017)
Before and After Silica Gel Treatment (CSM Appendix B.7 Section 4.1.1, Figure 4-2)

It is evident that detected COPCs and metabolites in groundwater at RHMWO2 are attenuated and do
not reach other monitoring wells (CSM Appendix B.4 Section 3.4). This is reaffirmed by total
organic carbon (TOC) measurements. TOC is a good indicator of total organic matter in
groundwater, and its spatial distribution is shown on Figure 4-2. TOC is in the 5-7 mg/L range in
RHMWO02; in the 0.5-1.4 mg/L range in RHMWO01, RHMW03, RHMWO08, RHMW11, and
OWDFMWO01; and below detection in RHMW2254-01, RHMW04, RHMWO05, RHMWO6,

RHMWO07, RHMWO09, RHMW10, and HDMW2253-03.
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Figure 4-2: Total Organic Carbon in Groundwater
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4.1.2 Dissolved Constituents in Other Red Hill Wells

Other than RHMWO02, most wells have very low levels and/or infrequent detections of COPCs well
below screening criteria (i.e., risk-based decision criteria [RBDC], which is further discussed in
Section 7). Evaluation of historical quality control data indicates that some pre-October 2016 results
were affected by matrix interferences, and that some results may be attributable to field or laboratory
artifacts based on concurrent detections reported in laboratory and field blanks; further information is
presented in CSM Section 7.2, Appendix B.7 Section 5, and Attachments B.7.2, B.7.3, and B.7.4.
Particular issues with low-level detections of naphthalene by different laboratories are discussed in
detail in CSM Appendix B.7 Section 5.2.6 and Attachment B.7.4.

RHMWOL1 is an inside-tunnel monitoring well and is located near Tanks 1 and 2. RHMWO1 had
frequent detection of TPH-d and TPH-residual range organics (TPH-0), but recent TPH-d and TPH-0
with silica gel cleanup data indicate that the detections in this well and all other wells are mostly due
to polar material and not hydrocarbons. Many reported values for other COPCs are estimates below
the limit of quantitation.

RHMW?2254-01 is a sampling point located inside the water development tunnel of Navy Supply
Well 2254-01 (Red Hill Shaft). Detections of TPH-gasoline range organics (TPH-g), TPH-d, TPH-o,
and naphthalenes occurred occasionally during monitoring events between 2005 and 2017, but
COPCs have not been detected above the screening criteria. Toluene was detected during four
monitoring events, but may be attributed to field or laboratory artifact based on reported trip blank
contamination during the October 2015 and January 2016 events. Very low levels of naphthalene
have been reported in this well (all below 0.1 pg/L) prior to March 2014. Due to the uncertainty
associated with these low-level detections, detection of less than 0.1 pg/L do not necessarily indicate
impacts from the Facility without additional supporting lines of evidence. Further information is
presented in Section 4.2.2 and in CSM Attachment B.7.2 and B.7.4.

RHMWO04 is an outside-tunnel monitoring well located northeast of the tank farm and was installed
in 2005 as a background monitoring location. TPH-d, TPH-o0, benzene, toluene, and naphthalenes
were occasionally detected below screening criteria, but none have been detected after July 2016.
These few reported COPCs are mostly below quantitation limits, and many are also found in
corresponding laboratory and field blanks, indicating potential sample cross-contamination. Refer to
CSM Appendix B.7.3 and B.7.4 for additional details.

4.2 ANALYTICAL/QA CONSIDERATIONS
4.2.1 TPH

TPH measurements are method/laboratory-dependent and may include naturally occurring organics
and biodegradation metabolites along with petroleum hydrocarbons. The variability of TPH results is
expected to be significantly higher than for single-component measurements like BTEX. This is
reflected in relatively wide ranges of acceptance criteria for laboratory controls and calibration
standards. The DoD Quality Systems Manual (QSM) Version 5.1.1 specifies control limits for the
TPH-d laboratory control sample (LCS) of 36% to 132% of the expected value (DoD and DOE
2018). The LCS control limits for BTEX are tighter, in the range of 78% to 121%. Additionally,
TPH-d performance testing samples from vendors have acceptance criteria of 30% to 125% recovery
of the spiked concentrations.

Numerical results of dissolved TPH-d alone are not suitable as a diagnostic tool to assess the
presence of LNAPL in groundwater, based on the chemistry of fuels as discussed in detail in CSM
Appendix B.7 Sections 3.1 and 3.2. TPH-d measurements are further complicated by biodegradation
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of the fuels that produces polar/metabolites that tend to be more water-soluble than the aliphatic
parent compounds (CSM Appendix B.7 Sections 3.3 and 4.1.1).

Figure 4-3 (also see CSM Appendix B.7 Figures 5-1 and 5-2) shows the historical TPH-d
concentrations in RHMWO02 over time (top graph), showing that there is scatter in the data as
expected for this type of analysis. The bottom graph shows the same data with the laboratories
identified. There is clearly more variability based on the absolute TPH results for various
laboratories over time. This figure shows that it is not feasible to evaluate trends solely on TPH
without understanding the limitations of this parameter. When TPH-d concentrations change from
one monitoring event to the next, the significance of the change should be evaluated in the context of
changes in the characteristics of the chromatograms and changes in the mixture of individual
dissolved constituents. Figure 4-3 also shows results for split samples that were analyzed by APPL
(current Navy laboratory for the Facility) and the United States (U.S.) Environmental Protection
Agency (EPA) Region 9 laboratory from January 2017 to April 2018. The 2017 results from these
sampling events showed that APPL results were significantly different from EPA results (EPA
Region 9 and DOH 2017 and CSM Appendix B-7). Protocols used for extraction and analysis were
similar at both laboratories but there were some differences, primarily in the extraction method that
appeared to have significant impact in the extraction of polars/metabolites that are the bulk of the
TPH-d. Changes in extraction were made at APPL and the 2018 results are more comparable as
indicated. This is another example of how TPH-d results are difficult to compare across laboratories.
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Figure 4-3: RHMWO02 TPH-d Results over Time with Laboratories Identified (CSM Appendix B.7
Figures 5-1 and 5-2)

Other issues with TPH at low levels include detections of TPH in blanks. Refer to CSM
Appendix B.7 Attachments B.7.2 and B.7.3 for more detail.

4.2.2 Naphthalenes

In general, there is lack of precision in naphthalene results for some duplicate samples. This is
reflected in the DoD QSM (DoD and DOE 2018) with acceptance criterion for the LCS in the same
range as TPH-d (40% to 121%). Similar to TPH-d, trend analysis based solely on naphthalene results
can be unreliable (CSM Appendix B.7 Section 5.2.2). CSM Attachment B.7.4 presents an evaluation
of low-level detections of naphthalenes that seem to be in many wells across the site during the same
time period. Concurrent low-level detections of naphthalene in outlying wells are not consistent with
LNAPL transport through either the vadose or saturated zones. Therefore, detections of less than
0.1 pg/L for naphthalenes (i.e., 1-methylnaphthalene, 2-methylnaphthalene, and/or naphthalene) for
these data sets should not be considered as evidence of impacts from the Facility without additional
supporting lines of evidence. Other than for RHMWO01 and RHMWO02, there have been less than
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10 detections of naphthalenes above 0.1 pg/L in any of the other wells, all below 0.17 pg/L (the
risk-based decision criterion for naphthalenes; see Section 7).

4.3 EVALUATION OF 2014 RELEASE

The historical groundwater monitoring data (i.e., 2005 to March 2018) have been reviewed to
evaluate if LNAPL is likely present in groundwater in the vicinity of Red Hill monitoring wells and
to assess if the 2014 JP-8 Tank 5 release event resulted in an impact to groundwater. The evaluation
was based on presence or absence of LNAPL and changes in the composition and concentration of
dissolved COPCs in the monitoring wells.

LNAPL was not measured in any of the monitoring wells after the 2014 Tank 5 release.
Dissolved-phase concentrations of COPCs in groundwater and chromatographic profiles of TPH
analysis may be useful as indirect indicators in evaluating the presence of LNAPL in groundwater or
in close proximity to specific monitoring wells when used collectively as multiple lines of evidence.
Based on the visual evaluation of the chromatograms, there is no evidence that LNAPL was present
in any of the groundwater samples collected from monitoring wells at the Facility. For the four
inside-tunnel monitoring wells located nearest to the tanks, the dissolved-phase COPC
concentrations do not show any significant changes before and after the 2014 release.

Multiple lines of evidence (listed in Table 4-1) evaluated for RHMWO02 (also see CSM Appendix B.7
Table 5-1) indicate that it is likely that the 2014 release did not impact the groundwater and impacts to
the groundwater are more likely attributable to historical leaks. Furthermore, no impact to the Red Hill
Shaft groundwater monitoring location (RHMW2254-01) from the 2014 release was noted.

Table 4-1: Evidence of Impact to Groundwater from 2014 Release: Summary of Lines of Evidence

Evidence of
Impact to
Groundwater from
Description Key Points 2014 Release
TPH-d Laboratory changes Variability for TPH-d from laboratory to laboratory Unreliable
precludes reliable trend analyses.
Chromatographic profiles | Primarily polar/metabolites and naphthalenes consistent Not Apparent
with dissolved weathered material.
Chromatographic profiles | Chromatographic profiles and naphthalene ratios show Not Apparent
and naphthalene ratios weathered material regardless of concentration changes.
Naphthalenes and naphthalene ratios Ratios of 1+2 methylnaphthalenes to naphthalene < 2 Not Apparent
indicate a weathered source. Imprecision in naphthalene
results have been observed in previous data validation
reports.
TPH-g No significant change in TPH-g after 2014 release, some Not Apparent
variability coincides with laboratory changes and method
variability, not unexpected for TPH measurements.
Benzene No significant changes in benzene after 2014 release. Not Apparent
Toluene No significant change in toluene after 2014 release. Not Apparent
Ethylbenzene No significant changes in ethylbenzene after 2014 release. Not Apparent
Xylenes No significant changes in xylenes after 2014 release. Not Apparent
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5. Interim Groundwater Flow Model
5.1 PURPOSE

The objectives of this interim modeling study are to:

1. Develop an understanding of the hydrogeologic system behavior and prepare for
development of a comprehensive final groundwater flow and transport model.

2. Evaluate the zones of source water for key pumping wells/shafts within the modeling
domain, including an understanding of timing and trajectory. The key water supply locations
include Halawa Shaft, Red Hill Shaft, and the Moanalua Wells.

3. Evaluate the forward migration (flow only) of groundwater underlying the Facility including
timing and trajectory.

4. Evaluate the impact of uncertainty and model approximations on the source water zones for
key wells and on forward migration of groundwater from underneath the Facility.

The migration of groundwater underlying the Facility and the source water zones of the key supply
wells were evaluated by the interim modeling effort to provide input/information as part of the
interim environmental analysis. The interim modeling effort also provides information and insights
to assist with developing potential groundwater protection strategies and preliminary contingency
plans. These decisions will be finalized with the help of the final groundwater flow and solute
transport models that will be subsequently developed using all the insights gained from the interim
model and additional information and data collected at the site. Appendix A describes the interim
model in detail.

5.2 AGENCY AND STAKEHOLDER INPUT TO MODEL DEVELOPMENT

The model was developed following review of previous models for the site and vicinity, and with
input from agency, stakeholder, and USGS subject matter experts (SMEs). Collaboration with these
SMEs was completed through a series of Groundwater Flow Modeling Working Group Meetings.
These meetings were initiated in June 2017, and to date, 12 meetings have been held. The model has
been developed based on information and feedback provided during the meetings. A summary of
meeting dates as well as a synopsis of outcomes are provided in Table 5-1.

Table 5-1: Groundwater Flow Modeling Working Group Meetings

Meeting # Date Synopsis

1 6/6/2017 | Groundwater Flow Modeling Purpose: “The purpose...is to refine the existing groundwater flow
model and improve the understanding of the direction and rate of groundwater flow within aquifers
around the [Red Hill Bulk Fuel Storage] Facility.”

Discussion topics: Groundwater modeling status; modeling milestones; target development
periods; proposed numerical model boundary conditions and locations.

6/26/2017 | Discussion topics: Model boundary conditions update; HGUs; and model layer update.

8/17/2017 | Discussion topics: Hydrogeological CSM and newly acquired data; groundwater flow modeling
activities and decision points; lateral boundary conditions; decision to preclude SW12 from Navy
model; Navy decision to utilize ModFlow-USG; proposed model layering approach; model calibration
targets; interim modeling efforts.
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Meeting # Date Synopsis

4 9/22/2017 | Modeling objectives: The objective of groundwater modeling will be to help ascertain potential risk
to water supply wells as a result of a potential range of releases from the Red Hill Bulk Fuel Storage
Facility under a range of reasonable pumping conditions within the model domain. The results of this
modeling effort will then be used to inform decisions related to potential remediation options.
Discussion topics: Review of Navy’'s modeling approach (interim and final) and timeline; review of
Navy’s decision to use MODFLOW USG and to use MODFLOW NWT/MT3D for fate and transport
validation; USGS update on the Synoptic Water Level Study; review of Navy’s southwest (Ocean)
boundary and deep boundary approach and decision to preclude SWI2; Navy's approach for model
calibration and uncertainty.

5 11/17/2017 | Discussion topics: Apparent gradients near Red Hill based on South Halawa barrier; water typing;
updated groundwater elevations; model layering; calibration approach and targets; comparison of
USGS May 2015 Halawa Shaft pumping test data to 2007 model simulations; updated boundaries;
groundwater discharge rates in model area; groundwater balance schematic showing all
groundwater inflow and outflow components and average annual flow rates; modeling code (discuss
access to transport code); pumping schedules; critical data needs and data sharing.

6 12/20/2017 | Discussion topics: Water level data assimilation; calibration targets, weights and error; parameter
values and ranges; recharge and pumping stresses; conceptual groundwater budget estimates;
model construction, water level contours.

7 1/11/2018 | Discussion topics: Field data collection update; groundwater potentiometric map; interim modeling;
LNAPL modeling.
8 2/12/2018 | Discussion topics: Field data collection update; interim modeling calibration; particle tracking;

sensitivity analysis.

9 3/16/2018 | Discussion topics: Interim modeling sensitivity analysis; interim model evaluations; Final
Groundwater Flow Model — December 5, 2018; contaminant fate and transport considerations.

10 4/13/2018 | Discussion topics: Interim modeling issues and action items; sensitivity analyses - low hydraulic
conductivity of the caprock; influence of GHB stage along the northwest boundary of the model;
saprolite with same properties as basalt; integrating Red Hill and Halawa Shafts (revised) elevations;
low hydraulic conductivity rind on caprock.

11 6/7/2018 | Discussion topics: CSM: Red Hill Area Groundwater Flow System; issues and action items -
modeling approach for basalt; saprolite extent and hydraulic properties; model layering; uncertainty
in modeling; steady-state modeling assumptions; discussion of the base-case model and changes for
the December 2018 flow model; discussion of groundwater level measurement procedures for Red
Hill and Halawa Shafts to properly filter and analyze concurrent pumping and groundwater elevation
data; lateral boundary fluxes relative to sensitivity analyses; addition of Red Hill monitoring wells to
the Screen Elevations and Related Model Layers summary table; integration of conservative
assumptions into interim modeling; incorporation of RHMW11 data; considerations of local flow
gradients within the regional groundwater flow system; summary of the sensitivity analyses/multiple
models to evaluate the impact of uncertainty.

12 7/12/2018 | Discussion topics: Increasing efficacy of working group; working group goals, current challenges
and member contribution; improve communication; meeting format and best practices; foster
engagement.

5.3 MODELING APPROACH

This modeling effort considered available regional and site data as well as information derived from
previous models, as described in the CSM. A modeling effort for this area, for the current objectives,
is challenging due to extremely flat water level gradients, high hydraulic conductivities, large
local-scale heterogeneities, and scarcity of model-wide synoptic data. Therefore, along with
conservative assumptions of model development, calibration and application, a multi-model
evaluation was conducted to assess the impact of uncertainty in conceptualization, numerical
implementation, parameter values, water levels, and synchronous stresses on groundwater flow. All
models were then considered in the groundwater migration and source water zone analyses. The
simulation results were further collated to provide probability maps of migration from the Facility
and of source water zones for the key water supply locations. This addresses the fourth objective
discussed above, concerning uncertainty. In addition, very conservative/protective models were
considered in further evaluations for the relevant objectives.



CONO O WN B

11
12
13
14
15
16
17
18
19
20

21

22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37

38

July 27, 2018 Groundwater Protection and Evaluation Considerations for the
Revision 00 Red Hill Bulk Fuel Storage Facility, JBPHH, O‘ahu, Hl Page 25 of 62

Groundwater flow models were developed and calibrated to site information available at the time the
models were being developed. Conservative assumptions were implemented in developing the
models so as to be protective of the key water supply locations. These models were valuable in
providing a better understanding of the complex hydrogeologic system which will provide greater
focus on development of the final model for the study as required by the first objective discussed
above. Groundwater flow was simulated using the MODFLOW-USG code (Panday et al. 2013),
which is an unstructured grid version of the USGS modular finite-difference flow model,
MODFLOW.

The models were applied toward evaluating the migration of groundwater from beneath the Facility
and toward estimating the source water zones of the key water supply locations. Extreme conditions
of pumping at the key water supply locations were implemented for this evaluation, to provide
conservative predictions. Particle tracking analyses were conducted using the forward tracking
approach to evaluate migration of water from beneath the Facility, and the backward tracking
approach from the key water supply wells for evaluating source water zones. This addresses the
second and third objectives discussed above. Particle tracking was initially simulated using the
Mod-PATH3DU code (SSPA 2014), which is a particle-tracking model developed for unstructured
grids and applicable to MODFLOW-USG. A later version of Mod-PATH3DU (SSPA 2018) was
used for several simulations toward the end of the interim modeling study, as noted in Appendix A.
Groundwater Modeling System (GMS) (Aquaveo LLC.) was used as the pre and post processor and
as the user interface to the MODFLOW-USG model and Mod-PATH3DU software.

54 MODEL DEVELOPMENT, CALIBRATION, AND APPLICATION

The model domain and grid are shown on Figure 5-1. The domain covers an area of about 9 miles by
6 miles and extends from just downstream of the dike intruded area in the mountains, to Pearl Harbor
and the ocean. The grid is oriented along the general direction of lava flow and has higher resolution
underneath the Facility, around water-supply wells and shafts, adjacent to lateral boundaries, and
beneath the valleys. The model includes 5 numerical layers to represent the caprock and valley fill
materials (numerical layer 1), and the basalt (numerical layers 2-5). Saprolite underlying the valley
fill was simulated in numerical layers 2 and 3. Multiple model layers were implemented for the
basalt aquifer to provide vertical resolution with a finer grid spacing near the water table, and does
not coincide (or need to coincide) with geological layering.

In most models that were developed for the current study, the caprock, valley fill, saprolite, and
basalt were simulated as homogeneous materials, as noted by previous regional studies of the area.
Basalt properties were anisotropic in the lateral and vertical directions to include the smaller-scale
heterogeneities resulting from geologic considerations in lava flow, basalt aquifer formation, and
weathering. Local scale heterogeneities were also evaluated by some of the models including
conceptual representations of clinker zones underneath Red Hill, of saprolite presence beneath the
water table, and of caprock zonation into upland alluvial sediments and coastal marine sediments.

The model was calibrated to steady-state and transient conditions.
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Figure 5-1: Model Domain and Grid

Three steady-state evaluations were conducted representing annual average conditions for different
years — 2006, 2015, and 2017. Typical modeling projects only establish one steady-state flow field
within one time span for calibration that is appropriate for the modeling objectives. Water level data
and fluxes at major springs within the domain were first processed to evaluate long-term calibration
targets for model comparison. The simulated water levels, differences in water levels between wells,
and apparent hydraulic gradients matched observed conditions regionally, when the regional
evaluations were performed with a consistent methodology between observed and simulated
information. The impact of local heterogeneities due to presence of clinker materials beneath the
Facility was captured by one of the models that included a localized conceptual representation of the
clinker zone.

Transient responses of water levels at the Facility (and in its vicinity) to changes in pumping at Red
Hill Shaft and Halawa Shaft were also simulated to establish the hydraulic connectivity between the
pumping locations and water level measurement points. This was conducted for two synoptic
pumping and water level measurement studies that were conducted in 2006, and in 2015. The
2017/2018 synoptic study information will be integrated into the final flow model.

Conservative assumptions were included in development and calibration of the model. Saprolite,
which can act as a barrier to flow, is known to extend for several hundred feet beneath the water
table in areas adjacent to and southwest of the Facility within North and South Halawa Valleys, as
well as Moanalua Valley, however, the lateral extent and depth were greatly reduced in the model.
This conservative sensitivity analyses had saprolite in model layers 2 and 3 (to a depth of 60 ft below
the water table vs the seismic profile indicating saprolite depth at approximately 200 feet below the
water table), and used K values as relatively low permeability as well as the same permeability as the
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basalt. The calibrated models were further evaluated to note water level differences between the
Facility and the key water supply locations. Larger water level differences between the Facility and
measurement points create larger driving forces between them and the models, where biased, were
conservative to the key water supply locations. Also, different models were protective of different
objectives and therefore evaluations were conducted with the more conservative model as
appropriate. Various models were developed in this manner and calibrated if possible. The models
were then used to estimate groundwater migration and source water zones. These computations were
conducted under extreme conditions for pumping at the key locations to provide very conservative
evaluations. Two primary scenarios were considered in this regard:

1. Maximum pumping at Halawa Shaft (16 million gallons per day [mgd]), with average
pumping Red Hill Shaft (fjmad). and Moanalua Wells (3.7 mgd)

2. Maximum pumping at Halawa Shaft (16 mgd) and average pumping Moanalua Wells
(4.66 mgd) with no pumping at Red Hill Shaft

The first scenario is referred to as the “RHS Pumping Scenario,”, while the second scenario is
referred to as the “RHS Not Pumping Scenario”. These scenarios depict extreme conditions that are
not sustainable in practice. Also, the evaluations were conducted for steady-state flow fields resulting
from the above pumping regimes and therefore neglect the buffering effects of transient conditions.

55 SENSITIVITY ANALYSES AND UNCERTAINTY EVALUATION

A multi-model approach was used in this study to evaluate the impact of parameter uncertainty,
different conceptual representations, and numerical approximations, on modeling flow and migration
of groundwater from beneath Facility, and on the source water zones for the key wells. A total of
43 steady-state (31) and transient (12) models were developed to evaluate flow behavior and
response to pumping. These models conservatively bracketed the estimated parameter ranges for the
aquifer materials, the observed long-term water level elevations in monitoring wells and water level
changes observed during the synoptic studies. Each of the steady-state models was further used with
specified conservative pumping scenarios at key wells, to evaluate the response in terms of migration
of water and source water zone evaluations.

A parameter sensitivity to calibration analysis was conducted as part of the multi-model approach,
whereby parameter values were varied to their probable lower and upper bounds and sensitive
parameters were noted. The models were then recalibrated, if possible, by varying other model
parameters within their probable ranges. The recalibrated models were then evaluated to note
whether they are conceptually appropriate and if the water budget terms are reasonable. Models that
were deficient in this regard were provided a lower weighting in the subsequent uncertainty analysis.

Sensitivity of parameters was further noted toward the simulation objectives for each of the
application scenarios (RHS Pumping and RHS Not Pumping), and for each of the objectives
(specifically the source water zones of each of the water supply shafts/wells and the migration
behavior of water from beneath Facility). The sensitivity analyses were categorized based on ASTM
classifications to identify data significance, as detailed in Appendix A.

Uncertainty analysis was conducted on groundwater migration from beneath the Facility and on the
source water zones of key wells. Similar to the multi-model spaghetti-plots shown on TV depicting
the uncertainty in projected paths of hurricanes, the particle tracks for each model were examined to
evaluate their collective story, as detailed in Appendix A. The uncertainty in migration and source
water zone evaluations was also quantified from this set of models.
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This uncertainty quantification was performed in a manner similar to the “Particle Tracking, Monte
Carlo” (PT-MC) approach (Frind and Molson 2018; Anderson, Woessner, and Hunt 2015). In this
approach, hundreds of equally probable values of a single input parameter are obtained based on the
parameter’s underlying statistical distribution, which is combined randomly with other parameters
obtained in a similar manner, and a model is created for each combination. The models may be
further evaluated depending on conceptual reasonableness and whether they calibrate to observed
conditions. Particle tracking is then performed for each selected model and particle-tracking results
from all models are combined to create a capture frequency or capture probability map. Weighting of
the various models may also be performed considering their goodness of fit to data and the
appropriateness of conceptualization or water budgets.

The approach used is similar to PT-MC, however, instead of creating hundreds of models with
random combinations of material parameters, models were deliberately selected in a focused manner.
Monte Carlo realizations are not practical for timely production of meaningful results for the current
study, and do not consider the hydrogeologist’s expert understanding. Also, performing deliberate
simulations with focused sets of parameters provides an understanding of the impact of the ranges of
individual model parameters and parameter combinations, as well as of various conceptualizations
and numerical or boundary approximations which are difficult to implement into a Monte Carlo
framework.

5.6 MODELING RESULTS

The key results from the interim modeling effort are the following:

» Red Hill Shaft intercepts all groundwater that migrates from the Facility when it is pumping
at an average of-mgd. This was indicated by all the models evaluated in this study.

» It would require over 10 mgd of pumping at Halawa Shaft with Red Hill Shaft turned off for
a sustained period of over 6 years for there to be any threat to Halawa Shaft from
groundwater beneath the Facility. A close examination of the models further indicated that
the potential was largest for conditions of extreme drought with reduced lateral boundary
inflows and recharge to groundwater.

* The scenario with Halawa Shaft pumping at 16 mgd with Red Hill Shaft being off showed a
higher probability of migration of groundwater from beneath the Facility to Halawa Shaft
with a minimum travel time of 3 years, the worst case again being for the model with
extreme drought with reduced lateral boundary inflows and recharge. During the
Groundwater Modeling Working Group Meeting held in June 2018, BWS also indicated that
Halawa Shaft would not be able to pump at this extreme rate for an extended period of time.
Also, it is not anticipated that Red Hill Shaft would be off for this extended period of time
under a severe extended drought. Thus, while this scenario has been evaluated in an effort to
be very conservative and understand the extremes, it is not likely this scenario would occur.

» Provide focus and guidance for development of the final model.
Probability distribution maps for the source water zone of Halawa Shaft are shown on Figure 5-2 and

Figure 5-3 for the RHS Pumping Scenario and the RHS Not Pumping Scenario, respectively. The
source water zone for Halawa Shaft lies to the northeast of the shaft for both scenarios.
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The probability distribution map for the source water zone of Red Hill Shaft is shown on Figure 5-4
for the RHS Pumping Scenario. The source water zone for Red Hill Shaft covers the Facility in all
cases.

Probability distribution maps for migration of groundwater from beneath the Facility are shown on
Figure 5-5 and Figure 5-6 for the RHS Pumping Scenario and the RHS Not Pumping Scenario,
respectively. With Red Hill Shaft pumping, groundwater from beneath the Facility is entirely
captured by Red Hill Shaft. With Red Hill Shaft not pumping, groundwater from beneath the Facility
first migrates in a southwest direction and then in a northwest direction toward Pearl Harbor. There
is a small probability of groundwater from beneath the Facility to migrate toward Halawa Shaft for
this scenario. It is further noted that groundwater does not migrate directly (as the crow flies)
between the Facility and Halawa Shaft. The difference in capture at Halawa Shaft between
Figure 5-3 and Figure 5-6 is a limitation in GMS on how particles are seeded, as discussed further in
Appendix A.

Probability distribution maps for the source water zone of Moanalua Wells are shown on Figure 5-7
and Figure 5-8 for the RHS Pumping Scenario and the RHS Not Pumping Scenario, respectively. For
both scenarios, the source water zone does not underlie the Facility. Furthermore, these wells extract
water from deeper in the basalt in numerical model layer 5. On comparing Figure 5-7 and Figure 5-8,
it was noted that the source water zone of Moanalua Wells was not impacted by pumping at Red Hill
Shaft.

Several models had one particle that tracked from the Facility to Halawa Shaft when Halawa Shaft
was simulated with pumping at a steady 16 mgd for the Red Hill Shaft Not Pumping Scenario. This
caused the probability distribution map of Figure 5-6 to show some probability of migration toward
Halawa Shaft. Therefore, an additional scenario was simulated using all the models to calculate the
cut-off pumping rate at Halawa Shaft where that does not happen. This Scenario included Halawa
Shaft pumping at a steady 10 mgd with Red Hill Shaft not pumping. The probability distribution map
for migration of groundwater from beneath the Facility for this Scenario is shown on Figure 5-9,
indicating that it is not likely for groundwater from beneath the Facility to migrate toward Halawa
Shaft under this scenario. This scenario is also an unlikely case with extreme conditions for pumping
at Halawa Shaft and Red Hill Shaft that are not likely to be sustained in the field. Furthermore,
interim model development and calibration involved conservative and protective assumptions for the
various objectives, when data were sparse or not easily quantified.

The interim modeling effort also provides focus and indicates a more reliable path forward for the
final model development effort. The discretization and particle tracking approaches of the interim
model help with planning the discretization for a flow and transport model. The various
conceptualizations and parameter representations evaluated by the interim modeling effort help
direct attention toward significant parameters and conceptualizations and away from those that may
not be of consequence to the modeling objectives related to fate and transport of potential solutes.
Recently collected data (e.g., 2017/2018 synoptic data and geophysical information on saprolite
extent) and an associated refined model conceptualization will also be incorporated into the final
groundwater flow model to refine and fill the data gaps of the interim model.
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Figure 5-6: Probability Distribution Map for Migration of Groundwater from Beneath the Facility for Red Hill Shaft Not Pumping Scenario
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6. Natural Attenuation

This section highlights key elements related to natural attenuation as described in CSM Sections 7.3 and
Appendix B. LTM results and supplemental investigations serve to document the natural breakdown of
LNAPL and COPCs at the Facility including: (1) NSZD, which involves attenuation of LNAPL source
zones, and (2) natural attenuation, which is focused on the attenuation of dissolved constituents in
plumes. The natural attenuation investigations confirm that both NSZD and natural attenuation
processes are active at the Facility. NSZD and natural attenuation are serving to remove mass from
LNAPL source zones within the Facility and control the migration of COPCs leaving the Facility.

In the unsaturated zone, NSZD is ongoing as demonstrated by:

» Based on a thermal NSZD analysis, heat being generated by biodegradation processes was
measured in three of the monitoring wells located within the tank farm, corresponding to an
NSZD rate per area ranging from 140 (at RHMW0O01) to 1,500 (at RHMW0O03) gallons per acre
per year, a range consistent with many other hydrocarbon release sites (CSM Appendix B.1).
These individual measurements suggest that between 2,600 and 17,300 gallons of fuel
hydrocarbons are being biodegraded per year by NSZD from the entire Facility.

» Carbon dioxide emissions from petroleum hydrocarbon biodegradation have been detected
leaving Red Hill at both the ground surface and via the Facility tunnel ventilation system,
indicating the current total NSZD ranges from 4,400 and 7,400 gallons of LNAPL (fuel
hydrocarbons) being biodegraded per year from the entire Facility. This range is consistent
with the range estimated using thermal measurements.

» Throughout the vadose zone, high oxygen concentrations (generally >19%) support aerobic
biodegradation. Oxygen has been consumed and carbon dioxide has been generated as
demonstrated by soil vapor sampling.

» The forensics analysis on the soil vapor shows high concentrations of weathered petroleum
hydrocarbon vapors below Tank 5, the site of the 2014 jet fuel release, and a mixture of fresh
and weathered petroleum vapors underlying the rest of the tanks. Note the fresh petroleum
vapors at present at very low concentrations, which likely originate from routine operations
of the Facility and not LNAPL releases.

In the saturated zone, biodegradation of released fuel and COPCs is ongoing as demonstrated by:

» Patterns in the groundwater geochemistry show that biodegradation is occurring, with
consumption of dissolved oxygen, nitrate, and sulfate and production of metabolic
by-products ferrous iron and methane.

» Reduction of dissolved hydrocarbon as one travels downgradient from the high
concentration groundwater near monitoring well RHMWO02 due to attenuation processes that
control the overall length of the dissolved plume at the Facility.

» Laboratory microcosm studies and multiple microbial parameters show that aerobic bacteria
are present in groundwater underlying the Facility that can readily degrade key COPCs at the
site. These same tests identified evidence of anaerobic degradation potential, but limited
results available to-date from anaerobic microcosms suggest slower rates under these
conditions (however, this may be related to long acclimation periods for anaerobic bacteria).
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Overall these processes conclusively demonstrate that NSZD is degrading LNAPL sources in the
unsaturated and saturated zone, and that natural attenuation processes are controlling the migration
of the dissolved fuel constituents.

6.1 NATURAL SOURCE ZONE DEPLETION IN THE VADOSE ZONE

NSZD is a term used to describe the collective, naturally occurring processes of dissolution,
volatilization, and biodegradation that result in mass losses of LNAPL petroleum hydrocarbon
constituents from the subsurface. Background information on NSZD is provided in CSM
Section 7.3.1. NSZD within the Facility vadose zone has been documented and quantified through:
(1) soil vapor monitoring and (2) carbon trap and temperature measurements.

6.1.1 Soil Vapor Monitoring

The soil vapor monitoring network consists of two to three soil vapor monitoring wells installed in
angled borings below each of the Facility’s 18 active fuel tanks. The available soil vapor monitoring
data include (1) monthly PID screening of the soil vapor monitoring wells below each fuel storage
tank and (2) a detailed soil vapor testing program conducted at the Facility in October 2017 where
the composition of the gas in the soil vapor probes underlying the tanks was measured using EPA
Air Method, Toxic Organics-15 (TO-15).

The monthly soil vapor monitoring data generally show low total vapor concentrations (generally
<10,000 parts per billion by volume [ppbv]) in the soil vapor wells consistent with weathered
LNAPL. Soil vapor concentrations generally decreased from the initiation of monitoring in
March 2008 through 2013, consistent with ongoing attenuation of prior LNAPL releases
(Figure 6-1). In January 2014, PID readings in the Tank 5 soil vapor wells increased dramatically
corresponding to the release of approximately 27,000 gallons of JP-8 from Tank 5. PID readings
peaked at 450,000 ppbv in June 2014. Smaller increases in PID readings were observed below each
of the adjacent tanks (i.e., Tanks, 3, 6, and 7) indicating that the existing soil vapor monitoring
network provides a robust means for evaluating releases. Since 2014, PID readings at Tank 5 have
decreased over time, consistent with rapid weathering of this new LNAPL release.

Field measurements and laboratory analysis of soil vapor samples collected from the soil vapor wells
in October 2017 provided additional evidence of NSZD. High oxygen concentrations (13% to 21%)
and non-detect methane concentrations (<0.1%) indicate aerobic conditions below all tanks. The
chromatograms for the soil vapor samples do not exhibit the typical sequence of n-alkanes
characteristic of unweathered fuel but, instead, are dominated by an unresolved “hump” or
unresolved complex mixture (UCM) visible at the end of the chromatogram characteristic of
biological weathering (Figure 6-5). Although all soil vapor samples exhibit the characteristics of
biological weathering, the chromatogram from the Tank 5 sample shows the broadest unresolved
hump consistent with a more recent fuel release. For the samples from the other tanks, the hump
starts later (i.e., further right on the chromatogram) consistent with more extensive weathering
expected for older releases. As discussed in CSM Appendix B.3, in addition to evidence of
weathered LNAPL, many of the soil vapor samples exhibited an alkane distribution consistent with
very low concentrations of unweathered jet fuel vapors. Small vapor-phase releases can occur
through joints, valves, and gaskets as well as during tank filling and fuel transfer operations. These
types of small vapor-phase releases are difficult to completely eliminate and may be contributing to
this chromatographic signature.
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Figure 6-1: Monthly PID Monitoring Results for Below Fuel Tank Soil Vapor Wells

6.1.2 NSZD Rates Measured Using Temperature Measurements and Carbon Traps

NSZD rates have been measured at many LNAPL sites and can be quantified by measuring
indicators of biodegradation processes such as heat generation and carbon dioxide generation. Two
different methods were able to measure NSZD rates at the Facility: a thermal NSZD analysis and
deployment of carbon dioxide traps.

Thermal NSZD rates were established at the Facility using vertical temperature profiles obtained
from existing monitoring wells. This included monitoring wells (RHMWO01, RHMWO02, and
RHMWO03) located within the area likely impacted by prior releases, and one background well
located within the Lower Tunnel (RHMWO5; Figure 3-4). A vertical temperature profile was also
obtained from well RHMW0O04, but this location was not suitable for use as a background location
due to differences between temperature profiles in this well and the lower access tunnel wells, and
thus well RHMWO5 served as the sole background well for this evaluation. These profiles were then
used to quantify NSZD rates at the tank farm. Two methods were employed to obtain temperature
measurements at each well: Well Air Temperature Method and Wall Temperature Method, and three
calculation approaches were also applied. The investigation methods and data analysis are
documented in CSM Appendix B.1.

Results were fairly consistent (within 60% relative percent difference), which increases the
confidence in the accuracy of these results.
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The resulting NSZD rates per acre per year for the three monitoring wells with hydrocarbon impacts
were:

e RHMWOL1: 140 gallons per acre per year of NSZD
«  RHMWO2: 640 gallons per acre per year of NSZD
«  RHMWO3: 1,500 gallons per acre per year of NSZD

Overall, when the NSZD rates are applied over the entire tank farm area, the gross potential NSZD
rate from the temperature method is estimated to be between 2,600 and 17,300 gallons of
hydrocarbon being biodegraded per year by NSZD in the unsaturated zone.

The second NSZD method that could be applied at the Facility was the carbon dioxide efflux method
(or “carbon trap” method) (CSM Appendix B.2). This method measures the amount of carbon
dioxide being generated through the biodegradation of LNAPL. The carbon dioxide is captured using
two carbon dioxide sorbent elements composed of soda lime (consisting primarily of calcium
hydroxides), which are contained in a canister, installed over LNAPL zones (McCoy et al. 2014).
Carbon-14 isotope analysis is used to distinguish carbon dioxide from petroleum sources vs. modern
sources (such as respiration). Because the ventilation system in the tunnels created a negative
pressure gradient within the tank access tunnels, advective gas flow was from the vadose zone into
the tunnels. As a result, the tunnels act like a soil vapor extraction system and can capture carbon
dioxide generated through biological NSZD occurring in the vadose zone. Therefore, a carbon trap
was deployed in the tunnel system to measure the extraction of petroleum-based carbon dioxide
being removed by the tunnels, and on the ground surface on Red Hill to measure carbon dioxide that
escapes to ground surface (Figure 6-2).

Measured CO, flux to A) ground surface and B) Red Hill tunnels

ross section image from CSM Figure 6-4 dated 7/24/18

A)

B)

B' (South)
550

) T2&T6

o
" e
-
s
e

Biodegradation Zone

O Ground Surface Carbon Traps . Tanks Tunnels _,Carbon Dioxide Flux

Figure 6-2: Collection of Carbon Trap Data for Quantification of NSZD
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The carbon trap data indicated that the NSZD rate attributable to petroleum-based carbon dioxide
entering the tunnels was calculated as between 3,400 and 6,400 gallons per year. The ground surface
traps indicated an additional NSZD rate of about 1,000 gallons per year attributable to carbon
dioxide migration to the ground surface, yielding a total NSZD rate between 4,400 and 7,400 gallons
of jet fuel biodegrading per year at the Facility.

A third method to measure NSZD, the gradient method, was attempted but due to the advection
associated with the tunnel system, the assumptions underlying this method were violated and
therefore it could not be used to measure the NSZD rate at the Facility (CSM Appendix B.3).

The two methods used to measure NSZD rates yielded similar ranges: (1) between 2,600 and
17,300 gallons per year based on heat flux and (2) between 4,400 and 7,400 gallons per year based
on carbon dioxide flux. This is the current NSZD rate based on the ongoing biodegradation of
historical releases; these rates could decline after most of the LNAPL is removed by NSZD.
Alternatively, in the event of additional releases in the future, higher NSZD rates (expressed in terms
of gallons per year for the Facility) are likely if they increase the lateral and/or vertical extent of
LNAPL in the subsurface.

6.2 NATURAL ATTENUATION IN GROUNDWATER

Natural attenuation covers a variety of physical, chemical, or biological processes that act without
human intervention to reduce the mass, toxicity, mobility, volume, or concentration of contaminants
in groundwater. A lines-of-evidence approach was used to evaluate the occurrence of natural
attenuation of COPCs at the Facility.

6.2.1 Analysis of Geochemical Data (Secondary Evidence of Natural Attenuation)

A detailed discussion related to this section is presented in CSM Appendix B.5. Biodegradation of
dissolved petroleum constituents in groundwater results in characteristic changes in concentrations of
geochemical indicator parameters. Geochemical and COPC data from October 2016 to April 2018
strongly indicate that active and robust biodegradation of COPCs is occurring within the tank farm
area:

* In the area of highest COPC concentrations (RHMWO01 and RHMWQ02), electron acceptors
(i.e., dissolved oxygen, nitrate, sulfate) are generally depleted (or have low concentrations)
and concentrations of metabolic byproducts (i.e., ferrous iron, methane, TOC) are elevated
relative to the monitoring locations outside of the tank farm area (RHMWO04 to RHMW10).
This spatial pattern of electron acceptor depletion and metabolic byproduct formation is
generally consistent over the monitoring period (October 2016 to April 2018; see Figure 6-3
for April 2018 data) and is strong indirect evidence of biodegradation of COPCs in the area
near RHMWO02.

» Further, at RHMWO01 and RHMWO02, low dissolved oxygen concentrations (< 1 mg/L) and
negative oxidation-reduction potential (ORP) values support anaerobic conditions in this
area. For wells outside of tank farm area (RHMWO04 to RHMW10), O, concentrations were
generally greater than 4 mg/L and ORP values were greater than 100 millivolts (mV),
consistent with aerobic conditions.
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Figure 6-3: Concentrations of 02, NO3-, SO42-, Fe2+, CH4, and ORP from the Facility Groundwater
Monitoring Network on April 23-25, 2018

6.2.2  Analysis of COPC Data (Primary Evidence of Natural Attenuation)

A detailed discussion of the material in this section is presented in CSM Appendix B.4. Groundwater
monitoring data from the Facility over the monitoring period of 2005 to April 2018 were used to
evaluate plume duration and plume attenuation. Plume duration was assessed by evaluating trends in
COPC concentrations over time (increasing, stable, or decreasing). Plume attenuation was assessed
based on changes in COPC concentrations between different monitoring locations (RHMWO02 to
RHMWO01, and RHMWO02 to Red Hill Shaft). Key findings are summarized below.

Plume Duration: COPC concentrations at individual monitoring locations varied over time,
exhibiting both increases and decreases in concentration. At RHMWO02, the monitoring
location with the highest COPC concentrations, most of the COPCs showed little or no
long-term concentration trend due to high data variability over the monitoring period. For
example, naphthalene concentrations at RHMWAO02 varied considerably over the monitoring
period, resulting in no clear trend over time (Figure 6-4). The observed variability in COPC
concentration reflects potential analytical issues as well as the complexity of the LNAPL
source (i.e., complex mixture of individual compounds, each with different solubilities and
biodegradation potential) and the changing composition of the LNAPL source over time. As
a result of the changing LNAPL composition during weathering, stable or increasing
dissolved concentrations of less-soluble COPCs such as naphthalene may, in fact, reflect
significant depletion of the LNAPL source material. This phenomenon has been observed at
other sites such as the USGS Bemidji, MN research site (Baedecker et al. 2011).
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Figure 6-4: Linear and Natural Log Scale Plots of Naphthalene Concentrations from September
2005 to April 2018 at Monitoring Well RHMWO02

* Plume Attenuation: COPC concentrations decrease from RHMWO02 to downgradient
monitoring locations RHMWO1 and Red Hill Shaft. Attenuation half-lives ranged from 5 to
14 days (from RHMWO02 to RHMWO01) while half-lives ranged from 7 to 92 days (from
RHMWO02 to Red Hill Shaft). Taken together, analysis of RHMWO02 to RHMWO01 and of
RHMWO02 to Red Hill Shaft represents the probable range of plume attenuation rates for
COPCs in groundwater at the Facility and supports the conclusion that biodegradation is

contributing to the natural attenuation of COPCs within groundwater.

6.2.3

Microcosm Studies and Microbial Parameter Analysis

To further evaluate natural attenuation of COPCs in groundwater, a microcosm study is being
completed to provide an estimate of the bulk attenuation rate due to biodegradation under aerobic
and anaerobic conditions using groundwater from two wells (RHMWO01 and RHMWQ02). In addition,
a series of molecular methods for assessing microbial parameters, including QuantArray-Petro and
Next Generation Sequencing (NGS), were employed to quantify particular biomarkers of petroleum
hydrocarbon degradation in groundwater from four wells (RHMWO01, RHMW02, RHMWO03, and
RHMWO04). A full description of these studies is provided in CSM Appendix B.6.

Key findings are summarized below:

* In microcosms maintained under aerobic conditions, rapid degradation of all constituents
was observed in RHMWO02 (half-life < 7 days for all constituents, including benzene,
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toluene, xylenes, and polynuclear aromatic hydrocarbons [PAHs]) and RHMWO0L1 (half-lives
currently on the order of 8-25 days). Based on the early microcosm results, degradation of
these petroleum hydrocarbons is non-conclusive under anaerobic conditions, with little
changes in concentration over the first 5 months of testing. Extended ongoing monitoring is
being employed for the anaerobic microcosm studies to account for the apparent slower
degradation under these conditions and potential extended acclimation times associated with
anaerobic biodegradation.

» A suite of different functional genes associated with both aerobic and anaerobic petroleum
hydrocarbon degradation were detected in samples from all four well locations. The presence
of functional genes for degradation of petroleum hydrocarbons confirms that aerobic and
anaerobic microorganisms are both present and active (i.e., the genes would not be expressed
if the microorganisms were not active).

» The microbial data are largely consistent with concentration trends and geochemical conditions
at the Facility, including evidence that concentrations attenuate significantly in groundwater
moving downgradient. The molecular data suggest that a combination of anaerobic and
aerobic processes is responsible for this attenuation, although the potential for rapid aerobic
degradation (as observed in the microcosms) is restricted somewhat by the low availability
of oxygen near wells RHMWO02 and RHMWOL1. Aerobic biodegradation should be a
significant factor in wells with dissolved oxygen (DO) higher than 2 parts per million (ppm).

6.3 EVIDENCE OF LNAPL WEATHERING

Natural attenuation is further supported by evidence that the LNAPL present in the subsurface has
undergone physical weathering (i.e., volatilization of light-end constituents) and biological
weathering. This is reflected in soil vapor samples collected from below the tanks (Figure 6-5; CSM
Appendix B.3). In addition, dissolved constituents from groundwater samples collected from
RHMWO02 (CSM Appendix B.7) also indicate extensive LNAPL weathering. The chromatograms for
the soil vapor samples do not exhibit the typical sequence of n-alkanes characteristic of unweathered
fuel but, instead, are dominated by an unresolved “hump” (a UCM) visible at the end of the
chromatogram characteristic of biological weathering (Figure 6-5). Although all soil vapor samples
exhibit the characteristics of physical and biological weathering, the chromatogram from the Tank 5
sample shows the broadest unresolved hump consistent with a more recent fuel release. For the
samples from the other tanks, the hump starts later (i.e., further right on the chromatogram)
consistent with more extensive weathering expected for older releases. Analysis of two LNAPL
samples collected during the angle boring installations indicate the presence of biodegraded jet fuel
below Tank 6 at 0.5 ft and biodegraded diesel below Tank 11 at 20.3 ft (DON 2002) (see also CSM
Appendix B.7 Section 3.2.2, Figure 3-11).
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Figure 6-5: FID Chromatograms from Representative Soil Vapor Samples Showing Range of Unresolved
Hump
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The laboratory analysis and TPH chromatographic profiles or fingerprints for groundwater samples
collected from RHMWO2 show the following evidence of physical and biological weathering:

» An absence of more soluble and readily degradable components of jet fuel such as BTEX
constituents. Studies of petroleum LNAPL biodegradation and weathering at other sites
indicated that these constituents become depleted from LNAPL as a result of biological
weathering (Baedecker et al. 2011).

» Higher concentrations of compounds that are relatively resistant to biodegradation are
typically found in low concentrations in unweathered fuel, but become relatively enriched in
the weathered fuels as the more degradable compounds are consumed. These compounds
include naphthalene, 1-methylnaphthalene and 2-methylnaphthalene as well as some of the
compounds detected as tentatively identified compounds (TICs) such as
naphtheno-benzenes. The detection of these TICs in RHMWO02 indicates that the
dissolved-phase plume is originating from weathered fuel.

» Chromatographic profiles consistent with soluble components of jet fuel. The presence of
naphthalene, Cl-naphthalenes, as well as C2+naphthalenes is evident. The available
chromatograms from RHMWO02 groundwater samples are all consistent with chromatograms
for biodegraded kerosene-type fuels (e.g., JP-5 and JP-8 are kerosenes with special
additives). There is also evidence of C4-benzenes. Lighter components are partially lost in
the extraction and concentration of the extract prior to analysis; thus, lighter substituted
benzenes, if present, would not be detected in the TPH-d analysis.

» Presence of a “hump” in the chromatograms that extends beyond the end of the jet/kerosene
carbon range (C16+) (see CSM Appendix B.7 Figure 3-11 and associated discussion).
Unweathered petroleum fuels are composed primarily of hydrocarbons (nonpolar) that have
distinctive chromatographic profiles seen as evenly distributed peaks spanning the carbon
range of the fuel. The presence of a hump with unevenly distributed peaks beyond the fuel
carbon range is likely due to polar matter that could be metabolites from biodegradation.
Silica gel treatment (used to remove polar material) of the groundwater extract used for
measuring TPH-d removes between 40% and 85% of the RHMWO02 dissolved TPH-d
concentration, indicating that a significant amount of polar compounds is present in the
groundwater. The dissolved organics in RHMWO02 are a mixture of hydrocarbons and polar
metabolites, indicating ongoing biodegradation.

6.4 CONCLUSIONS

The available site investigation and monitoring results support the following conclusions regarding
the occurrence of NSZD and natural attenuation:

» Evidence of NSZD includes (1) decreasing soil vapor concentrations over time below the
Facility fuel tanks, (2) laboratory analysis indicating that the vadose zone LNAPL is highly
weathered, (3) high oxygen concentrations in the vadose zone indicative of aerobic
conditions, and (4) measurement of excess temperature and carbon dioxide associated with
biodegradation of petroleum constituents.

» The rate of carbon dioxide emission and heat generation from the vadose zone indicates that
between 2,600 and 17,300 gallons of hydrocarbon are being biodegraded per year by NSZD
from the entire Facility.

» Evidence of natural attenuation within the groundwater includes reduced concentrations of
electron acceptors (i.e., dissolved oxygen, nitrate, sulfate) and increased concentrations of
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metabolic byproducts (i.e., ferrous iron, methane, TOC) in the area of highest dissolved
COPC concentrations (i.e., RHMWO02 and RHMWO0L1). In addition, microcosm studies
documented the rapid aerobic biodegradation of all COPCs evaluated.

» COPC concentrations decrease from RHMWO02 to downgradient monitoring locations
RHMWO1 and Red Hill Shaft. Attenuation half-lives ranged from 5 to 14 days from RHMWO02
to RHMWO1, while half-lives ranged from 7 to 92 days from RHMWO02 to Red Hill Shaft.

» The LNAPL present at the Facility as undergone significant physical and biological
weathering consistent with natural attenuation of these historical releases.

7. Risk-Based Decision Criteria
7.1 DEFINITION AND PURPOSE OF RBDC AND SSRBLS

The main concern for human health risk for the Facility and surrounding area is the potential impact of
an inadvertent fuel release to groundwater that is the source of drinking water at Navy Supply Well
2254-01 (and other water supply wells as appropriate). Therefore, conservative RBDC were developed
to ensure that drinking water at this supply well is protected from potential releases at the Facility.

RBDC are risk-based screening values for drinking/domestic use water that are protective of human
health, safety, and the environment, specifically considering exposure of human receptors to
chemicals of potential concern (COPCSs) in the public water supply through ingestion of tap water,
dermal contact, and inhalation of volatile chemicals while bathing/showering. RBDC are intended to
be protective of the most sensitive human receptor population, which is child residents using tap
water originating from groundwater at Navy Supply Well 2254-01 (Red Hill Shaft), which supplies
potable water to JBPHH. RBDC are also intended to protect people using water from other drinking
water supply systems within the study area.

RBDC have been developed as detailed in the RBDC Development Plan (DON 2017a) to support the
investigation and remediation of releases at the Red Hill Bulk Fuel Storage Facility (“the Facility”)
at Joint Base Pearl Harbor-Hickam (JBPHH), Hawai‘i. The RBDC are intended to update the Red
Hill GWPP (DON 2014), ensuring that drinking water receptors are protected. The RBDC are also
used in the development of Site-Specific Risk-Based Levels (SSRBLs) for the sentinel monitoring
well network, as described in the Sentinel Well Network Development Plan (DON 2017b).

The purpose of the SSRBLs is to use the LTM system of identified sentinel monitoring wells (to be
determined at a future date) to identify the magnitude of any releases in areas downgradient of the
Facility and determine the potential for COPCs in groundwater migrating to the public water supply
to exceed RBDC and pose a potential risk to human health. SSRBLs are target groundwater
concentrations for individual sentinel monitoring wells, and back-calculated from the RBDC using
mass flux analyses. An appropriate contingency plan (e.g., Updated GWPP) will be developed to
address SSRBL exceedances and will describe what additional contingency action (e.g., further
evaluation, more frequent monitoring, treatment) needs to be taken, so that the RBDC will not be
exceeded at the tap. If the concentration of a COPC in groundwater at a given monitoring well
location does not exceed the SSRBL, then the concentration of that COPC should not exceed the
RBDC at the tap.

SSRBLs will be established for each sentinel monitoring well by back-calculating a concentration
from the RBDC through a mass flux-based approach. The RBDC will be applied to the tap water
source, and the back-calculation will factor in mass flux to establish the SSRBL concentration for
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each sentinel monitoring well. The SSRBL will be used as an indicator that the RBDC may be
exceeded at the tap water source if the SSRBL is exceeded.

7.2 RBDC BASIs

Because the RBDC are intended to protect people who are likely to have the greatest exposure to
groundwater, the RBDC for most COPCs will be the lower of the EPA (2018) Regional Screening
Levels (RSLs) or the DOH (2017) Environmental Action Levels (EALs) for drinking water. The
RBDC are based on various endpoints, and the EPA RSLs are based on cancer (target cancer risk of
1E-06) or non-cancer health effects (target non-cancer hazard quotient of 0.1).

The RBDC will be used to evaluate total (unfiltered) groundwater data as a conservative approach.
This is consistent with DOH guidance for evaluation of groundwater for potable water uses (DOH
[(2017)] Volume 2, Page 5-1).

RBDC have been developed for the COPCs presented in the AOC Statement of Work Sections 6 and
7 scoping completion letter dated February 4, 2016 (EPA Region 9 and DOH 2016), as shown in the
shaded cells of Table 7-1.

Additional COPCs may be added to the current list, based on changes in fuels stored at the Facility in
the future, other possible chemical sources identified at the Facility, or future data that will reflect
ongoing advancements in the analysis and evaluation of TPH-related chemicals. For all COPCs,
separate comparisons will be performed using health-based criteria as well as taste- and odor-based
EALs.
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Table 7-1: EPA Regional Screening Levels and DOH Environmental Action Levels for COPCs

EPA (2018) RSL DOH (2017) EALs
Table F-3b (Risk-
Table F-1a Based Screening
THQ=0.1 (Drinking Water) Levels for Tapwater)
Tap Water Groundwater Gross
COPC (ng/L) Basis EAL (pg/L) Basis DW Toxicity Basis Contamination Risk-Based Basis
Benzene 0.46 c 5 DW toxicity 5 Primary MCL 170 0.48 carcinogenic
Ethylbenzene 15 c 7.3 Aquatic Habitat Goal 700 Primary MCL 30 1.7 carcinogenic
Toluene 110 n 9.8 Agquatic Habitat Goal 1000 Primary MCL 40 1400 noncancer
Xylenes 19 n 13 Agquatic Habitat Goal 10,000 Primary MCL 20 210 noncancer
Methylnaphthalene, 1- 1.1 c 2.1 Aquatic Habitat Goal 27 carcinogenic 10 27 carcinogenic
Methylnaphthalene, 2- 3.6 n 4.7 Aguatic Habitat Goal 24 noncancer 10 24 noncancer
Naphthalene 0.17 c 12 Aguatic Habitat Goal 17 CDPH notification level 21 0.17 carcinogenic
TPH-g (gasolines) — — 300 DW toxicity 300 noncancer 500 300 noncancer
TPH-d (middle distillates) — — 400 DW toxicity 400 noncancer 500 400 noncancer
TPH-o (residual fuels) — — 500 Gross Contamination 2,400 noncancer 500 2,400 noncancer
2-[2-methoxyethoxy]-ethanol 80 n — — — — — — —
Phenol 580 n 5 Gross Contamination 6,000 noncancer 5 6,000 noncancer

CO~NOYOUTRWN

Shaded cell lowest relevant screening value
— not established

c cancer
CDPH California Department of Public Health
DW drinking water

MCL Maximum Contaminant Level

n non-cancer
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7.3 Use oF RBDC AND SSRBLS

The RBDC and SSRBLs are action levels to determine if additional contingency action is needed to
protect the drinking water supply. Because of the conservative nature of the RBDC and SSRBLs, an
exceedance of the SSRBLs will not necessarily suggest an unacceptable risk or hazard exists at the tap
water source. In addition to monitoring sentinel wells, water from sampling point RHMW2254-01
adjacent to Navy Supply Well 2254-01 (Red Hill Shaft) will also be monitored to ensure that RBDC
at the supply well are met. RBDC associated with COPCs may be evaluated further as new
information related to toxicity and risk assessment for these COPCs becomes available.

The need to address exceedances of SSRBLs at the sentinel wells will be a two-step process, i.e., it
will not be based solely on the comparison of site concentrations with SSRBLs. If the concentration
of a COPC in groundwater at a given monitoring well location does not exceed the SSRBL, it is
likely that as groundwater migrates from that well to Navy Supply Well 2254-01, the concentration
of that COPC will not exceed the RBDC. These screening values will be used as follows:

» If the detected concentration of a COPC exceeds the back-calculated SSRBL at a monitoring
well location, this will indicate that the concentration in drinking water could exceed RBDC
that are protective of residential tap water use, in which case Red Hill Shaft discharge water
will be monitored to ensure that concentrations do not exceed an appropriate risk-based level
(as described below). However, the need to address exceedances of SSRBLs at the
monitoring well locations will be a two-step process, i.e., it will not be based solely on the
comparison of site concentrations with SSRBLSs.

e If there are no exceedances of the SSRBLs, then cancer risks and non-cancer hazards
associated with COPC exposure will be considered unlikely and cumulative risk/hazard
calculations will not be needed.

» |f there are exceedances of the SSRBLs, then cumulative risks and hazards will be calculated
to determine if the exceedances suggest actual potential risk. If cumulative cancer risk
estimates are greater than 1x10°® or cumulative non-cancer hazard indexes are greater than 1,
then the need for additional contingency action (e.g., further evaluation, more frequent
monitoring, treatment) will be determined to address the exceedance.

8. Mass Flux and Sentry Well Considerations

Sentry wells will be used as an early warning system in conjunction with other release detection
methods to help ensure that water supply wells are not adversely impacted from a release. These
wells will consist of a combination of specifically identified existing monitoring wells along with
additional monitoring wells that will be installed as deemed appropriate for this purpose. These wells
will be located in areas that are most likely to be in the flow path from the tank farm to Red Hill
Shaft (and other water supply wells as appropriate). RBDC will be used as part of a mass flux
approach. Through this approach, SSRBLs will be determined for each sentry well to ensure that
drinking water is protected at the tap. The SSRBL will account for mass flux and COPC
concentration at the well. The SSRBL will be used as an indicator (early warning system) in
determining if contingency action (e.g., further evaluation, more frequent monitoring, treatment) is
needed to prevent COPC concentrations at the drinking water tap from exceeding the RBDC if the
SSRBL is exceeded. Establishing SSRBLs through this approach is consistent with ASTM (2015)
Risk-Based Corrective Action guidance. The approach is currently more conceptual in nature (due to
current uncertainties) and will be solidified as the final groundwater model is developed.
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8.1 MASS FLUX AND TRIGGER LEVELS

Sentinel monitoring wells will have established SSRBLs based on an integration of the RBDC
described in the RBDC Development Plan (DON 2017a) combined with a back-calculation of
concentrations at the exposure point (tap water) that can be determined based on mass flux and
plume concentration, as noted in the following:

Mass Flux/Mass Discharge
Crhsw= (Md/ths)Cf

Where:
- concentration of contaminant “x” in Water Supply Well (parts per billion)
Md = mass discharge (grams per day)
ths = flow rate (gallons per minute [gpm]) of water supply well necessary to
achieve capture
CF = conversion factor (184 micrograms-gallon-day [pg-gal-day]/grams-liter-min

[g-L-min])

In the equation above, mass discharge considerations (aquifer cross section with contaminant flow
near each sentry well) will be established so that appropriate SSRBLs concentrations can be
determined. This evaluation will be based on concentration of a COPC in a well (SSRBL) that results
in a mass flux that does not exceed the RBDC (C in the equation) for a well with a pumping rate (Q)
that establishes an appropriate capture zone.

8.2 RBDC AND SSRBL INTEGRATION

As described in the Sentinel Well Network Development Plan (DON 2017b), sentinel monitoring
wells will be used to:

» Ensure that a sufficient capture zone is created if needed to contain a release by pumping
Navy Supply Well 2254-01 to contain COPCs.

» Determine if COPC concentrations (SSRBLs) at the sentinel monitoring wells indicate that
additional contingency action is needed to ensure that drinking water remains safe for
residential use.

The RBDC and SSRBLs will be identified as action levels that will be presented in the forthcoming
Red Hill GWPP Update to determine if additional contingency action is needed to protect the
drinking water supply.

Because of the conservative nature of the RBDC and SSRBLs, an exceedance of the SSRBLs will
not necessarily suggest an unacceptable risk or hazard exists at the tap water source. Water from
sampling point RHMW2254-01 adjacent to Navy Supply Well 2254-01 will also be monitored as
part of a contingency plan to ensure that RBDC at the supply well are met. The need to address
exceedances of SSRBLs at the monitoring wells will be a two-step process, i.e., it will not be based
solely on the comparison of site concentrations with SSRBLSs.

8.3 SENTRY WELL CONSIDERATIONS

The overall objective of the Sentinel Well Network Program is to establish a network of monitoring
wells that provides an early trigger level-based warning system of potential impacts from the Facility
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to protect drinking water and other receptors. Specifically, the sentinel monitoring well network will
be used to accomplish two primary objectives:

» Demonstrate that a capture zone is maintained that will contain COPCs, if needed.

» Evaluate COPC concentrations upgradient from drinking water production wells to
determine the need for additional contingency action (e.g., further evaluation, more frequent
monitoring, treatment) to protect the water supply.

8.3.1 Sentinel Well Identification, Evaluation, and Selection

The Sentinel Well Network Development Plan (DON 2017b) outlines a process to identify, evaluate,
and select sentinel monitoring wells. Two primary functions of the sentinel monitoring well network
are needed to meet the overall objectives; (1) hydraulic head/groundwater flow gradients to provide
confirmation that the capture zone developed during the capture zone analysis is effective, and
(2) effective monitoring of SSRBL concentrations for the selected COPCs. The sentinel monitoring
wells SSRBLs will be based on an integration of the RBDC combined with a back-calculation of
concentrations at the exposure point (tap water) that can be determined based on mass flux and
plume concentration as described in Section 8.1.

The sentinel well selection process will initially consider (1) all existing monitoring wells within Red
Hill monitoring network, (2) future proposed and newly constructed monitoring wells for the Red
Hill monitoring network, and (3) other wells outside of the current and future monitoring network
that may have relevance to the objectives of the sentinel well network. The Sentinel Well Network
Development Plan (DON 2017b) details screening criteria, ranking, and selection of sentinel wells.
Following the selection, an analysis to identify limitations and additional monitoring locations will
be conducted if needed.

8.3.2 Establishment of Sentinel Well Network Program

The establishment of the Sentinel Well Network Program will follow the decision matrix outlined in
the AOC Statement of Work, where a Groundwater Monitoring Well Network Report will be
prepared 12 months after Regulatory approval of the Groundwater Flow Model Report. The
documents will present the recommendations and conclusions of the sentinel monitoring well
evaluation and selection process described above. The report will also present the proposed Sentinel
Well Network Program.

The program will also include the following elements:
» Regulatory framework under U.S. EPA, Resource Conservation and Recovery Act (RCRA),

and DOH programs

» COPCs (as previously agreed upon by AOC parties and developed under the RBDC
Development Plan)

» Locations and frequency of sampling (based on integration with the leak detection system)
» Integration of SSRBLs based on mass flux and RBDC

» Contingency plans for exceedances and releases

* Optimization and modification of the Sentinel Well Network Program

The Groundwater Well Network Report will provide a basis for a Decision Meeting prescribed under
the AOC Statement of Work that is to be held 60 days after the Groundwater Monitoring Well
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Network Report is approved. Sixty (60) days following the Decision Meeting, a Groundwater
Monitoring Well Decision Document will be prepared to provide final documentation of the decision
process. Based on the Groundwater Monitoring Well Decision Document, the Red Hill GWPP (DON
2014) will be updated.

9. Hypothetical Future Release Scenarios

To better understand hypothetical risks, a quantitative calculation of the ability for Red Hill to hold
fuel (LNAPL) in the case of a hypothetical fuel tank release from the Facility has been conducted.
Two separate holding capacity calculations were performed:

« The LNAPL holding capacity for a hypothetical large, sudden release that would not result
in unacceptable risks to users of groundwater in the vicinity of the Facility. The calculations
and results of this analysis are described in Appendix B.

» The LNAPL holding capacity for a hypothetical small chronic release that would not result
in unacceptable risks to users of groundwater in the vicinity of the Facility. This calculation
is dependent on the NSZD rate at the Facility and is described in Appendix C.

9.1 HYPOTHETICAL LARGE SUDDEN RELEASE

Historical results from the LTM and other Facility investigations (as well as the CSM) have been
used to evaluate the fate of prior releases from the Facility tanks including the 2014 release of
approximately 27,000 gallons of JP-8 from Tank 5. These data in turn, have been used to estimate
the possible impact of a hypothetical future sudden release from a tank. Specifically, a hypothetical
future sudden release volume has been estimated that would be protective of Red Hill Shaft and
other water supply wells (i.e., no exceedances of RBDC from well discharge). The likely fate and
transport of a future sudden release was evaluated based on two interpretations of the 2014 Tank 5
release:

» Evaluation 1, Vadose Zone Retention Capacity: Available monitoring data indicate that the
2014 release of approximately 27,000 gallons of JP-8 from Tank 5 was likely retained within
the top one-third of the vadose zone between the lower tunnel and the water table with no
significant impact to groundwater. Based on this finding, the 2014 release was used to
estimate the vadose zone holding capacity for LNAPL along with site-specific geologic data
and data from the scientific literature. This holding capacity was then used to evaluate the
LNAPL volume that would be retained mostly or exclusively in the vadose zone for a
hypothetical future release resulting in no significant impact to groundwater. A Monte Carlo
model was used to obtain a range of release volumes accounting for uncertainty in vadose
zone holding capacity and other site parameters.

e Evaluation 2, Possible Impact to Groundwater: Based on feedback from DOH, the fate and
transport of a hypothetical future release was evaluated based on a second interpretation of
the 2014 release. For this interpretation, a conservative approach was taken where the 2014
release was assumed to have impacted groundwater at the Facility and variations in
dissolved COPC concentrations following the release were attributed to this release even
though forensic analysis of the data does not indicate this is the case. The likely impact of a
hypothetical future release was evaluated assuming a linear relationship between release
volume and magnitude of impact to Red Hill Shaft.
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Under either evaluation of the 2014 Tank 5 release, the 27,000-gallon release of jet fuel:

e Did not result in the observation of LNAPL in any of the monitoring wells and the Facility.
* Did not result in any measurable increase in COPC concentrations in Red Hill Shaft.

These observations indicate that a hypothetical future sudden release from a Facility fuel tank would
have to be larger than the 2014 release in order to result in an exceedance of RBDC in Red Hill Shaft
and other water supply wells. The two evaluations focused on understanding and quantifying this
“margin of safety” associated with the 2014 release in order to estimate the volume of a hypothetical
future sudden release that would not result in an exceedance of the RBDC at Red Hill Shaft
(Table 9-1).

Table 9-1: Volume of a Hypothetical Future Sudden Release that Would be Protective of Red Hill Shaft

Evaluation 1 Evaluation 2
Estimate Type (gallons) (gallons)
More-Conservative and Protective Low-End Volume 48,000 27,000
Conservative and Protective Mid-Range Volume 150,000 88,000
Less-Conservative High-End Volume 400,000 920,000

 The more-conservative volume estimate is based on a combination of conservative
assumptions that serve to significantly overestimate the potential for a hypothetical future
release to cause an unacceptable impact; therefore, this volume should be considered
protective for all tanks with a very high degree of confidence.

» The reasonably conservative mid-range estimate is based on a mix of conservative and
realistic assumptions that serve to provide a reasonably conservative overestimation of the
potential for a hypothetical future release to cause an unacceptable impact; therefore, this
volume should be considered protective for all tanks with a high degree of confidence.

» The less-conservative estimate utilizes realistic assumptions and accounts for uncertainly in
input parameters using a less conservative approach. Due to the layout of the Facility, the
less-conservative volume is likely to be protective for a hypothetical release from a tank
located farther away from Red Hill Shaft (e.g., Tanks 11 to 20).

The following is recommended to account for prior release:

e Tanks with Strong Evidence of Prior Releases (Tanks 5, 9, 11, 13, 14, and 16): Reduce the
hypothetical future release volume by 25%.

» Tanks with Weaker Evidence of Prior Releases (Tanks 2, 3, 4, 5, 6, 7, 8, 12, 18, and 20):
Reduce the hypothetical future release volume by 10%.

9.2 HYPOTHETICAL SMALL CHRONIC RELEASE

Site monitoring data indicate that historical LNAPL releases at the Facility are being biodegraded in
the vadose zone. The observed NSZD rate for these prior releases has been used to estimate the rate
at which a hypothetical future release would be degraded. The hypothetical small chronic release rate
was determined as the release rate that is off-set by biodegradation so that, at steady-state, the
amount of LNAPL being released every day would be equal to the amount of LNAPL being
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degraded in the vadose zone such that the overall extent of impact would not increase over time
(Figure 9-1).

APPROACH:

Projected 592" East
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Determine the
chronic release
rate that would

be balanced by S 1) Hypothetical

) et | e A e — undetected
NSZD in the | chronic release
subsurface

2) Vadose zone NSZD

Cross section sources: Halawa No. 1, 9: (Macdonald 1941); red and orange around tanks represent clinker identified in
As-Built Barrel Logs (DON 1943)

- measured groundwater elevation

Figure 9-1: Conceptual Approach for Determination of the Hypothetical Chronic Release Rate

The hypothetical small chronic release rate was estimated based on the following observations and
assumptions:

* Ongoing NSZD within the vadose zone has been documented and quantified using two
measurements: heat flux (CSM Appendix B.1) and carbon dioxide flux (CSM
Appendix B.2). Expressed in volumetric terms, the observed NSZD rate is up to
9.8 x 10 gallons per ft® per year (Appendix B).

» Based on the inferred LNAPL impact area within the vadose zone following the 2014 Tank 5
release, a hypothetical small chronic release for an individual tank would invade
2.3 million ft* of basalt within the vadose zone before migrating to the water table
(i.e., based on an impact volume of 150 ft x 150 ft x 103 ft; Appendix C).

Based on this NSZD rate and vadose zone volume, a hypothetical chronic release of 2,300 gallons of
LNAPL per tank per year (i.e., 9.8 x 10 gallons per ft* per year * 2.3 x 10° ft*, or about 6.3 gallons
of LNAPL per tank per day) would be balanced by biodegradation within the vadose zone preventing
an impact to groundwater. Because biodegradation is an ongoing process, such release could
continue over a time scale of tens to hundreds of years without impact.

LTM data confirm additional biodegradation of dissolved constituents within the saturated zone to be
on-going at the Facility based on the loss of mass between monitoring wells RHMWO02 and
RHMWO01 and/or Red Hill Shaft (CSM Appendix B.4), geochemical indicators (CSM
Appendix B.5), and microcosm data (CSM Appendix B.6). Although not quantified, if a hypothetical
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chronic release were to impact the water table, this additional biodegradation within the saturated
zone would also serve to prevent impacts to Red Hill Shaft and other groundwater receptors.

9.3 CONCLUSIONS

Two separate holding capacity calculations were performed:

e The LNAPL holding capacity for a hypothetical large, sudden release that would not result
in unacceptable risks to users of groundwater in the vicinity of the Facility. The calculations
and results of this analysis are described in Appendix B.

» The LNAPL holding capacity for a hypothetical small chronic release that would not result
in unacceptable risks to users of groundwater in the vicinity of the Facility. This calculation
is dependent on the NSZD rate at the Facility and is described in Appendix C.

The resulting reasonable conservative volume estimates that would be protective with a high
confidence are:

* A hypothetical sudden future release of approximately 120,000 gallons of LNAPL would
have, at most, a minimal impact to groundwater and would not cause an RBDC exceedance
in Red Hill Shaft.

» An indefinite hypothetical chronic release of 2,300 gallons per tank per year (6.3 gallons per
tank per day) would be degraded within the vadose zone, resulting in, at most, a minimal
impact to groundwater and would not cause an RBDC exceedance in Red Hill Shaft.

10. Summary and Conclusions

All available data to date have been integrated into the current CSM, and the evaluation of data and
determination of conclusions are reasonably conservative. The conservatism is based on highly
probable outcomes and/or conclusions as identified by current data. The following subsections
describe the key points from various sections of this document.

10.1 LNAPL DISTRIBUTION AND PROPERTIES

» LNAPL has been observed in the vadose zone below some of the fuel tanks (i.e., in angle
borings completed in 1998-2002). Thermal monitoring data show that when LNAPL is
indicated in the vadose zone, it is located primarily within the upper one-third of the vadose
zone between the lower tunnel and the water table (i.e., within the depth interval of 70-
110 ft msl).

* No LNAPL has been measured on any of the Red Hill monitoring wells. Weathered LNAPL
from a release prior to 2005 may be present in the immediate vicinity of RHMWO02 or within
the saturated zone upgradient from this well.

» The mixture of dissolved constituents in groundwater and the mixture of constituents in soil
vapor samples are consistent with weathered/biodegraded fuel.

e A 27,000-gallon release of jet fuel from Tank 5 in January 2014 did not appear to impact any
of the Facility’s monitoring wells or Red Hill Shaft located approximately 1,500 ft
downgradient.
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10.2

10.3

10.4

DISSOLVED FUEL CONSTITUENTS IN GROUNDWATER AND ANALYTICAL
CONSIDERATIONS

Dissolved components in groundwater are consistent with soluble (aromatic hydrocarbons)
components and polar material (likely metabolites) from fuels consistent with biodegraded
jet fuel.

Available data suggest the presence of weathered LNAPL (i.e., pre-2005) in the immediate
vicinity of RHMWO02 or within the saturated zone upgradient from this well. Multiple lines
of evidence indicate that strictly biodegraded/weathered material (likely not associated with
the 2014 release) is present in groundwater and COPC concentrations have generally
remained within recent historical ranges.

Analytical results of dissolved TPH-d alone are not suitable as a diagnostic tool to assess
presence of LNAPL in groundwater. Biodegradation products of soluble fuel components
are polar and are generally more water soluble than the aliphatic parent compounds.
Furthermore, changes in TPH-d concentrations should be carefully evaluated as they can be
due to changes in laboratory (methods and laboratory to laboratory) and to inherent
limitations of TPH measurement. When TPH-d concentrations change from one monitoring
event to the next, the significance of the change should be evaluated in the context of
changes in the characteristics of the chromatography and changes in the mixture of
individual dissolved constituents.

INTERIM GROUNDWATER FLOW MODEL

As described in Section 5.3, dozens of groundwater models, utilizing various
conceptualizations and stresses (e.g., boundary fluxes, material properties, heterogeneity
considerations, geometries) have been developed and none of these models (with one
exception) show groundwater flow from Red Hill to any of the BWS wells, even with
extreme pumping conditions. The exception represents a drought condition under which Red
Hill Shaft is not pumping and Halawa Shaft pumps continuously at 16 mgd for several years
(steady state conditions). For this case, it took a minimum of 3 years of continuous drought
and extreme pumping conditions for groundwater to migrate to Halawa Shaft from beneath
the Facility. While this scenario has been evaluated in an effort to be very conservative, the
likelihood of this scenario occurring is negligible.

When operating under normal pumping conditions (- mgd), Red Hill Shaft captures all
groundwater flow from beneath the tanks underlying Red Hill even when Halawa Shaft is
pumping at 16 mgd and Moanalua Valley wells are pumping at 3.7 mgd.

All models indicate that groundwater flow from beneath the Facility is toward Red Hill Shaft
even when Red Hill Shaft is not pumping.

A conservative model (shortest travel time) with clinker indicates that flow from RHMW02
to Red Hill Shaft is on the order of 45 days. Slower travel times are over 90 days. The more
conservative of these values were implemented into evaluations of mass flux and natural
attenuation.

NATURAL ATTENUATION

Excess carbon dioxide (measured by carbon traps) and heat are being generated at the
Facility, confirming that NSZD of LNAPL is active in the vadose zone. For the entire tank
farm, the NSZD rate is likely between 2,600 and 17,300 gallons per year.
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10.5

10.6

10.7

Soil vapor monitoring and fingerprinting analysis show that rapid weathering of petroleum is
occurring in the vadose zone.

Both the MNA Primary Lines of Evidence (concentration reduction in the plume) and
Secondary Lines of Evidence (geochemical analyses and microcosm studies) confirm that
aerobic and anaerobic biodegradation of dissolved petroleum hydrocarbons is occurring in
groundwater. Based on available data, the plume attenuation half-lives for dissolved
constituents are likely on the order of 10-100 days.

RISK-BASED DECISION CRITERIA

Contaminants of potential concern were previously agreed upon by the AOC Parties and
include benzene, ethylbenzene, toluene, total xylenes, naphthalene, 1-methylnaphthalene,
2-methylnaphthalene, TPH-g, TPH-d, TPH-0, 2-(2-methoxyethoxy)-ethanol, and phenol.

RBDC have been developed for these COPCs as conservative, initial screening criteria that
are protective of drinking and domestic water use.

MASS FLUX AND SENTRY WELL CONSIDERATIONS

Mass flux considerations are widely used in evaluating potential impacts to pumping wells
from chemical concentrations in aquifers (monitoring wells).

A mass flux approach is being utilized to evaluate potential impacts from COPCs in
groundwater to Red Hill Shaft. This approach will also be utilized in establishing sentry well
trigger levels as part of the release response plan. Utilization of mass flux of COPCs from
upgradient sources, Red Hill Shaft pumping rates, and RBDC help to ensure that drinking
water at Red Hill Shaft (and other wells) is adequately protected.

Sentry well locations will be further evaluated after the current synoptic water level
information is evaluated along with the final contaminant fate and transport model.
Consideration will be given to transient fluctuations related to potential gradient changes due
to changes such as pumping or recharge.

RELEASE SCENARIOS

The current understanding of LNAPL distribution and attenuation rates at the Facility have
been used to evaluate the possible environmental impacts of a hypothetical future chronic or
sudden release of jet fuel from the Facility.

Based on the observed attenuation of LNAPL in the vadose zone and at the water table, an
undetected chronic release of 2,300 gallons per year per tank would be biodegraded in the
vadose zone, prior to reaching groundwater.

Based on the LNAPL retention capacity in the subsurface (estimated based on data from
prior releases), a sudden release of approximately 120,000 gallons of LNAPL would likely
be retained in the vadose zone and/or at the water table without causing an exceedance of
RBDC at Red Hill Shaft. Within the range of uncertainty, a sudden release of less than
38,000 gallons would be very unlikely to cause an impact. Depending on the release location
(e.g., a higher elevation within a tank and/or a higher numbered tank further away from Red
Hill Shaft) and accounting for uncertainty regarding LNAPL retention capacity, it is possible
that a release as large as 700,000 gallons would not cause an exceedance of RBDC at Red
Hill Shaft. However, there is less confidence that the higher-end release volume would be
protective.
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» To reduce monitoring variability, unnecessary changes to sampling methods and laboratory
analysis procedures should be avoided. Due to inherent limitations of TPH measurement,
indicators of new releases should be based on multiple lines of evidence. Changes in TPH-d
concentrations between monitoring events should be evaluated in the context of changes in
the characteristics of the chromatogram and changes in the mixture of individual dissolved
constituents.

10.8 PATH FORWARD

The information provided in the CSM and this technical memorandum will help with a better current
understanding of potential environmental issues given that additional data has been collected since
the signing of the AOC. Given the results of the interim environmental analysis of current data,
conditions are reasonably bounded by the current monitoring well network. Additional monitoring
wells are planned to be installed to further improve resolution of site conditions. As new data
become available (e.g., synoptic water level study data), those data will be integrated into an updated
CSM for use in developing the Investigation and Remediation of Releases Report (IRR),
Groundwater Flow Model Report, and the Contaminant Fate and Transport Model Report. These
reports can be used to further inform stakeholders on potential risks and to identify options for
managing those potential risks. Specifically, the information presented in the CSM and this technical
memorandum will be used to assist with the IRR and subsequent decision-making pursuant to the
AOC. The IRR will include an evaluation and determination of the feasibility of alternatives (e.g.,
enhanced monitored natural attenuation, capture zone analysis) for investigating and remediating
potential releases from the Facility to the maximum extent practicable. If another leak occurs prior to
the completion of the environmental investigation and decisions regarding remedial alternatives for
potential releases from the Facility, the current GWPP (DON 2014) will be followed accordingly.
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Interim Groundwater Flow Model
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1. Introduction and Literature Review
1.1 BACKGROUND AND OBJECTIVES

The Red Hill Bulk Fuel Storage Facility (“the Facility™) is located along the Red Hill Mountain
Ridge between South Halawa Valley and Moanalua Valley on the island of O*‘ahu, Hawai‘i, as
shown on Figure 1.1.1. The Facility includes 20 concrete underground storage tanks with steel liners
that store jet fuel (and other fuels such as marine diesel) in the unsaturated zone above the water
table. Previous investigations have indicated evidence of petroleum hydrocarbons in the rock
surrounding the tanks and in the underlying aquifer. A release of approximately 27,000 gallons of Jet
Propellant 8 from Tank 5 was reported in January 2014.

The Administrative Order on Consent (AOC) In the Matter of Red Hill Bulk Fuel Storage Facility
(EPA Region 9 and DOH 2015) was issued in September 2015 following the 2014 release, and
requires the United States (U.S.) Department of the Navy (Navy) and Defense Logistics Agency to
take actions, subject to State of Hawai‘i Department of Health (DOH) and U.S. Environmental
Protection Agency (EPA) approval, to address fuel releases and implement infrastructure
improvements to protect human health and the environment.

To fulfill the requirements of the AOC Statement of Work, an environmental investigation and
groundwater flow and transport modeling are being conducted as described under the following
subsections within Sections 6 (Investigation and Remediation of Releases) and 7 (Groundwater
Protection and Evaluation) of the AOC Statement of Work:

* 6.2 Investigation and Remediation of Releases SOW

e 7.1.2 Groundwater Flow Model SOW

e 7.2.2 Contaminant Fate and Transport (CF&T) Model SOW

s 7.3.2 Groundwater Monitoring Well Network SOW
The current investigation is being conducted to evaluate risk to the underlying aquifer and to public
supply wells, and to support Sections 6 and 7 of the AOC Statement of Work. The findings of the
investigation are being used to prepare and support the following AOC Statement of Work reports:

» 6.3 Investigation and Remediation of Releases Report

* 6.5 Investigation and Remediation of Releases Decision Document and Implementation

e 7.1.3 Groundwater Flow Model Report

s 7.2.3 CF&T Model Report

» 7.3.3 Groundwater Monitoring Well Network Report

e 7.3.5 Groundwater Monitoring Well Network Decision Document and Implementation
Environmental investigations have been conducted at the Facility since 1998, and long-term
monitoring has been conducted since 2005. The groundwater monitoring well network at and
surrounding the Facility has continued to expand including the installation of two wells (RHMWO06
and RHMWOQ7) in 2014 following the Tank 5 release. The current investigation has included the

installation of four new wells (RHMWO08 through RHMW?11) since 2016 with current plans to install
additional new wells. Additional investigation activities have included various sampling and
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investigation activities to support evaluations of groundwater flow and the effects of pumping local
water supply wells on the flow field, natural source zone depletion, and natural attenuation.

The interim groundwater flow model has been developed to assist with evaluating flow and
migration from the water table beneath the Facility and to assess the source water zones of key water
supply wells. The objective of groundwater modeling is to help ascertain potential risk to water
supply wells as a result of a potential range of releases from the Facility under a range of reasonable
pumping conditions within the model domain. The interim model will continue to be developed into
the groundwater flow model that will be presented in the Groundwater Flow Model Report described
under Section 7.1.3 of the AOC Statement of Work, which is due in December 2018.

This appendix reports the interim groundwater flow model development and application. The interim
modeling effort is being used to assist with the following:

» Provide input to the interim environmental analysis.
» Inform decisions related to potential remedial alternatives and monitoring.

» Develop a final groundwater flow model and fate and transport models of potential release
scenarios and water supply pumping conditions to evaluate potential migration, attenuation,
and risk to water supply wells, all of which will be used to inform changes to the
Groundwater Protection Plan (DON 2014).

1.2 REVIEW OF MODELS

Several groundwater flow models have been developed that cover the area of interest. The most
updated of these models include a saltwater intrusion study by the U.S. Geological Survey (USGS)
(Oki 2005), and models developed for the Source Water Assessment Program by the DOH in 2004,
later modified by TEC, Inc. (TEC) in 2007.

This section reviews these models and the associated reports as pertinent to the current modeling
efforts and objectives within the current study area (which is generally within the model domain but
with more focus on the Red Hill area). These studies, including the simulations and sensitivity
analyses, contain significant information on the behavior of the hydrogeologic system. It is important
to build on the information obtained from the reported successes and to understand issues faced in
those studies.

1.2.1  SUTRA Model by USGS (Oki 2005)

A modeling study of the aquifer in the Pearl Harbor area was conducted by the USGS (Oki 2005) to
evaluate the impact of valley-fill barriers and of redistribution of groundwater withdrawals on water
levels and salinity in the aquifer. A density-dependent groundwater flow and solute transport model
was developed using a finite element code SUTRA (version 2D3D.1), which is appropriate for
evaluating saltwater intrusion in coastal systems. This section presents an evaluation of this model
and the associated report with a focus on the current modeling objectives and domain.

The Oki (2005) SUTRA model builds on a model by Gingerich and Voss (2005). The Gingerich and
Voss (2005) model did not represent details of hydrogeological features. A two-dimensional model
by Souza and Voss (1987) was used to initially parameterize the aquifer system.

The model by Gingerich and Voss (2005) was isotropic horizontally and was not calibrated. The
model indicated that the interface as computed by the Ghyben-Herzberg Principle was generally
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shallower than the 50 percent saltwater contour line with largest differences occurring at times of
highest pumping. The difference was attributed to pressure drop and to vertical flow components.
Fluctuations in the simulated interface position were small mainly because of low vertical hydraulic
conductivity (Kv) of the aquifer that dampened the pressure changes with depth.

Souza and Voss (1987) noted that only six parameters control the complex flow and saltwater
intrusion behavior of the system. These parameters include the Kh and Kv of the basalt aquifer,
hydraulic conductivity of the confining caprock layer, leakance below the caprock, specific yield,
and aquifer matrix compressibility.

1.2.11 AQUIFER PROPERTIES

The basalt aquifer in the area of interest was formed by gently dipping lava flows with a generally
high hydraulic conductivity due mainly to clinker zones, voids along contacts between lava flows,
cooling joints, and lava tubes associated with pahoehoe flows. The regional horizontal hydraulic
conductivity (Kh) value is large and ranges from hundreds to thousands of feet per day (ft/d),
resulting in relatively flat water table gradients.

Horizontal anisotropy (HANI) of the basalt aquifer can be large with the hydraulic conductivity
several times higher in the longitudinal direction of lava flows than in the perpendicular (transverse)
direction; the modeled estimate of longitudinal Kh was 4,500 ft/d, while transverse Kh was
1,500 ft/d. The Kv may be hundreds of times less than the Kh; the modeled estimates were around
7.5 ft/d. These values were also used by other researchers. Uniform properties for basalt were used to
calibrate the model.

There are a number of geologic controls to groundwater flow. Low-permeability valley-fill deposits
and weathered volcanic rock (saprolite) beneath the valley-fill deposits impede groundwater
movement and can create differences in groundwater levels on opposite sides of the valley. Nearer
the coast, the valleys may contain terrestrial sediments inter-fingered with marine sediments and
limestone units. Inland, above an altitude of around 30 feet, the base of the valley-fill material
typically consists of older alluvium that may be hundreds of feet thick in lower altitudes but non-
existent above altitudes of 400 to 600 feet.

In the Kalihi Stream Valley along the southeastern boundary of the current study area, the thickness
of valley-fill deposits likely exceeds 1,000 feet, forming an effective barrier to flow. A site beneath
Waiawa Stream Valley along the northwestern boundary of the current study area reportedly had
weathered basalt extending to depths of 50 to 100 feet below sea level. Valley-fill barriers and
underlying weathered basalt associated with Waimalu and North Halawa Streams within the current
study area may impede the flow of groundwater. Waimalu Stream Valley reportedly contains
sedimentary material and weathered basalt to depths greater than 200 feet below mean sea level
(msl), while North Halawa Stream Valley reportedly contains alluvial and colluvial material at
depths below sea level with weathered basalt extending even further below.

Older alluvium deposits in the valleys have a low hydraulic conductivity reportedly estimated at
between 0.013 ft/d to 1.08 ft/d (three samples), while alluvium without reference to weathering was
reportedly estimated to have a hydraulic conductivity ranging from 0.019 to 0.37 ft/d. Valley-fill
barriers were assigned an isotropic value for hydraulic conductivity of 0.058 ft/d in the Oki (2005)
model.

Weathering of the basalt was dominated by chemical processes that are enhanced by percolating
water in high rainfall areas and under streams where the saprolite (weathered basalt) thicknesses are
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greater. Weathered basalt hydraulic conductivity was reportedly estimated to be 0.083 ft/d to
0.128 ft/d, although higher values (283 ft/d) and lower values (0.0028 ft/d) were also reportedly
estimated that were attributed to variability in macro-porosity among samples.

Coastal sedimentary deposits and underlying weathered basalt form a confining unit called caprock
above the basalt aquifer. The caprock includes zones of low to high hydraulic conductivity; however,
the overall effect is that of a low hydraulic conductivity modeled at 0.15 ft/d by Souza and Voss
(1987). The Oki (2005) model simulates the caprock as an upper limestone (Kv and Kh values of
25 and 2,500 ft/d, respectively) and a low-permeability unit (isotropic hydraulic conductivity value
of 0.6 ft/d).

Porosity of the aquifer ranges from less than 5 percent associated with massive features, including
dense flows and a‘a cores, to more than 50 percent associated with clinker zones. Effective porosity
may be up to an order of magnitude less than the total porosity. The basalt (including clinker zones
and surrounding basalt) in the current study area had a modeled effective porosity of 0.04, the upper
limestone unit had an effective porosity of 0.2, and all other rock types had an effective porosity
value of 0.1.

Storage properties of the basalt aquifer are related to the porosity. The specific storage was computed
to range from 7.5x10°° ft™* to 7.8x10°® ft™* for effective porosity values ranging from 0.02 to 0.2.

1.2.1.2 GROUNDWATER FLOW

The main groundwater flow system in the basalt aquifer consists of a freshwater lens overlying
saltwater. Recharge to the freshwater lens system occurs due to infiltration of rainfall and inflow into
the area of interest from upstream areas.

Recharge was estimated using reported relationships between annual recharge and annual rainfall
depending on agricultural conditions. Maps of the area as presented by Oki (2005) indicate that there
is little if any cultivation within the current study area since the mid-1970s. Recharge for the
transient model was averaged over periods ranging from 5 to 20 years.

Freshwater discharge occurs as groundwater pumping, discharge to onshore springs, and diffuse
discharge through the caprock to Pearl Harbor and the ocean.

Groundwater pumping from the basalt aquifer increased through the 1970s and declined thereafter
following closure of sugarcane plantations. Withdrawal from the caprock was mainly from its upper
limestone unit and is currently used mainly for landscape and golf course irrigation or industrial
purposes.

The major Pearl Harbor Springs within the current study area include Kalauao Spring with Waiau-
Waimano Springs located just outside of the model domain. Main spring discharge occurs from areas
where the basalt is exposed or where there is a break in the land surface. Reported relationships
between spring discharge and water level measured at a Pearl Harbor well were used to quantify
discharge; there was a high correlation for Waiawa and Waimano-Waiau Springs and a reasonable
correlation for Kalauao Spring.

Diffuse seeps also occur where the caprock is thin.

The freshwater lens thickness is described by the Ghyben-Herzberg Principle as 40 times the water
table elevation at that location above msl, with the assumption that flow is horizontal. Flow is
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generally horizontal except for near springs or through the caprock where vertical flow components
exist.

The salinity of water withdrawn from wells in the area was expected to increase with depth,
proximity to the coast, and withdrawal rate, although exceptions to this generalization were reported.
Saltwater intrusion was a problem at older high-capacity irrigation wells because of the great depth
to which they were drilled and the high withdrawal rates.

The water table elevation is less than a few tens of feet above sea level in the upstream reaches of the
current study area. Nearer to the coastline, the shallow caprock wells indicate water levels close to
msl. The water table elevation increases inland within the basalt aquifer at a rate of about 1 foot per
mile with local variations due to springs or pumping wells.

Water levels fluctuated by as much as 5 feet seasonally during the peak cultivation period with a
long-term downward trend. However, reported seasonal fluctuations seem to be half that in the later
(1990-2000) timeframe with an apparent stabilization or even a slight increase noticed in the long-
term trend. Barometric pressures also affect water level measurements. On a weekly to annual time
scale, migratory low- or high-pressure systems can cause relatively large pressure variations (in
excess of 0.3 foot of water).

1.2.1.3 MODEL DETAILS

The model domain covers the current study area, with the southeast boundary lying approximately at
the same location as the current interim model domain’s southeast boundary. The model extends into
Pearl Harbor and into the ocean to sufficiently capture the saltwater flow dynamics.

The model was discretized into 56 rows, 72 columns, and 76 layers of nodes. The rows and columns
were deformed such that the elements are boundary-fitted to the simulation domain, while the layers
are stacked vertically. Variable grid spacing was provided for fine discretization in the upper part of
the aquifer and near areas of groundwater discharge. Figure 1.2.1 shows the simulation domain of
the SUTRA model in relation to the current study area.

The top of the model is at msl; therefore, the model is truncated below the water table that can be
tens of feet above msl. The overall aquifer transmissivity was noted to be underestimated by less
than 1 percent with this assumption.

The model extends to a depth of 5,906 feet below msl to include the saltwater system up to an
assumed aquifer bottom. Inflow of freshwater from lateral upgradient boundaries occurs between
altitudes of -3 feet and -984 feet with no-flow conditions further below.

Uniform aquifer properties were used in the model for each of the geologic units. This was done to
avoid creating an overly complex model that could not be justified based on existing information.
Equivalent properties at a grid-block scale, therefore, included anisotropy in all directions to account
for the complex local-scale geology. Numerical stability was enhanced by using multiple nodes to
simulate the horizontal well shafts and by creating high dispersivity zones near discharge zones in
the Pearl Harbor Springs.

The longitudinal hydraulic conductivity of the top layer of the model was extracted and is shown on
Figure 1.2.2. The simulated longitudinal Kh of basalt was 4,500 ft/d. The caprock was sub-divided
into an upper limestone unit with a simulated Kh of 2,500 ft/d, and a low-permeability caprock unit
with a hydraulic conductivity value of 0.6 ft/d within the current model domain. A band of the lower
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hydraulic conductivity was noted at the intersection of caprock and basalt in layer 1, in upland areas
of the caprock where the coastal upper limestone unit is absent. The upper limestone sub-unit of the
caprock extended to different depths and through different layers as derived based on existing
structural contours that were extrapolated to the east and in offshore areas.

Figures 1.2.3 and 1.2.4 show the simulated water table elevation at the end of the simulation (in
2000), as extracted from the base case model results for model layers 1 and 21, respectively. Model
layer 1 simulated caprock nearer to the coast and basalt in upland regions of the model. Model layer
21 simulated basalt within the current model domain in upland regions and underlying caprock
nearer to the coast. The simulated water levels are at msl near the coastline within the caprock and
deeper in the basalt. As shown on Figure 1.2.3, the simulated water levels in caprock rise up to about
4 feet within the upper limestone sub-unit. Water levels then rapidly increase within the lower-
permeability unit band due to the higher resistance simulated therein. Water levels are as high as
15 to 20 feet just upstream of this lower hydraulic conductivity band in the basalt regions of the
model. Water levels increase more gradually further inland within the basalt aquifer where it is
unconfined. Higher water levels were also simulated in the North Halawa Valley fill sediments,
resulting from additional mounding of recharge within the lower hydraulic conductivity valley-fill
material.

Water levels in basalt confined beneath the caprock (Figure 1.2.4) increase rapidly from the coastline
where the basalt is confined. Where the basalt is unconfined, the water level gradients are similar to
those simulated in layer 1 (Figure 1.2.3) and are about 1 foot lower.

Figure 1.2.5 shows the simulated elevation of the saltwater interface (50 percent salinity contour)
within the current study area at the end of the simulation (in 2000), as extracted from the base case
model results. The saltwater interface elevation is similar to that obtained by the Ghyben-Herzberg
Principle in the Red Hill area and along the northeastern boundary of the study area. The calculated
interface depth decreases rapidly within the caprock nearer the shoreline and surfaces at the
coastline.

Sensitivity to valley-fill barriers was reported to be about a few tenths of a foot difference in water
levels within the current study area when the barriers were deepened or when the barriers were
absent as compared to the base case simulation.

Sensitivity of saltwater intrusion to reducing pumping in Halawa Shaft by 5.66 million gallons per
day (mgd) and increasing pumping in Pearl City 111 well by the same amount indicated a change in
the interface elevation of less than 15 feet under both these locations. For the case of moving the
Halawa Shaft pumping to well Kunia 111 (2401-04), the 50 percent salinity depth change was less
than 10 feet at Halawa Shaft.

Sensitivity of saltwater intrusion to reducing pumping in Halawa Shaft by 5.66 mgd with and
without valley-fill barriers indicated that the saltwater intrusion impact due to pumping changes in
Halawa Shaft is larger when there is no valley-fill barrier than when the simulation included or
deepened the valley-fill barrier.

1.21.4 CONCLUSIONS RELEVANT TO INTERIM MODEL

The following points highlight the system behavior as reported by Oki (2005):

» The document provides ranges of parameter values appropriate for the site:
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— The regional Kh value is large, resulting in relatively flat water table gradients.

— The hydraulic conductivity is several times higher in the longitudinal direction of lava
flows than in the perpendicular (transverse) direction.

— The Kv may be hundreds of times less than the Kh.

Water levels in caprock and basalt are close to msl in offshore areas. Where the basalt is not
overlain by caprock, the water table elevation increases inland at a rate of about 1 foot per
mile with local variations due to springs or pumping wells.

The saltwater interface, as represented by the 50 percent seawater concentration, was
simulated to be approximately at the ocean shoreline. The interface depth increased rapidly
further inland, within the caprock, and where basalt is confined. The interface depth was
850to 900 feet in the Red Hill area, which is consistent with estimates using the
Ghyben-Herzberg Principle.

Truncating the aquifer below the water table had a negligible impact on transmissivity.
Therefore, transmissivity of freshwater is not sensitive to freshwater depth under Red Hill.
Pumping changes of mgd move the saltwater interface depth by less than 15 feet, which
also has a similar negligible impact on the freshwater transmissivity.

Valley fill and underlying weathered basalt form low hydraulic conductivity barriers that
control flow and water levels across the barrier:

— The bottom of the alluvium filling Halawa Stream Valley was estimated by Izuka (1992)
to be near sea level at a channel altitude of about 150 feet. Weathered basalt was
assumed to extend 200 feet beneath the alluvium and maintained at that elevation in
downstream areas up to where the contact with caprock was also at 200 feet below sea
level.

— The bottom of the Waimalu valley-fill barrier was estimated based on well logs to
extend to about 330 feet below sea level just upstream of Pearl Harbor. The barrier
bottom was extrapolated further upstream with a 3 percent slope up to where the barrier
bottom was at sea level.

— In the Kalihi Stream Valley along the southeastern boundary of the study area, the
thickness of valley-fill deposits likely exceeds 1,000 feet, forming an effective barrier to
flow.

Seasonal water level fluctuations were about 2.5 feet after 2000. Water level errors as large
as 0.3 foot can occur due to barometric fluctuations within a matter of a week.

A uniform material property value for each of the geologic units was adequate to calibrate
the model to water levels and chlorides measured at select wells.

Calibration was not sensitive to presence/absence or deepening of the valley-fill barriers.
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1.2.2 TEC Groundwater Flow Model (TEC 2007; Rotzoll 2014)

A modeling study of the area around Red Hill was conducted by TEC (TEC 2007, 2010) for a flow
and transport assessment to evaluate current and potential future risk to human health associated with
petroleum compounds from past or future releases to the environment. This model generally overlies
the current study area and was designed for similar objectives.

The model was developed in two stages. First, the regional island-wide model of O‘ahu’s Source
Water Assessment Program was modified to represent the more recent period from 1996-2005 by
updating land use, recharge, pumping rates, and observed water levels. The model was then used to
provide boundary conditions to a local-scale model of Red Hill and adjacent areas. Figure 1.2.6
shows the domains of the TEC models and of the current model.

1.2.2.1 AQUIFER PROPERTIES

The aquifer descriptions provided here are similar to those presented by the USGS (Oki 2005),
which are discussed in Section 1.2.1. Additional specific discussions pertinent to the current study
include site-specific issues that were not of concern in the USGS saltwater intrusion study.

Streams on O‘ahu have generally short reaches with steep gradients, causing high peak flows and
little base flow. Streambed elevations are generally higher than the water table in the basalt aquifer
except nearer to the coast. North Halawa Stream flows over deeply weathered rock and reportedly
loses water to a perched system formed by underlying alluvium. This mounding was noted in the
SUTRA model heads in layer 1 (Figure 1.2.3).

1.2.2.2 GROUNDWATER FLOW

Discussions of groundwater flow are similar to those presented by the USGS (Oki 2005), which are
provided in Section 1.2.1. Additional details included herein pertain to the specific objectives of the
TEC (2007) study.

There was not much fluctuation of water levels between 1996 and 2005, and therefore, the average
was a good representation of the simulated time period. However, modeled pumping rates were far
below the allocated pumping rates.

1.2.2.3 MODEL DETAILS

There were two models created by TEC (2007): the regional island-wide model and the small-scale
local model.

The regional model had a grid size that varied from 150 feet in the region of Red Hill to 1,000 feet in
the outer regions of the model. The model consisted of two numerical layers.

The regional model indicated a good match with observed conditions; misfit between observed and
simulated water levels was attributed partially to small-scale heterogeneity not represented in the
coarse model, and to inconsistent water level measurements as compared to the conceptualized
hydraulic gradient.

The regional model treated the valley fill using the hydraulic flow barrier conditions available in
MODFLOW. The local model simulated the valley fill explicitly in the five major valleys in the area
(Waimalu, North Halawa, South Halawa, Moanalua, and Kalihi Valleys).
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The local model had a grid size that varied from 30 feet in the region of Red Hill to 600 feet in the
outer regions of the model. The model consisted of seven numerical layers.

Calibrated hydraulic parameters for the local model were similar to those of the USGS model by Oki
(2005). However, the caprock was simulated as a homogeneous unit sub-divided into the marine
limestone unit and upper alluvial sediments. Basalt hydraulic conductivities were 4,428 ft/d,
1,476 ft/d, and 7.4 ft/d for the longitudinal horizontal, transverse horizontal, and vertical directions,
respectively. Isotropic hydraulic conductivity values were assigned to the valley fill and caprock at
0.066 ft/d and 115 ft/d, respectively.

Cross sections of the valley topography were analyzed to evaluate the depth of incision of the valley
fill for the local model. The predicted bottom of the valley fill was consistent with reported borehole
observations including the low-permeability weathered basalt.

Sensitivity analyses of the hydraulic conductivity of the valley fill indicated little difference in the
water table except for right beneath the valley. Increasing the conductivity removed the elevated
water table that was otherwise noted within the valley fill.

A transient calibration was also conducted with the local model for synoptic water level studies
conducted between May 10 and June 1, 2006. The simulation was conducted for a period of 17 days.
Pumping at Red Hill Shaft (RHS) (Navy well 2254-01) was varied in a controlled manner, and
resulting water level responses were noted at several surrounding wells (reproduced on Figure 1.2.7).

Figures 1.2.8 through 1.2.11 reproduce the pumping rate at RHS, and simulated and observed water
level signals at the observation wells as shown on Figure 1.2.7. The calibration is noted to be good
for all wells except for RHS where simulated responses were more muted than observed. This was
because RHS is also a pumping well, while the simulated water level was for the groundwater grid-
block that contains the simulated well. The simulated response at the Halawa wells (Figure 1.2.10)
was noted to be larger than observed, indicating a larger effective simulated connectivity between
RHS and these wells than indicated by the observations. Deepening the valley fill and including one
extra layer for low-permeability weathered basalt were expected to improve the fit of observed
drawdown from the Red Hill pumping response on the other side of the valley fill for North Halawa
Valley.

Capture zones created from the calibrated steady-state simulation indicated that capture at the
Halawa Shaft was not intersecting Red Hill and that capture at the RHS was from beneath the fuel
storage facility for pumping of average and maximum conditions over the 10-year time period.

In 2014, Rotzoll used the model to further evaluate the impact of flow in the aquifer resulting from a
simulated shutdown of the Navy RHS pumping (Rotzoll 2014). Capture zones developed for this
simulation also indicated that capture at the Halawa Shaft was not intersecting the Facility footprint.
Figure 1.2.12 shows the 10-year capture zones computed by the TEC (2007) simulation with RHS
on, and by the Rotzoll (2014) simulation with RHS off.

Rotzoll (2014) recommended updating the groundwater flow model with current and updated
information to achieve a higher degree of certainty. Rotzoll (2014) also recommended improving the
subsurface geology representation to better simulate the lower connectivity between RHS and the
Halawa observation wells shown on Figures 1.2.7 through 1.2.11.
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1224 CONCLUSIONS RELEVANT TO INTERIM MODEL
The following points highlight the system behavior as modeled by TEC (2007) and Rotzoll (2014):

» There was not much change in water levels between 1995 and 2005.

» Calibrated hydraulic parameter values for the local model are similar to those of other
models including the OKki (2005) model discussed Section 1.2.1. Caprock was simulated as
one homogeneous unit.

» Sensitivity to hydraulic conductivity of valley fill showed little impact to water levels except
immediately within the valley fill.

» A transient simulation to a controlled pumping with synoptic water level measurement study
in 2006 indicated that the simulated valley fill material of North Halawa Valley had a greater
connectivity than was observed. Thus, the model was more conservative in that direction
than was observed for the given flow conditions.

» Particle capture simulations indicated that the Facility was within the capture zone of RHS
and that the Halawa Shaft capture zone did not extend to the Facility with or without
pumping of the RHS.

1.2.3 Navy (2007) Final Technical Report

The Navy (2007) final technical report included details of site characterization activities as well as
modeling studies and risk assessments conducted by TEC with regards to the Facility. This section
presents elements of the study that are significant to understand the site and develop a model.

Soils in the vicinity of the Facility generally consist of clays and clayey gravels to a depth of 10 feet
below ground surface. Alternating layers of clay and fractured basalts were encountered beneath the
surface soils. The western slope of Halawa Valley is generally barren of soil and consists of
outcropping basalt lava flows to the valley floor.

Valleys approaching 600 meters in depth were cut into the basalt during the volcanic quiet period.
Sediments consisting of silt and sand accumulated in the valley floors. Pahoehoe and a‘a lava flows
are present. Pahoehoe lava is characterized by relatively thin-bedded basalt flows, while a‘a lava is
jagged, blocky, and contains clinker beds that are more permeable than the rest of the basalt. The a‘a
lava may act as a localized confining layer that is generally limited in extent.

An aquifer test conducted in 2006 is also presented. The test was used to calibrate the localized
groundwater flow model. RHS was first completely turned off for the period of a week followed by
pumping rates that alternated between [l mod. Halawa Shaft and Moanalua wells maintained
their regular pumping patterns. Wells in Red Hill, Halawa, and Moanalua Valleys were monitored to
note the aquifer test response.

Groundwater gradients computed using data from wells RHMWO02, RHMWO03, and RHMW04
during the aquifer test indicated varying gradients and directions for different pumping conditions of
RHS. When the pump was cycling, the gradient ranged from 0.00046 foot per foot (ft/ft) to 0.00054
ft/ft with an angle of 204 to 245 degrees. Thus, the hydraulic gradient between these wells was
southwestward when RHS was pumping and southward when the well was turned off.

The current groundwater risk was evaluated at the RHS. No petroleum compounds were observed in

samples from this well. RHMWO01 and RHMWO03 exceeded their respective DOH drinking water
Environmental Action Levels, but contaminants were naturally degraded to below detectable levels
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before entering RHS. The fate and transport simulations indicated that a Jet Propellant 5 light non-
aqueous-phase liquid plume would need to extend to within 1,099 feet from RHS for benzene to
exceed Federal Maximum Contaminant Levels and DOH Environmental Action Levels. It was
estimated that a release of 16,000 gallons from the Facility could cause this exceedance at RHS
within 5 to 6 years of such a release.

1.2.3.1 CONCLUSIONS RELEVANT TO INTERIM MODEL

The following points highlight the system behavior as discussed by the Navy (2007):

» The groundwater conditions in the basalt are mainly unconfined in the Red Hill area.
» Valleys in the basalt are filled with low hydraulic conductivity sediments.

» The local groundwater gradient direction under the Facility was southwestward when RHS
was pumping.

» The local groundwater gradient direction under the Facility was southward when RHS was
off.

124 TEC (2010) Re-evaluation Letter Report

In 2010, TEC re-evaluated the groundwater gradients and directions from the 2006 aquifer test study.
A resurvey of well casing elevations was performed to more accurately evaluate groundwater
elevations. Also, the gradient calculations were performed using wells RHMWO02, RHMWO03,
RHMWO04, and OWDFMWO01 (OWDFMWO01 replaced RHS in the analysis). Results indicated a
consistent water level gradient direction of 270 degrees (i.e., from east to west) as compared with the
varying directions evaluated in the 2007 analysis. Water level gradients vary from 0.00015 ft/ft to
0.000089 ft/ft (i.e., a foot drop in 1.2 to 2.1 miles).

A contouring approach was also presented using a larger set of wells (seven wells total) with more
regional coverage including wells in the Moanalua Valley. Results from contouring indicated a west-
northwest regional flow component with a local southwest flow component at Red Hill when RHS
was pumping at normal [JJj mgd) or maximum (fj mad) capacity.

1.24.1 CONCLUSIONS RELEVANT TO INTERIM MODEL

The following points highlight the system behavior as modeled by TEC (2010):

» Using the EPA gradient calculator, the local water level gradient direction under the Facility
is to the west.

» A contouring approach with wells in Moanalua Valley indicated regional water level
gradient directions in the vicinity of the Facility to the west-northwest with a local southwest
direction when RHS was pumping.

1.25 Souza and Voss (1987)

The basalt aquifer in the region of interest is composed of thin lava flow layers that are a meter to
several meters thick and tens to hundreds of meters wide, dipping about 5 to 10 degrees from the
upland recharge areas to the ocean. The basalt outcrops along the sea bottom more than
40 kilometers offshore. The overlapping basalt layers, laid down by a single geological process, are
generally undisturbed aside from some compaction. Therefore, the aquifer is fairly homogeneous on
a regional scale.
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Groundwater discharge occurs at a line of springs at the boundary of the basalt and caprock near the
perimeter of Pearl Harbor and at pumping centers. Some diffuse discharge occurs through the
caprock though the quantity is likely small.

A cross sectional model was developed in the north-northeast by south-southwest direction through
Pearl Harbor.

Modeling results were insensitive to the recharge distribution along the inflow boundary, and water
recharged at greater or lesser depth rose or dove to an even distribution within the freshwater lens in
a short horizontal distance.

Simple distributions and single parameter values gave good model matches to field data. Only six
parameters were identified that control the complex hydraulic and chloride behavior. The steady-
state behavior was controlled by Kh and Kv of the basalt aquifer, hydraulic conductivity of the
confining caprock layer, and leakance below the caprock. The transient behavior of the system was
controlled by the specific yield, the specific storativity, and the horizontal to vertical anisotropy of
the basalt.

Porosity was estimated to be less than 5 percent in dense lava flows and up to 50 percent in clinker
zones. Average bulk porosity was measured at about 26 percent. The simulations assumed that the
total volumetric porosity, the effective porosity, and the specific yield were the same.

The hydraulic conductivity of the lateral seaward boundary beneath the caprock controlled system
behavior at a long-time scale (1880 to 1980) but did not impact short-term transient behavior lasting
a few months or less, nor the steady-state behavior of the system.

The simulated 50 percent chloride value was generally about 75 meters shallower after 78 years of
pumping in the 1880-1980 time-period simulation.

Seasonal variations in pumping due to high agricultural demand in summer months caused the
consistent yearly variations in water levels.
1.25.1 CONCLUSIONS RELEVANT TO INTERIM MODEL
The following points highlight the system behavior as described and modeled by Souza and Voss
(1987):
» The basalt aquifer is fairly homogeneous on a regional scale. The beds dip at an angle of 5 to
10 degrees and can be several meters thick to hundreds of meters wide.

e Groundwater discharge occurs due to pumping at Pearl Harbor Springs. Diffuse discharge
through the caprock was expected to be small.

» Only six parameters control the complex flow and saltwater intrusion behavior (the Kh and
Kv of the basalt aquifer, hydraulic conductivity of the confining caprock layer, leakance
below the caprock, specific yield, and aquifer matrix compressibility). Simple parameter
values gave good matches to field data.
1.2.6 Nichols, Shade, and Hunt (1996)

Nichols, Shade, and Hunt (1996) provide an analysis of groundwater flow in southern O‘ahu.
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Mean annual precipitation was approximately apportioned as 40 percent groundwater recharge,
16 percent runoff, and 44 percent evapotranspiration. Precipitation varies areally with steep
orographic gradients ranging from about 275 inches/year near the crest of the Ko‘olau Range to less
than 25 inches/year over the southwestern lowlands.

Streamflow is flashy with high flood peaks and little baseflow. Streams are perennial at high
altitudes where rainfall is persistent or near sea level where they intercept shallow groundwater.

Hydraulic conductivity of the basalt has been evaluated from aquifer tests at various field scales.
Aquifer thickness is not well known and impacts the estimates of hydraulic conductivity. A small
range of hydraulic conductivity values has been applied to groundwater models on O“ahu.

Figure 30 of the report by Nichols, Shade, and Hunt (1996) indicates that 23 mgd of inflow occurs
along the northeast boundary of the current study area.

2. Numerical Groundwater Flow Model

The objectives of developing a model for groundwater flow and transport are to evaluate the
migration pathways of groundwater from beneath the Facility and the source water zones of public
supply wells in the region to evaluate potential risk. This section provides an overview of the model
and serves as a guide to the rest of this appendix.

A model is any calculation or quantitative interpretation of the behavior of a natural system. In that
regard, simple tables or spreadsheets (analytical solutions) that consider the general site
hydrogeological behavior of a system are considered models. Tiered approaches to modeling and
decision making, in fact, start by examining the overarching behavior with details and complexity
appropriately included, by considering objectives and available site information. The model
developed here has far greater complexity and detail than offered by simple analytical solutions and
is considered appropriate and adequate to address the objectives of concern at the intended
resolution.

21 SCALES OF DISCUSSION

The modeling objectives, geologic variability, and simulation results are evaluated at various spatial
scales during data assimilation, model conceptualization, numerical model development, and
reporting. These scales are subjective, typically depending on domain size and modeling objectives.

For this study, a domain-wide scale encompasses the entire modeled area depicted on Figure 1.1.1
and includes portions (about a couple of miles) outside of the model domain to evaluate possible
boundary conditions and impacts.

The regional scale at the Facility is defined as the area encompassing Red Hill, and including a
couple of valleys on either side; past Moanalua Stream to the southeast, and past North Halawa
Stream to the northwest. This is the scale of interest for major objectives of the flow model
evaluation, specifically to determine migration pathways from the water table underneath the
Facility, and to estimate the source water zones of the significant water supply wells/shafts in the
area. The closest significant water supply withdrawals to the Facility are the RHS to the southwest,
the Halawa Shaft (Well 2354-01) to the northwest, and the Moanalua Wells (2153-10, -11, and -12)
to the southeast of the Facility.

A-13



WN -

36

37
38
39
40
41

July 27, 2018 Groundwater Protection and Evaluation Considerations for the Appendix A:
Revision 00 Red Hill Bulk Fuel Storage Facility, JBPHH, O‘ahu, HI Interim Model

The local scale at the Facility is defined as the Facility outline itself. This is about 1.5 miles down
the spine of Red Hill Ridge and encompasses the area beneath the tanks and RHS. This scale is the
most studied, with the densest data availability with regards to geology and water levels.

The grid-block scale is the size of a couple of grid-blocks used to discretize the numerical model; the
numerical groundwater flow model discretizes the three-dimensional model domain into grid-blocks
or cells that represent the respective volumes in the groundwater flow calculations. Model
discretization is typically finer in areas where a greater resolution is required at the grid-block scale.
Greater resolution is required typically to capture steep water level gradients, in locations of high
variability in modeled stresses or parameters, or around regions of interest. Model gridding is
discussed later in the report; however, grid-block sizes range from 30 to 500 feet in the current study.

The scale of the well/water supply shaft is modeled explicitly in the current study. The
MODFLOW-USG code selected for the modeling effort accommodates well representations using
the Connected Linear Network (CLN) Package. A water supply well is represented as a vertical
cylindrical conduit extending from the screened-interval top, to the screened-interval bottom, and
encompasses all numerical model layers in between. This conduit is a distinct numerical cell that
interacts with the surrounding groundwater model cells using analytical well-drawdown solutions to
calculate flows and water levels within pumping wells that interact with the groundwater. Water
supply shafts are represented by horizontal cylindrical conduits with known bottom elevation, length,
and radius. This scale is therefore explicitly represented by use of the MODFLOW-USG CLN
package and does not pose additional discretization concerns.

The sub-grid-block scale is smaller than a numerical grid-block size. In numerical modeling,
heterogeneities that occur at a sub-grid-block scale are represented by use of equivalent material
properties at the grid-block scale. Associated sub-grid-block scale processes are averaged at the grid-
block scale, or may be conceptualized as additional components of the mathematical formulation.
For instance, sub-grid-block scale heterogeneity is quantified for flow simulations using grid-block
scale anisotropy such that equivalent hydraulic conductivity parameters represent the significant
characteristics of flow in each direction. Particle tracking or solute transport simulations account for
sub-grid-block scale heterogeneities using the primary porosity to evaluate migration. Solute
transport evaluations include additional terms for sub-grid-block scale processes including a
retardation term to quantify solute adsorption onto soil within the primary porosity zones, and matrix
diffusion to account for solute retention within lower-permeability sediments.

Even though anticipated solute transport simulations require evaluations at the regional scale, there
will be considerations at all scales. Heterogeneity at the local scale affects physical dispersion.
Discretization at the grid-block scale affects numerical dispersion. Matrix diffusion processes that
occur at the sub-grid-block scale will be represented via a dual-porosity transport conceptualization.

2.2 SUMMARY OF FLOW MODEL CONCEPTUALIZATION

An evaluation of the conceptual site model (CSM) in view of the modeling objectives provides the
framework for developing the numerical flow model. A review of previous modeling efforts also
provides guidance on model construction and expected hydrogeologic behavior. The CSM report
details its development from geological and geophysical data and hydrogeological information, and
Section 1.2 provides a summary of pertinent information from previous modeling efforts.

A-14



oo ~NoohwWwN B

21
22
23
24
25

26

27
28
29

30
31
32
33
34
35

36
37
38
39
40
41

July 27, 2018 Groundwater Protection and Evaluation Considerations for the Appendix A:
Revision 00 Red Hill Bulk Fuel Storage Facility, JBPHH, O‘ahu, HI Interim Model

221 Geologic CSM

The major subsurface geologic features within the model domain include a deep basalt aquifer that
was formed by a long period of lava flows over hundreds of thousands of years ago. The lava flows
had a general south-southwest orientation within the model domain. At the regional scale, the basalt
aquifer behaves as a fairly homogeneous system with a higher hydraulic conductivity (by several
times) in the direction of lava flows than in the transverse direction. Kv can be orders of magnitude
lower. At the local scale at Red Hill, variability has been noted in geologic and water level data
indicating presence of highly transmissive localized clinker zones that may impact flow. Clinker
zones are known to be a few feet to tens of feet in height, tens to hundreds of feet in width, and
thousands or tens of thousands of feet in length. Localized lava tubes may also cause sub-grid-block
scale transmissive pathways; however, their density and cross sectional area are spatially infrequent
and small relative to the model grid blocks.

Stream valleys formed within the basalt over thousands of subsequent years. Alluvial and marine
deposits accumulated in the stream valleys comprising a lower hydraulic conductivity (compared to
the basalt valley-fill material). Chemical weathering of the basalt beneath the valley fill, resulting
from percolating water underneath the streams, produced a low-permeability saprolite material that
can extend hundreds of feet beneath the water table. The saprolite is differentially weathered with
less weathering at depth. The low hydraulic conductivity of these materials in comparison to the
basalt, however, cause them to behave as hydrogeologic flow barriers with higher flow likely to
occur beneath them than through them.

Further toward the coast, there exists a caprock layer that thickens seaward and is comprised of
terrestrial alluvium, marine sediments, calcareous reef deposits, and pyroclastic rocks of the
Honolulu Volcanics that have significantly lower permeability than the basalt. This caprock layer
forms a confining unit over the basalt aquifer. Interbedded limestone aquifer units are present within
the caprock toward the coast.

2.2.2 Hydrogeologic CSM

Hydrogeologic data is explored in Section 3. Information from previous modeling efforts
summarized in Section 1.2 is also pertinent to understanding the hydrogeologic behavior of the
modeled system.

Freshwater generally flows within the basalt from the mountains toward the sea. The basalt aquifer is
several thousand feet thick with freshwater floating on top of the denser saltwater for depths of up to
hundreds of feet within the model area. The depth of freshwater was estimated via simplified
hydrogeologic conditions and evaluated against previous modeling efforts. The freshwater/saltwater
interface becomes rapidly shallower within the caprock and exits the subsurface slightly offshore
from the coastline to the south.

Inflow of freshwater occurs mostly as a result of recharge of precipitation over the model domain
and lateral subsurface inflow from the dike-intruded area to the northeast. The water table within the
upper reaches of the basalt aquifer, and locally at Red Hill, is fairly flat resulting from the high
longitudinal hydraulic conductivity of basalt. Water levels are generally in the 15- to 20-foot range in
this area. However, recharge mounding or perching has been noted on the lower hydraulic
conductivity valley fill or in underlying saprolite material.
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Freshwater is confined within the basalt underneath the caprock as it flows toward the sea. Outflow
of freshwater occurs as a result of pumping from wells and shafts within the basalt, at springs at the
caprock/basalt interface, and as diffuse discharge through the caprock to Pearl Harbor and the ocean.

The localized limestone aquifer within the caprock is not generally pumped in any substantial
manner. Water levels within this unit are pretty flat, generally 1 to 5 feet and rarely rising to within
10 feet of sea level.

2.3 NUMERICAL MODEL FRAMEWORK

The CSM provides an understanding of the hydrogeological system under study, considering the
available geologic and hydrogeologic information. The following pertinent information was
examined and detailed by the CSM:

» The geologic structure, hydrogeologic properties, and heterogeneity were described at
various scales.

» Water flow patterns and temporal water level behavior were established from various wells,
and the density of this information was evaluated.

» Recharge patterns were established considering precipitation trends, estimated recharge
distribution, land cover, and topography.

» Discharge patterns were estimated from pumping records, spring-flux observations, and
water balance calculations.

The numerical model is an implementation of these CSM elements into a physically based, mass
balance framework. The groundwater flow equations provide a physically based, spatially distributed
representation of how groundwater behaves under natural and anthropogenic stresses. The numerical
model, therefore, further simplifies the CSM to implement significant elements that affect modeling
objectives.

The numerical groundwater flow model discretizes a three-dimensional model domain into grid-
blocks or cells that represent the respective volumes in the groundwater flow calculations. Areal
discretization is governed by considerations of required resolution. Model layering also considers
stratigraphic and hydrogeologic influences. Sections 4.1 and 4.2 provide details about model
discretization.

A model grid was first constructed to represent the subsurface geological conditions. The geologic
CSM was then translated onto the numerical grid such that the effective cell properties are
representative of the aggregate of the rock that is contained within the cell volume. Anisotropic
properties allow for flow conditions to be different in the lateral, transverse, and vertical directions to
consider impacts of sub-grid-block scale heterogeneity. Large anisotropy also represents the impact
of thin clinker beds in the basalt that are generally oriented in the direction of lava flow. Water flow
and migration were modeled to occur only within the primary porosities such as the clinker bed
portions of the grid-block. Section 4.3 provides a discussion of model parameterization.

Calibration and verification metrics and targets for the intended objectives were also established. The
model was then calibrated and evaluated against the various qualitative and quantitative metrics
pertinent to the study. The impact of errors and assumptions of the model were also evaluated in
terms of whether the model behavior was consistent, conservative, or unduly protective in relation to
site conditions and objectives. Section 5 details the model calibration effort.
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The model was applied to evaluate the migration of groundwater from beneath the Facility under
various regional pumping conditions. Extreme conditions were evaluated to provide conservative
evaluations. Specifically, water migration and source zones of supply wells/shafts were evaluated for
when RHS pumps at average conditions with Halawa Shaft and Moanalua Wells pumping at
maximum levels. Migration and source zone evaluations were also conducted for maximum pumping
conditions at Halawa Shaft and Moanalua Wells, with zero pumping at RHS.

Sensitivity  analyses  were  conducted to evaluate the impact of parameter
uncertainty/error/simplifications on model calibration as well as on particle migration and capture.
Sensitivity analyses were performed on parameter value bounds, conceptual uncertainties, and
boundary stresses. Thus, multiple model predictions provided a range of outcomes considering the
range of uncertainty in model parameters or stresses. Section 6 details the model application effort.

All aspects of model development and application for the current modeling effort have been guided
by the modeling objectives stated in Voss (2011) as follows: *“...the best way to go forward with
practical management is to rise above groundwater models as final products, and instead, empower
hydrologists to provide advice by using groundwater models in simple ways that are intended to
elucidate understanding.” Therefore, the model is considered as a tool for decision making and is
useful if it can provide meaningful interpretations of flow behavior and an understanding of observed
conditions in the region of interest pertaining to the modeling objectives. With an understanding of
the cause-and-effect impacts, the model may be used to establish effects of various parameter ranges
or model conceptualizations. Model complexity of the current effort was appropriate to provide this
understanding.

The current modeling effort has been conducted within a regulatory framework. Therefore, the
analyses were conducted in a conservative manner to err on the side of caution. Simplifications of
the CSM in the numerical framework reflect reasonably conservative assumptions considering
modeling objectives and available data. Model calibration was also biased toward conservative
representations of the hydrogeology where possible. Alternate conceptualizations and
parameterizations were explored to evaluate the impact of uncertainty and error. Even model
application evaluated the impacts of extreme cases that are not consistent with current operations or
even possible without infrastructure changes. Model calibration, application, parameter ranges, and
alternate conceptualizations were evaluated with consideration of input from a technical
Groundwater Modeling Working Group (GWMWG) that included experts representing regulators
and stakeholders.

There have been several lessons learned from the interim model. Also, there has been additional data
collected and information obtained to refine the CSM in critical areas. This understanding and new
information will be implemented into a refinement of the interim model to develop the final flow
model, which will be further used to evaluate solute fate and migration. The stepwise (or tiered)
modeling approach gives the flexibility to evaluate and add complexity appropriately while still
establishing and conducting conservative analyses for decision making within a regulatory
framework.

2.4 NUMERICAL MODEL CODE SELECTION

Several criteria were considered in selection of the groundwater modeling software. First and
foremost, the software should be capable of simulating project objectives and handling site-related
complexities. The modeling code should also be robust to handle extreme parameter values that may
be used to examine model sensitivity or extreme stresses that may be simulated to evaluate solute
migration or influence zones of wells under dire conditions; a robust simulator allows focus on
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hydrogeology and calibration, and enables an understanding of model behavior rather than
evaluating/correcting for convergence or dry cell issues. Furthermore, the code should be efficient to
enable multiple simulations within a reasonable time period as required for model calibration and
application. Finally, the model should be easy to access, develop, and process; a graphical user
interface that works with the model code greatly facilitates input and output of complex spatial and
temporal information.

The MODFLOW-USG groundwater modeling code (S. Panday et al. 2013) was selected to develop
the numerical groundwater flow model. MODFLOW-USG is an open-source, public domain
groundwater flow modeling code that was released by the USGS in 2013 to accommodate the
flexibility of unstructured grids. The code has the ability to meet all simulation objectives and the
capability to accommodate the CSM. The upstream weighting formulation with Newton Raphson
linearization provides robustness available in the MODFLOW-NWT (Niswonger, Panday, and
Ibaraki 2011) version of the MODFLOW suite of codes. Unstructured grids accommodate nested
grids and quad-tree grid-block refinement, providing resolution only where required for optimal
simulation efficiency. A public domain particle tracking routine for MODFLOW-USG available
from SSPA (2014) was used to evaluate migration pathways or source water zones for public supply
wells/shafts via forward and reverse particle tracking. Transport simulation capabilities are
accommodated by USG-Transport (Sorab Panday 2017), which is also available as an open-source,
public domain software from the GSI Environmental website. The software is further interfaced with
the PEST Parameter Estimation software (PEST) (Doherty 2015), which was used to assist with
model calibration. MODFLOW-USG is also interfaced with several commercial Graphical User
Interfaces (GUISs) including the U.S. Army Corps of Engineers’ Groundwater Modeling System
(GMS). The GMS graphical user interface was used for model construction and evaluation for this
work and allows for easy switching between different numerical model grids or between different
simulators as needed.

2.5 SELECTION OF MODEL CALIBRATION TIME PERIODS FOR EVALUATING STEADY-STATE
AND TRANSIENT MODEL BEHAVIOR

The model was developed and calibrated against water level and flow data from different time
periods to constrain the system using different datasets for different hydrologic conditions. All
available data in the domain was implemented into the calibration strategy. However, data earlier
than 1999 were not considered because this earlier data represent a hydrologic system under
conditions that were different from the current state of the aquifer.

The model was first calibrated for steady-state annual average conditions. Three different time
periods (2006, 2015, and 2017) were selected to evaluate different hydrologic conditions. These
years also coincide with aquifer test studies conducted in the region.

The model was next evaluated against transient data obtained during synoptic pumping and water
level measurement studies conducted in the region. These studies evaluated the change in water
levels at monitoring wells resulting from a change in pumping at one or more of the key water
supply wells in the region. In effect, the synoptic studies were multi-well aquifer tests. This
information is valuable in constraining the model because it establishes the hydraulic connectivity
between monitoring and pumping wells. If water levels in a well respond significantly to pumping,
then there is sufficient connectivity between the pumping and observation well (i.e., high
transmissivity and/or low storage properties of the aquifer). However, if the response is weak or
muted, the connectivity is low resulting from a lower effective hydraulic conductivity between the
pumping and observation well.
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The synoptic water level studies were conducted in May 2006, September 2015, and November—
December 2017 (ongoing). To evaluate the response for different conditions, the synoptic studies of
2006 and 2015 were evaluated using the model. Transient simulations were initiated using the
steady-state simulated water levels for that year. The 2017 synoptic water level study was not
evaluated as part of the interim modeling effort because data for this study were not available in time
to be implemented into the current modeling effort.

3. Hydrogeologic Data Assimilation

Hydrogeologic data within the domain was evaluated to understand what information was available
and how the information may be used in developing and calibrating the numerical groundwater flow
model that addresses current issues and concerns in the region. This data included water level
information, pumping data, evaluation of water level gradients, spring fluxes, groundwater recharge,
and boundary flows for the domain.

3.1 WATER LEVELS

Monitoring wells within the model domain were identified, available water level elevation (WLE)
data were collected, and a quality assurance/quality control (QA/QC) check was performed on the
data.

3.1.1 Objectives of Water Level Data Assimilation

The objectives of the water level data assimilation were as follows:

1. Evaluate and QA/QC the available groundwater elevation data.

2. Extract trends from noisy WLE observations. Specifically, extract long-term trends,
determine monthly fluctuations, and establish confidence intervals in available data around
the long-term trend.

3. Use annual and monthly trends to fill data gaps and project available water level information
onto time periods evaluated by the model. This information is useful for providing flow
model calibration targets and evaluating the spatial distributions of the water levels.

4. Use the spatial distribution of water levels to assist with:

a. Understanding the gradients and/or anomalies in the water level distributions within the
modeling domain.

b. Implementing the general head boundaries (GHBSs) along the northwest and southeast of
the model domain.

c. Evaluating the freshwater/saltwater interface elevations within the model domain using
the Ghyben-Herzberg Principle to provide the bottom elevation for the freshwater flow
system.

3.1.2 Data Availability and Quality

A total of 234 wells were identified within the modeled area. Data for these wells were obtained
from a variety of sources including the City and County of Honolulu Board of Water Supply (BWS),
Naval Facilities Engineering Command, Hawaii, the Commission on Water Resource Management,
the State of Hawai‘i Department of Land and Natural Resources, the Navy, the National
Groundwater Monitoring Network, and the USGS. General characteristics of the data collected are
presented in Table 3.1.2-1. As shown in Table 3.1.2-1, data were available from as early as 1921 for
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some of the wells. Wells within the local or regional scale around Red Hill are identified in a
different color in the table. The number of observations at a well within the local or regional scale
around Red Hill could range from just a handful to hundreds of thousands, with measurement
frequency ranging from 10 minutes to monthly and several wells having no specific measurement
frequency.

To assist further with data analysis, monitoring wells with available data were categorized and color-
coded based on both the quality and quantity of the available WLE data:

» Pink and Orange: Wells with data unavailable after 1999 were assigned pink and orange
colors (had no data at all in the available dataset). These wells were considered as not having
any useful information and were not used in further evaluations. Most of these wells were
within the caprock in downstream reaches of the model.

* Red: Wells that had data available after 1999, but the number of observations was very
sparse (e.g., only a few measurements were available), were assigned a red color. Most of
these wells were also within the caprock in downstream reaches of the model.

» Green: Wells with long historical data after 1999, but with sparse monthly measurements
throughout each year, were colored green. Wells within the Facility mainly fell in this group.

» Blue: Wells with long historical records after 1999 and sufficient monthly measurements
throughout each year were assigned a blue color. These wells were in the basalt and
scattered throughout the model domain.

* Yellow: Wells with sufficient monthly water level data available after 1999, but only over a
short duration, were colored yellow. For example, the Halawa Shaft observations available at
the time of model development fell in this group.

Figure 3.1.2-1 shows the water level data quality and availability distribution throughout the model
domain, using the color categorization scheme discussed above.

3.1.3 Evaluation of Long-Term Trends

The long-term temporal variability in WLE data was evaluated by plotting WLE hydrographs
between 1999 and 2017 and evaluating the trend within Excel. The resulting linear slope provided an
estimate of how the WLEs varied over that period of time. Because of the availability of long
temporal records of water level data, only the blue and green color-coded wells were used to evaluate
long-term trends; the blue wells are in the basalt and are scattered throughout the model domain,
while the green wells are located at the Facility. Water level hydrographs and the resulting linear
trends for each of the 20 blue color-coded wells are shown on Figure 3.1.3-1. A domain-wide
average rise in water levels of 0.00016 ft/d (1 foot in a little over 17 years) was obtained from this
analysis. This is also consistent with the observation by TEC (2007) that water levels had not
changed significantly in the recent past.

A-20



July 27, 2018 Groundwater Protection and Evaluation Considerations for the Appendix A:
Revision 00 Red Hill Bulk Fuel Storage Facility, JBPHH, O‘ahu, HI Interim Model
Table 3.1.2-1: General Characteristics of Water Level Data

GW Elevation Data Characteristics
Well ID Well Name Start Date End Date # of Data Points Measurement Frequency
1954-01M Honolulu Airport 10/28/1987 N/A 1 N/A
1955-03M Honolulu Airport 10/28/1987 N/A 1 N/A
1956.01-01 Unknown 12/29/1972 N/A 1 N/A
3-1959-005 Fort Weaver Road 11/19/1968 10/1/2006 9,467 Daily
3-2051-002 Kamehameha School B 2/22/2000 — 1 N/A
3-2052-002 Kalihi — — — —
3-2052-008 Kalihi Shaft — — — —
3-2052-009 Fort Shafter — — — —
3-2052-010 Kapalama 1/31/2007 1/31/2015 110 ~ Quarterly
3-2052-012 Jonathan Springs 6/1/1981 6/12/1981 2 NSMF
3-2052-013 Kapalama 2 11/25/1996 — 1 N/A
3-2052-014 Kapalama 1 1/6/1997 — 1 N/A
3-2052-015 Kalihi Shaft Deep Monitor — — — —
3-2053-001 Fort Shafter — — — —
3-2053-002 Fort Shafter — — — —
3-2053-003 Kalihi — — — —
3-2053-004 Fort Shafter — — — —
3-2053-005 Kalihi — — — —
3-2053-006 Fort Shafter — — — —
3-2053-007 Fort Shafter — — — —
3-2053-008 Kalihi Apr-10 9/26/2013 143 NSMF
3-2053-009 Kalihi — — — —
3-2053-010 Fort Shafter Monitor Dec-15 5/10/2017 284 Monthly
3-2053-011 Fort Shafter 11/16/1960 4/6/2017 109 Monthly
3-2053-012 Kalihi — — — —
3-2053-013 Fort Shafter 4/28/1995 5/3/1995 90 Hourly
3-2054-001 Pu‘uloa Rd. — — — —
3-2054-002 Pu‘uloa Rd. — — — —
3-2054-003 Pu‘uloa Rd. 4/19/1965 N/A 1 N/A
2055.01-03 Unknown 10/19/1972 N/A 1 N/A
3-2055-001 Nimitz Hwy 9/26/1929 N/A 1 N/A
3-2055-002 Hickam A F Base — — — —
3-2055-003 Hon Intl Airport — — — —
3-2056-001 Hickam A F Base — — — —
3-2056-002 Hickam A F Base — — — —
3-2056-003 Hickam A F Base — — — —
3-2056-004 Valkenburgh 1 2/28/1989 N/A 1 N/A
3-2056-005 Valkenburgh 2 2/27/1989 N/A 1 N/A
3-2057-001 Hickam A F Base — — — —
3-2057-002 Hickam A F Base — — — —
3-2057-003 Hickam A F Base — — — —
3-2057-004 Hickam A F Base — — — —
3-2057-005 Hydrogen — — — —
3-2153-001 Moanalua — — — —
3-2153-002 Moanalua Apr-10 9/26/2013 1,161 NSMF
3-2153-003 Ft Shafter — — — —
3-2153-004 Moanalua — — — —
3-2153-005 Moanalua Deep Monitor 3/13/1981 11/18/2016 8,721 Daily, 10 min
3-2153-006 Moanalua — — — —
3-2153-007 TAMC 1 5/1/2008 4/6/2017 102 Monthly
3-2153-008 TAMC 2 4/27/1945 5/10/2017 236 Monthly
3-2153-009 Moanalua 12/29/1945 11/18/2016 11,242 Daily, 10 min
3-2153-010 Moanalua 1 — — — —
3-2153-011 Moanalua 2 — — — —
3-2153-012 Moanalua 3 — — — —
3-2153-013 TAMC-MW-2 4/29/2015 12/10/2017 184 Daily
3-2154-001 Honolulu International Country Club 10/24/1929 4/22/1969 3 NSMF
3-2155-001 Makalapa — — — —
3-2155-002 Makalapa — — — —
3-2155-003 Makalapa — — — —
3-2155-004 Makalapa 6/22/1941 N/A 1 N/A
3-2155-005 Makalapa 7/23/1948 N/A 1 N/A
3-2156-001 Makalapa 11/2/1933 N/A 1 N/A
3-2156-002 Makalapa 11/2/1933 N/A 1 N/A
3-2156-003 Makalapa — — — —
3-2156-004 Makalapa — — — —
3-2157-001 Pearl Harbor — — — —
3-2157-002 Pearl Harbor 1/10/1928 N/A 1 N/A
3-2157-004 Pearl Harbor — — — —
3-2250-001 Kalihi Aerator — — — —
3-2250-002 Kalihi Il — — — —
3-2253-001 Red Hill — — — —
3-2253-002 Moanalua DH 43 1/5/1951 11/18/2016 6,036 10 min
3-2253-003 Halawa Deep Monitor 5/15/2003 10/31/2017 41 NSMF
3-2253-004 RHMWO06 4/22/2015 11/14/2017 17 NSMF
3-2253-005 RHMWO07 4/23/2015 10/25/2017 4,181 ~ Monthly, 10 min (2015 USGS study)
3-2253-009 RHMW10 5/4/2017 10/25/2017 4 Monthly
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GW Elevation Data Characteristics
Well ID Well Name Start Date End Date # of Data Points Measurement Frequency
3-2254-001 Red Hill Shaft 10/31/2002 10/24/2017 130 NSMF
3-2254-002 Halawa — — — —
3-2255-001 Halawa — — — —
3-2255-002 Halawa — — — —
3-2255-003 Halawa — — — —
3-2255-004 Halawa — — — —
3-2255-005 Halawa 9/24/1979 9/26/2017 3 ~Daily
3-2255-006 Halawa — — — —
3-2255-007 Halawa — — — —
3-2255-008 Halawa — — — —
3-2255-009 Halawa — — — —
3-2255-010 Halawa — — — —
3-2255-011 Halawa — — — —
3-2255-012 Halawa — — — —
3-2255-013 Halawa — — — —
3-2255-014 Halawa — — — —
3-2255-032 ‘Aiea Halawa Shaft — — — —
3-2255-033 Halawa Obs. 1/5/1956 8/22/2017 12,019 Daily
3-2255-034 ‘Aiea TH — — — —
3-2255-035 ‘Aiea Refinery 1 1989 1994 2 NSMF
3-2255-036 ‘Aiea Refinery 2 1989 N/A 1 N/A
3-2255-037 Halawa 2 — — — —
3-2255-038 Halawa 3 — — — —
3-2255-039 Halawa 1 — — — —
3-2255-040 Halawa-BWS Deep Monitor 12/16/1996 1/23/2017 51 NSMF
3-2256-010 ‘Aiea Navy 1/16/1928 3/15/2017 237,242 15 min
3-2256-011 ‘Aiea 1/16/1928 1/15/1946 2 Daily
3-2256-012 ‘Aiea 1/16/1928 9/3/2003 173 ~ Bimonthly
3-2256-013 ‘Aiea 3/12/1943 N/A 1 N/A
3-2354-001 Halawa Shaft 4/1/2015 7/21/2015 16,444 10 min
3-2355-001 ‘Aiea — — — —
3-2355-002 ‘Aiea — — — —
3-2355-003 ‘Aiea Gulch 1 — — — —
3-2355-004 ‘Aiea Gulch B — — — —
3-2355-005 ‘Aiea Gulch 2 — — — —
3-2355-006 ‘Aiea 1 — — — —
3-2355-007 ‘Aiea 2 — — — —
3-2355-008 Kalauao — — — —
3-2355-009 Kalauao P1 — — — —
3-2355-010 Kalauao P4 — — — —
3-2355-011 Kalauao P2 — — — —
3-2355-012 Kalauao P3 — — — —
3-2355-013 Kalauao P5 — — — —
3-2355-014 Kalauao P6 — — — —
3-2355-015 Ka‘amilo Deep Monitor 8/18/2012 11/14/2017 31,106 10 min
3-2355-016 WG Minami 2007 10/16/2007 10/19/2007 3 ~ Daily
3-2356-044 ‘Aiea — — — —
3-2356-049 Waimalu I-1 — — — —
3-2356-050 Waimalu -2 — — — —
3-2356-051 Pearl Harbor — — — —
3-2356-052 Pearl Harbor — — — —
3-2356-053 Waimalu 111 10/13/1959 4/26/2012 10 NSMF
3-2356-054 Pearl Country Club Golf — — — —
3-2356-055 Kaonohi I-2 — — — —
3-2356-056 Kaonohi I-1 — — — —
3-2356-057 Waimalu 11/14/1990 8/22/2017 12,277 Daily
3-2356-058 Ka‘amilo 1 — — — —
3-2356-059 Ka‘amilo 2 — — — —
3-2356-060 Waimalu II-1 — — — —
3-2356-061 Kaonohi II-1 — — — —
3-2356-062 Kaonohi II-2 — — — —
3-2356-063 Waimalu II-2 — — — —
3-2356-064 Waimalu II-3 — — — —
3-2356-065 Kaonohi I1-3 — — — —
3-2356-066 Pearlridge B — — — —
3-2356-067 Pearlridge J — — — —
3-2356-068 Pearlridge K — — — —
3-2356-069 Pearlridge K1 — — — —
3-2356-070 Lau Farm 5/15/1989 N/A 1 N/A
3-2357-001 Pearl Harbor — — — —
3-2357-003 Kalauao — — — —
3-2357-006 Waiau — — — —
3-2357-007 Waiau — — — —
3-2357-008 Waiau — — — —
3-2357-019 Waiau — — — —
3-2357-020 Waiau — — — —
3-2357-021 Waiau 4/4/1963 10/27/1981 159 ~ Monthly
3-2357-022 Kalauao — — — —
3-2357-023 Ka'ahumanu 1-2 — — — —
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GW Elevation Data Characteristics

Well ID Well Name Start Date End Date # of Data Points Measurement Frequency

3-2357-024 Ka'ahumanu I-1 — — — —

3-2358-002 Pearl City Apr-10 11/20/1974 967 ~ Monthly

3-2358-019 Pearl City Peninsula 4/24/1944 10/28/2005 131 ~ Bimonthly

3-2451-001 North Halawa-DOT 9/19/1991 — 1 N/A

3-2455-001 Upper Waimalu 10/31/2002 2/28/2017 113 Monthly

3-2455-002 Waimalu — — — —

3-2455-003 Waimalu — — — —

3-2456-004 Newtown Deep Monitor 10/31/2000 6/12/2012 23 NSMF

3-2456-005 Waimalu Deep Monitor 2005 4/26/2012 4 NSMF

3-2457-004 Punanani DMW 11/26/1968 10/22/2013 92 NSMF

3-2558-010 Waiawa Shaft 2/1/2005 5/11/2017 2,936 Monthly

N/A OWDFMWO01 4/28/2006 10/26/2017 4,187 ~ Monthly, 10 min (2015 USGS study)

N/A RHMWO01 2/17/2005 11/21/2017 147 ~ 2x per month

N/A RHMWO02 9/8/2005 11/15/2017 159 ~ 2x per month

N/A RHMWO03 9/7/2005 11/21/2017 152 ~ 2x per month

N/A RHMWO04 7/26/2005 10/24/2017 4,173 ~ Monthly, 10 min (2015 USGS study)

N/A RHMWO05 Jul-09 10/25/2017 130 ~ 2x per month

N/A RHMWO08 10/19/2016 7/4/2017 12 Monthly

N/A RHMWO09 10/25/2016 10/24/2017 10 ~ Monthly

— no data

N/A not applicable
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3.14 Evaluation of Seasonal Trends

In addition to long-term temporal variability, WLE data show seasonal variations. Evaluation of
seasonal changes was performed only on the blue color-coded wells because of their larger
frequency of data collection through the year. The seasonal variability was evaluated on a monthly
basis using a methodology that de-trends the long-term trends at a well as follows:

1. Compute the monthly WLE 