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Abstract

Due to historical and current agricultural practices, the use of recycled wastewater, and high-
density on-site disposal systems (OSDS), the ‘Ewa Plain is at risk for harmful impacts related to
excess nutrients entering its groundwater and coastal environments. Groundwater pollution on
the flat, low gradient ‘Ewa Plain can transport nutrient pollution from source to ocean on short
timescales. Identifying the type and concentrations of nutrients present in groundwater is
important in understanding the overall impact that these nutrient fluxes have on groundwaters
and coastal ecosystem health. Being comprised of thick layers of limestone covering most of the
region’s surficial and subsurface geology, the ‘Ewa Plain is a unique geologic setting in Hawaii,
and shallow groundwater flow within its flat, low gradient limestone wedge can transport
nutrient pollution from source to the ocean on short timescales. This study combines several
different approaches to locate and identify relative contributions of groundwater pollution within
these sedimentary rocks, including electrical resistivity tomography (ERT), coastal salinity
surveys, and geochemical tracers to identify sources of excess nutrients. A numerical
groundwater model was created within the MT3DMS modeling environment to incorporate these
results and simulates the relative impacts of total dissolved nitrogen (TDN) and dissolved
inorganic nitrogen (DIN) pollution within this region. Results from near shore in situ ERT
transects and lab tests of sediments indicate a layer of unconsolidated and consolidated beach
sediments sitting atop a deeper limestone unit completely saturated with water, but failed to
locate karstic conduits at either of the locations. Two along shore salinity surveys conducted
located several zones of salinity below 35, and all but 19 measured salinity points were below
31. Submarine groundwater discharge along the shore appears to be mainly saline and diffuse,
and may be emanating further offshore. Measured beachface pore water samples and
groundwater well samples showed elevated nutrient values compared to standard ocean water.
The numerical groundwater model environment MT3DMS was used to simulate the relative
impact of total dissolved nitrogen and dissolved inorganic nitrogen from five different sources:
background soil processes, OSDS, agriculture, golf courses, and recycled wastewater irrigation
(R-1 water). The estimated impact from the MT3DMS model of total dissolved nitrogen and
dissolved inorganic nitrogen into the ‘Ewa Plain indicate that the sources of highest relative
anthropogenic nitrogen loading to groundwaters are widespread R-1 irrigation and more

localized high-density OSDS related effluent.
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1. INTRODUCTION

Improper wastewater treatment resulting in groundwater pollution from excess nutrients is a
global problem (Tuholske et al., 2021). In the United States alone it is estimated that on-site
disposal systems (OSDS), mainly in the form of septic tanks and cesspools, contribute nearly 800
billion gallons of wastewater to subsurface groundwaters (Yates, 1985). OSDS are largely used
in areas where there is poor sewage treatment infrastructure or in rural localities where such
infrastructure does not exist. The state of Hawai’i was the last state in the United States to allow
new cesspool construction, banning new construction as recently as 2016 (HDOH, 2018). There
are 88,000 known cesspools across the state of Hawaii that can release upwards of 53 million
gallons per day of mostly untreated sewage into the groundwater system (HDOH, 2018). In its
most basic construction, a cesspool is nothing more than a pit in the ground that allows for
gravitational separation of solid waste from liquid waste. A well maintained, functioning
cesspool uses naturally occurring anaerobic bacteria to break down untreated liquid and solid
wastes. Liquid waste then flows through the perforated walls of the cesspool into local soil and
groundwater systems, solid waste sludge is then periodically pumped out and treated at a
wastewater treatment plant. However, due to one or a combination of both, improper upkeep, and
age, it is estimated that around 32% of Hawaiian cesspools are failing or in danger of failing and
that 80% of surveyed Hawaiian homeowners were not having their cesspool serviced in any way
(Babcock et al., 2014).

The Hawaii State Department of Health (Whittier and El-Kadi, 2009) identified several
particularly high-density OSDS zones on the island of O’ahu. Highest ranked high-priority
OSDS zones are locations of (1) high density of OSDS and (2) are the most at risk for noticeable
human and environmental health impacts stemming from sewage effluent leaking from OSDS.
The ‘Ewa Plain remains one of these highest-ranked high-priority zones as it contains an
estimated OSDS density exceeding 18 OSDS units/mi?, and is estimated to release 181.5 kg/d of
nitrogen (Whitter and El-Kadi, 2009). This area ranks second out of all OSDS zones on O’ahu in
terms of total number of units. The ‘Ewa Plain is unique both because of its subsurface caprock
limestone geology, as well as its historic and current land-use practices. A large plain of
interbedded terrestrial alluvium and marine limestone deposits, reaching a depth of greater than
300 m (1,000 ft) near the ocean (Oki et al., 1996), comprise the surface geology and subsurface
hydrogeology of the plain, rock types that are not common on other Hawaiian Islands (Bauer,

1996). From ca. 1890-1980, land use in ‘Ewa was principally devoted to large-scale sugarcane
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cultivation. As sugarcane farming and production fell, residential housing was built and, ‘Ewa
Beach and the surrounding communities experienced a population growth boom that continues
today, with an estimated population growth of 71% by 2035 (HSPA, 1994). This is important
because past and present agriculturally based land use and present-day OSDS density both
introduce excess nitrogen into ‘Ewa’s groundwater system. Due to its proximity to the coast, the
fate of this nitrate-laden groundwater is likely largely transported in the subsurface to the
surrounding ocean as submarine groundwater discharge (SGD), discharging to the ocean either
as diffuse discharge or as small point source discharge locations, or a combination of both. SGD
is a known source of excess nutrients being introduced to nearshore coastal environments (Li et
al., 1999; Taniguchi et al., 2002; Burnett et al., 2003; Moore, 2010). SGD flux can be hard to
accurately quantify as tidal mixing, sea level rise and local and regional geology can all affect
SGD flux at any given location (Burnett et al., 2006). The less dense freshwater “floats” on top
of the denser seawater that underlies the coastal regime. In island settings, this type of coastal
aquifer is referred to as a basal or basal lens aquifer as the freshwater forms a subterranean lens-
shaped aquifer system buoyantly floating on top of the more saline seawater below. Between the
freshwater lens and the seawater is the transition zone, a zone of recirculated seawater mixing
with fresh groundwater producing a brackish mixture of both fresh and salt water.

Although large-scale limestone deposits are not rare globally (Montiel et al., 2018), such
deposits are rare in Hawai’i, with the ‘Ewa Caprock being the most notable example of such
deposits (Oki et al., 1996; Halliday, 1998). Groundwater movement through limestone can form
dissolution tunnels, caves, and subsurface channels referred to as karst, and across the ‘Ewa
Plain, there are sinkholes and ponds indicative of this dissolution. These karstic features may
have a noticeable impact on groundwater transport and SGD flux as subsurface channels can
move large volumes of groundwater much faster than normal groundwater movement through
rock pores. Limestone hydrology is unique and different from volcanic hydrology and is marked
by the presence of primary and secondary dissolution structures and variable conductivity
(Stringfield and LeGrand, 1969). Understanding the dynamics of groundwater beneath the ‘Ewa
Plain is therefore integral in understanding how pollution entering this system travels and
behaves. In addition, the impact from OSDS effluent and agriculture on reef and coastal
community health is well documented (Smith et al., 1999; Kroon et al., 2014; Lyons et al.,
2014), yet the impact that limestone geology has on ‘Ewa Plain hydrology is unknown.



Quantifying the flux and type of nutrients present in groundwater in ‘Ewa is thus an important
step towards understanding the true scope and scale of OSDS and nutrient problems in Hawai’i.
Given the above, the goal of this project is to locate potential sources of nutrient pollution
and estimate the areas where these impacts are expected to be greatest. To achieve this goal, we
used a multifaceted approach to best locate, quantify, and understand the sources of nutrients
present in groundwater and SGD. This approach consists of ocean surface salinity surveys to
locate potential groundwater discharge locations, evaluation of land-use practices that contribute
background vs. anthropogenic nutrients, geochemical analysis of nutrient concentrations in
groundwater and beachface pore water samples, electrical resistivity tomography in an attempt to
locate karstic features that may act as conduits for pollution, and creating a numerical
groundwater model to locate potential sources of nutrient pollution and where these impacts are

expected to be greatest.

2. REGIONAL SETTING AND BACKGROUND

The Hawaiian Islands are comprised of a chain of hot spot volcanoes in the Pacific Ocean
inhabited by over 1.4 million people. O’ahu is the most populated of the Hawaiian Islands with
just over 1 million residents (U.S. Census Bureau, 2021). O’ahu has been deeply eroded and is
marked by two mountain ranges that are the remnants of two shield volcanoes, the Wai’anae
Mountains on the west and the Ko’olau Mountains on the east (Figure 1). The oldest dated lavas
of these two volcanic ranges date to 3.7 Ma and 2.6 Ma, respectively (Clague and Dalrymple,
1989). The ‘Ewa Plain study area is situated along the southwest shore of O’ahu, west of Pearl
Harbor, wherein the ‘Ewa Caprock occurs (Stearns and Chamberlin, 1967; Bauer, 1996). While
limestone is known in many coastal environments across the Hawaiian island chain (Oki et al.,
1996; Montiel et al., 2017; Izuka et al, 2018), the ‘Ewa Caprock is by far the largest and most

extensive limestone deposit present today (Bauer, 1996).
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Figure 1: Left: Image of O'ahu within the Hawaiian Island chain. Right: Map of O'ahu showing
the ‘Ewa Plain study area (Data from Hawaii Statewide GIS Program).

2.1 ‘Ewa Caprock Geology

The ‘Ewa Plain is an extensive broad and flat coastal plain of limestone and alluvial
sediments that stretches from Kahe Point and Barbers Points on the west to Pearl Harbor on the
east, and which overlies the deeper volcanic rock aquifer derived from the Ko’olau and Wai’anae
volcanic events (Bauer, 1996; Oki et al., 1996). Figure 2 shows the regional surficial geology of
the ‘Ewa Plain, displaying volcanic units and ‘Ewa Caprock. The southern terminus of the
Wai’anae Mountains lies several miles north of the ‘Ewa coast and does not create significant
topographic features within the confines of the study area. This ‘Ewa Plain is dominated by the
surface expression of the very thick ‘Ewa Caprock Hydrogeologic Unit (CWRM, 2018) which is
more than 300 m (1000 ft) thick beneath the present coastline and thickens to more than 485 m
(1600 ft) offshore (Izuka et al., 2018). The boundary between the deeper volcanic rocks and the
‘Ewa Caprock is defined as a low-permeability layer of weathered volcanics that limits water
flow between the two units (Bauer, 1996; Oki et al., 1996). Figure 3 shows two attempts at
cross-sections of the ‘Ewa Caprock illustrating its wedge shape and generalized depiction of
interbedded marine and terrestrial alluvium deposits as extrapolated from cores (cf. Resig, 1969;

Oki et al., 1996) and seismic data (Furumoto et al., 1970). In cross-section, the caprock forms a



roughly wedge-shaped deposit, thickening seaward from its abutment along the Waianae
Mountains to the north, to over 360 meters thick along the coast (Mink, 1989; Bauer, 1996; Oki
et al., 1996). In addition, the caprock limestones are split into two units, the upper limestone and
lower limestone (Oki et al., 1996), separated by a medial low permeability mud layer (Bauer,
1996), presumably comprised of terrestrial clays. The ‘Ewa Caprock was built up during

repeated rise and fall of sea level during the Pleistocene (Sherman et al., 1993; Bauer, 1996).
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Figure 2: Surficial geology of the ‘Ewa Plain (Hawaii Statewide GIS Program)
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Figure 3: Interpretative geologic cross-sections through the wedge of ‘Ewa Caprock overlying
basalts on the ‘Ewa Plain of southwest O’ahu, after Oki et al. (1996). Cross-section A-A’ (Resig
1969) crosses through the high-density OSDS zone that is detailed in Figure 8.

2.2 Climate and Surface Water Hydrology

The ‘Ewa Plain is generally hot and dry, receiving relatively small amounts of rainfall. Figure 4
shows total recharge in inches per year across the region. The data used to create Figure 4 is
from Engott et al., 2017 and includes recharge data from total irrigation, OSDS effluent, and
rainfall. On average, the ‘Ewa Plain receives around 20 inches of rain annually, and much of this
comes during large-scale winter storm systems (Oki et al., 1996; Hartley and Chen, 2010;
Giambelluca et al., 2020). Recharge can also enter the ‘Ewa Caprock via seaward-directed flow
from the Wai’anae Volcanics to the north and from upwards-directed flow from the volcanic
aquifer below, as illustrated in Figure 5. The three main watersheds that cover ‘Ewa Plain are
the Makaiwa, Kaloi, and Honouliuli Watersheds (CWRM, 2018) (Figure 6). Terrestrial water
features that do exist include 14 small groundwater-fed anchialine ponds of the Kalaeloa units
the Pearl Harbor National Wildlife Refuge to the west of the study area proper, and the large

artificial Wai Kai Lagoon that remains under construction.
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Figure 4: Average annual recharge for the ‘Ewa Plain study area (recharge map from Engott et
al.,, 2017)
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Figure 5: General cross-section of Oahu showing groundwater flow through the subsurface,
down gradient towards the caprock and sea (Hunt, 1996).
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Figure 6: Watersheds that cover the ‘Ewa Plain as defined by the state of Hawaii Department of
Land and Natural Resources Commission on Water Resource Management (CWRM). Data from
Hawaii Statewide GIS program.

2.3 Groundwater Hydrogeology

Two main aquifer systems dominate the ‘Ewa Plain subsurface, the Pearl Harbor and ‘Ewa
Caprock Systems (CWRM, 2018: Figure 7). The Pearl Harbor aquifer is the deeper aquifer and
consists of weathered and unweathered volcanic deposits. The ‘Ewa Caprock aquifer was
deposited on and lies above the deeper Pearl Harbor aquifer and pinches out landward to the
north. Most groundwater wells across the ‘Ewa Plain (Figure 7) were drilled into the upper
limestone unit of the caprock (Bauer, 1996) and largely used for general irrigation including
agricultural fields and golf courses. The ‘Ewa Caprock aquifer is a brackish (>1 salinity; >1000

mg/I chloride) limestone aquifer. In general, limestone hydrology which is likely present under



the ‘Ewa Plain may likely vary dramatically, as primary and secondary features such as
dissolution conduits and caves make hydraulic conductivity values highly variable (Stringfield
and LaGrand, 1969). While it is hard to determine exact dissolution rates of a given area, it can
be estimated that rate of dissolution of conduit walls in a limestone environment is 0.01-0.1 cm
per year (Palmer, 1991). In systems where there are considerable karstic features, groundwater
flow can be much quicker through preferential flow conduits than normally found in other
aquifers (Wilson and Gardner, 2006; Ghasemizadeh et al., 2012). Additionally, due to

recrystallization and cementation, the porosity of the ‘Ewa Caprock limestone may be reduced

across the plain.

Study Area
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Figure 7: Groundwater wells and the two aquifer systems on the ‘Ewa Plain. The sedimentary
Ewa Caprock aquifer thins landward and lies above the deeper volcanic Pearl Harbor aquifer
(CWRM, 2018).

2.4 Land Use Practices

Current land use practices on the ‘Ewa Caprock are shown in Figure 8. Due to OSDS density
(Figure 9) and agricultural land use it is speculated here that the main source of excess nutrients
on the eastern three quarters of the ‘Ewa Plain come from these two sources. Additionally, the
western corner of the ‘Ewa Plain is occupied by a high-density of industry plants centered at the

Campbell Industrial Park (Figure 8) which may introduce other spilled contaminants to the



groundwater including petroleum refining and storage of hydrocarbons and industrial solvents

(Iturbe et al., 2003; Lin, 2021). Due to its complexity, contaminant pollution at the Campbell

Industrial Park has not been included within the context of the present study.

Campbell
Industrial
Park
Study Area
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Figure 8: Current land use and land cover for the ‘Ewa Plain. “Abandoned” (light green) is a
general category for any land that is not currently being used for any other category (Hawaii
statewide GIS program)

2.41 Agriculture, Golf Courses Fertilization, and R-1 water irrigation

Agriculture and golf course fertilization are important sources of excess nutrients introduced
to groundwater and the nearshore ecosystem of the ‘Ewa Plain. The ‘Ewa Plain has consistently
been used to grow food both for export and local use (Bauer, 1996). Large-scale sugarcane
operations originally dominated agriculture, but in the 1980s sugarcane farming declined, and a
wider array of crops have taken their place (HSPA, 1994). Currently, much of the agricultural
land within the study area is classified by the state of Hawaii as “diversified crops” dominated by
crops such as papaya, corn, and onions. Much of the water used to irrigate these crops as well as

golf courses comes from wells drilled into the upper limestone (Bauer, 1996).
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Nutrient loading from fertilizers is compounded by common golf course irrigation using
recycled wastewater (termed R-1 water in Hawaii), which can introduce additional
concentrations of nitrogen and phosphorus into groundwater (Sakadevan et al., 2000). As
discussed further below, our analyses indicate very high concentrations of nitrate and phosphorus
present in collected R-1 water samples. For the purpose of illustration Table 1 shows R-1
recycled water users and their average R-1 recycled water usage for the year of 2012. As of the
time of writing, the modern usage of R-1 water is nearly the same (B. Usagawa, HBWS, personal
communications, 2022). Each golf course that uses R-1 water is given an allowance from the
Board of Water Supply, which collectively totals approximately 7.4 million gallons per day of
treated wastewater being used to water grass and landscaping within the project study area
(BWS, 2014). The R-1 water used on the ‘Ewa Plain is treated and pumped from the Honouliuli

wastewater treatment plant.

Table 1: R-1 Recycled Water Users (2012 avg)
Honouliuli Wastewater Treatment Plant 2.8 mgd
Barber’s Point Golf Course 0.37 mgd
Coral Creek Golf Course 0.54 mgd
Ewa Beach Golf Course 0.45 mgd
Ewa Villages Golf Course and Community 0.53 mgd
Hawaii Prince Golf Course 0.79 mgd
Hoakalei Golf Course 0.51 mgd
Kapolei Golf Course 0.35 mgd
West Loch Golf Course and Community 0.79 mgd
Fort Weaver Rd — Medial Strip 0.05 mgd
Ewa Makai Middle School 0.02 mgd
Dust control to various users 0.032 mgd
City of Kapolei 0.185 mgd

Data from Usagawa, 2014.

2.42 Municipal Wastewater Disposal and OSDS

There are 14,606 OSDS on O’ahu, with 11,253 (77%) being cesspools. The ‘Ewa Plain has
more than 1,300 individual OSDS (Whittier and El-Kadi 2009). Of these 1,259 (91%) are
cesspools, the least effective OSDS treatment process in terms of nutrient removal. In addition, a
high-density cluster of ~900 OSDS are located on the east half of the ‘Ewa Plain and that
contains a density upwards of 200 units/mi? (Figure 9 inset). When combined, all OSDS on the

‘Ewa Plain release an estimated 0.87 million gallons of untreated wastewater per day (Whittier

11



and El-Kadi, 2009) directly into the ‘Ewa Caprock aquifer and eventually ‘Ewa’s coastal waters.
The ‘Ewa Plain does have a municipal sewer system,however, and new developments connected
to this system send their waste to the Honouliuli Wastewater Treatment Plant. The HWTP treats
incoming wastewater and, once treated, pumps it into the ocean through a 4 km (~2.5 mi)
outflow pipe, or disperses it as R-1 and R-O water for users as described above. Thus, despite the
‘Ewa Plain having sewer infrastructure in place in its newer housing and commercial properties,
a legacy of OSDS remains, especially in the eastern third of the plain (Figure 9 inset).

Many studies have shown that SGD often contains elevated nutrient levels (e.g., Smith et al.,
1999; Kroon et al., 2014; Lyons et al., 2014) and Hawaii is no exception (e.g., Garrison et al.,
2003; Presto et al., 2007; Johnson et al., 2008; Knee et al., 2008; Glenn et al., 2012; Bishop et
al., 2017; Richardson et al., 2017; Ellison, 2020; Mason, 2020). Due to their relatively high
hydraulic conductivity (Zhan et al., 2020), many limestone deposits may effectively transport
excess nutrients from the source on land to the ocean on geologically fast time scales. This is
especially important in areas of the ‘Ewa Plain that lack adequate sewage treatment facilities and

rely heavily on low-quality wastewater treatment systems such as cesspools and septic tanks.

OSDS Class on
O’ahu
o Soil treatment

e Septic Tank

*  Aerobic 0 4
Study area

°  Cesspool

°  Multiple

Figure 9: OSDS and OSDS types on the ‘Ewa Plain, with the highest density OSDS zone within
the study area, are highlighted in the inset. The Honouliuli wastewater treatment plant location
is also shown (Hawaii Statewide GIS Program).

2.5 Beach Parks
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Figure 10 shows the location of the three main beach parks used for beachface piezometer
water sampling during this study; Pu’uloa (‘Ewa Beach), One’ula, and Kalaeloa Beach Parks.
These sampling sites covered about 8.5 km of shoreline, some of which are rocky and
inaccessible. Pu’uloa Beach Park is directly adjacent to the highest density OSDS zone, One’ula
Beach Park is located at an intermediate distance to the highest OSDS density zone, and

Kalaeloa Beach Park is the most distal from the high density OSDS zone.

Pu’uloa beach park

Kalaeloa beach park

One’ula beach park Study area

— OSDS

Figure 10: The three main beach parks used in this study. The OSDS cluster north of Pu’uloa
Beach Park has a concentration of 200 units/mi’ (Whittier and El-Kadi 2009), one of the highest
concentrations on the island of O’ahu (OSDS locations provided by Hawaii statewide GIS

program)
3. METHODS

3.1 Electrical Resistance Tomography (ERT)

The regional surficial geology of the ‘Ewa Plain has been well described and mapped (Bauer
1996). However, what has remained extremely poorly understood is the extent to which local
karstic features such as caves and subsurface conduits are present in and beneath the plain and
how these may affect hydraulic conductivity. Therefore, electrical resistivity tomography (ERT)

was used as a tool to investigate the near subsurface geology within the study area. Due to how
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electrical current changes as it passes through differing geologic units, it is possible to interpret
collected resistivity data and infer the composition of the subsurface geology (e.g., Workman and
Leighton, 1937; Dutta et al., 1970; van Schoor, 2002; Zhou et al., 2002; Beauvais et al., 2003;
Dimova et al., 2012). ERT has been used to map and identify subsurface geology and geologic
features for decades (Storz et al., 2000), including those indicative of karst environments, such as
caves, channels, and fractures (Dutta et al., 1970; Zhu et al., 2011; Meyerhoff et al., 2014;
Sawyer et al., 2015). ERT can also provide a clearer picture of subsurface karstic geology
including the location and geometry of karst conduits and caves (Tassy et al., 2014; O’Connell et
al., 2018).

ERT surveys were conducted across a tidal cycle at Kalaeloa Beach Park and One’ula Beach
Park. One’ula Beach Park was targeted specifically due to an identified SGD spring being
present at this location. Taking time series measurements across a complete tidal cycle allowed
for identification of the expected water table position and its transient movement (e.g., Dailey et
al., 1992; Swarzenski et al., 2006, 2007). Utilizing the position of the water table, as interpreted
from final ERT cross sections, it is possible to interpret subsurface geology based on the property
contrast of water and rock (e.g., Zhu et al., 2011; Dimova et al., 2012; Meyerhoff et al., 2014;
Johnson et al., 2015). In our study, we laid a 112 m electrical cable with connecting electrodes
parallel to shore and positioned it as high up the beach as possible to minimize washover from
waves during high tide intervals. To validate and verify the accuracy of collected images, an
inversion methodology was applied to the data collected during this time (e.g., Samouelian et al.,
2005; Dimova et al., 2012). Two shore-parallel ERT surveys, consisting of two measurements
each, were conducted at study site beach parks to produce high-resolution images of the two
locations on the ‘Ewa Plain. Figure 11 shows ERT transects at Kalaeloa Beach Park and One’ula
Beach Park. The survey at One’ula Beach Park was located within a few meters of a persistent
relatively low salinity SGD spring in the beachface. During the ERT surveys beachface pore
water samples were collected and analyzed for a suite of geochemical parameters to further
verify the rise and fall of the water table and the presence of SGD. ERT works by injection of
direct current into the ground via direct current producing electrodes, the voltage change across
the units is then read at different, potential reading electrodes (Daily et al., 1992; Daily et al.,
2005). We used an Advanced Geosciences Inc. (AGI) SuperSting R8/IP Unit (Advanced
Geosciences Inc., AGI) with an 8-channel receiver connected to the 112 m AGI passive graphite

electrode cable. Electrodes were evenly spaced apart at 2 m intervals adding up to 56 total
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electrodes across the length of the electrical cable. A 2 m interval was chosen to maximize both
resolution and lateral distance covered by each ERT survey. 40 cm long stainless-steel spikes
were attached to each electrode to ensure constant contact with unconsolidated beach sand
substrate. Figure 12 illustrates the components used in the ERT transects. The cable and
electrodes were configured in a dipole-dipole arrangement. Before each measurement, a contact
resistance test was conducted to ensure measurements could be done at each electrode location.
Measurements are given in Q-m, providing the resistivity across a set number of meters on the
ground. After each measurement, these data were downloaded from the SuperSting to a laptop
computer for inversion and interpretation. Using Earth Imager 2D software (AGI), measured
resistivity data were inverted to produce an image of the subsurface. The goal of the inversion is
to apply a best-fit model to the measured data and create the true results within set parameters
determined by the model (Perrone et al., 2014; Sharma and Verma, 2015). Earth Imager 2D
comes included with several different inversion types that change the parameters applied to the
measured data (Samouelian et al., 2005; Miller et al., 2008; Dimova et al., 2012). For our data, a
smooth inversion was applied. A smooth inversion offers a stable result regardless of background
noise and applies to most scenarios. The final product is a resistivity pseudosection or a plot of
measured and interpreted electrical resistivity data which serves as a visual representation of the
subsurface after data correction and inversions are applied. Important to note however, that these
results are simplified inversion of the true subsurface geology and, serve as a tool to better
understand the subsurface. Using this tool, it is possible, however, to gain an understanding of

the general geometry and potential lithology of the subsurface.
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Y& Sand sample points

Streamer cable end points

Streamer cable position

Kalaeloa Beach Park Park

Figure 11: Map of both ERT transect locations at Kalaeloa Beach Park (right) and One'ula
Beach Park (Left) as well as locations of sand samples collected for ex-situ resistivity
measurements. The location of the identified SGD spring at One ula Beach Park is also shown.
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Figure 12: Photo of setup used for both ERT transects A: SuperStmg RS/IP Unzt setup power
supply, and 8-channel receiver. B: 112m electrical cable. C: Close-up of an electrode connected
to the ground via 40cm stainless steel spikes.

3.2 Electrical Resistivity Tests of Collected Sand Samples

Sand samples from three different Beach Parks were analyzed to ascertain the resistivity of
unconsolidated sand. Figure 13 shows the apparatus used. Measurements from the test box are
given in Q-cm (resistivity over the length of the AGI soil test box). Samples were fully dried to

ensure moisture would not affect measured values. All samples were measured twice; in one test
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the sample was fully saturated with fresh tap water, and in the second test the sample was fully

saturated with study-site seawater.

SuperSting R8/IP Unit

Figure 13: Setup used to measure the electrical resistivity of variously saturated area beach
sand samples using the Advanced Geosciences Inc. soil test box.

3.3 Groundwater Sampling

Groundwater samples (n=98) were collected between January 2021 and March 2022 on a
seasonal basis (wet vs. dry season), with 70 being beachface piezometer samples and 28 being
taken directly from groundwater wells. Groundwater well samples came from golf courses and
the ‘Ewa Gentry Housing development. Beachface piezometer samples were collected using -
inch screened Solinst Ltd. piezometers and pumped via Solinst Ltd. or Global Water Instruments
peristaltic pump. Porewater samples were collected from between 0.25 m and 1 m below ground
surface. Beachface porewater samples were limited to 1 m in depth as the hard Caprock

limestone did not allow piezometers to pass deeper than this. Groundwater well samples were
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collected using the installed well pumps, and all pumps were purged for at least 10 minutes
before the sample was collected. One well without a pump was sampled using Solinst BioBailer
groundwater bailers. All samples were filtered through Pall Corp. 0.45um membrane filters and
then bottled in HDPE bottles or glass vials and immediately put on ice to preserve accurate
concentrations of nutrients and stable isotopes. HDPE bottles and glass vials were triple rinsed
prior to being closed and put on ice. All samples were stored at -12°C until analysis at University
of Hawai’i laboratories. In situ parameters including salinity, temperature, and dissolved oxygen
were measured from all water collections using a YSI EXO2 multiparameter sonde. All samples
were analyzed for dissolved total nitrogen (total N), total phosphorus (total P), phosphate (PO4),
silicate (Si03), nitrate (NO3), nitrite (NOz), and ammonium (NHa) at the University of Hawai’i-
Manoa SOEST Laboratory for Analytical Biochemistry. Analytically, nitrate + nitrite were
analyzed and reported as the sum of NO3+NO>, and since nitrate was analyzed separately, nitrate
was determined by the difference. In this work we consider NH4*+NO3+NO> to be dissolved

inorganic nitrogen (DIN).
3.4 Coastal Salinity Surveys

To help identify possible locations of groundwater discharge, salinity surveys were
completed at Pu’uloa Beach Park and Kalaeloa Beach Park during low tide periods in the second
half of April and the first half of May. Measurements were conducted at low tide to maximize
presence of fresh or brackish groundwater discharging along the coast. Data collection was done
while wading ca. 5-15 m offshore. Measurements were taken using Van Essen Instruments CTD-
Diver loggers attached to floatation ensuring measurement within 8 cm of the water surface.
Salinity was measured and logged on the diver in 8-second intervals. Salinity is reported in PSU.

GPS locations were recorded at 8-second intervals to coincide with salinity data from the diver.
3.5 Numerical Groundwater Model

By applying the groundwater conceptual model described in the following section a
numerical model was developed to simulate the hydrogeology of the ‘Ewa Caprock and to assess
nutrient fate in the subsurface. Specifically, using the Aquaveo Groundwater Modeling System
(GMS), the three-dimensional simulation software MODFLOW and MT3DMS codes were used

to simulate the impact from different potential sources of groundwater nutrient pollution.
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MODFLOW is a finite-difference flow software that is typically used for assessing groundwater
levels (or hydraulic head), flow directions and rates, and boundary water fluxes. A calibration
process is first conducted to identify values of various parameters, such as hydraulic
conductivity, which provides the best match between measured and estimated hydraulic head
data. The results of the calibrated MODFLOW are then used as an input to the MT3DMS
software, which is a solute transport model able to simulate impact from different dissolved
species. Within the context of this study MT3DMS was used as a tool to understand the areas
where there is higher relative nitrogen impact from various land use practices.

Because a majority of groundwater wells were only drilled into only the upper limestone
portion of the ‘Ewa Caprock Aquifer (Bauer, 1996), we restricted our numerical model to
examine this unit. Additionally, as the recharge directly related to OSDS, golf courses,
agriculture, and R-1 and R-O water irrigation is recharging into the top of the ‘Ewa Caprock, the
impact from these potential nutrient sources is greatest in this unit. Reported and modeled data
from Oki et al. (1996) served as the basis for hydraulic conductivity values used in the model
calibration process. The upper limestone unit was modeled as being anisotropic. Due to our lack
of detailed knowledge of geometry, location, and prevalence of karstic conduits, the upper
limestone unit was modeled as an equivalent porous media unit of limestone, avoiding
difficulties in adopting a multi-domain approach that includes flow through porous zones and
preferential flow through karstic conduits. Because modeling the upper limestone unit as an
equivalent porous media devoid of karstic features is not accurate to known data about the ‘Ewa
Caprock, the decision to do this limits eventual results but is necessary given the lack of data.
Based on borehole logs, the upper limestone unit sits atop and is underlain by a layer of
ubiquitous brown mud that is interpreted to be a low permeability unit (Figure 3; Bauer, 1996).
This mud layer is thought to be pervasive across the ‘Ewa Plain and in our model separates the
upper limestone unit and the deeper limestone and alluvium units of the ‘Ewa Caprock. The
boundary of the ‘Ewa Caprock Aquifer used in the model was the previously illustrated CWRM
boundary (diagonally lined area in Figure 7).
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3.51 Conceptual Model and MODFLOW Set Up

The conceptual model and numerical-model grid are shown in Figure 14. Using known
boundaries of the ‘Ewa Caprock Aquifer (CWRM, 2018), the model area covers the entire ‘Ewa
Plain from Kahe on the west to the West Loch of Pearl Harbor on the east. Although these
boundaries extend beyond those of the previously mentioned study, we adopted this regional
approach in order to best analyze all data including flow into the study area. The western,
southern, and eastern boundaries of the model were set as the coast (at mean sea level) but were
assigned a specified head value of 0.01 m to avoid dry cells. Following A specified head of 0.43
m was set for the inland boundary of the numerical grid. The inland boundary head value was
estimated using elevation and slope data by Nakanishi, 2002. Horizontal hydraulic conductivity
values for the upper limestone unit vary greatly with low-end estimates being ~0.6 m/d and high-
end estimates being ~11,000 m/d (Oki et al., 1996). Beneath the upper limestone unit is a layer
of low-permeability mud (Bauer 1996; Oki et al., 1996, Figure 3). This mud layer was defined as
non-marine by Resig (1969) and is thought to limit groundwater flow between the upper and
lower limestone units (Bauer, 1996). Oki et al., (1998) assigned 0.03 m/d for both horizontal and
vertical conductivity of the mud layer. The mud lay was assumed to be isotropic. Uncertainties
exist regarding the amount of recharge the ‘Ewa Caprock receives from the volcanic aquifer.
Current estimates for this value fall between 2.33 m?/d and 2.94 m?/d per meter of cross-
sectional area (Oki et al., 1996; Oki et al., 1998). An average of these two values was taken and
was assigned to the top layer of the inland border of the model to act as recharge from the
volcanic aquifer. Vertical recharge data was collected from Engott et al. (2017) who calculated
total recharge into the upper limestone aquifer considering rainfall, irrigation, OSDS related
leakage, land use/land cover, and evapotranspiration. Data for both pumping wells and
observation wells were taken from the CWRM well inventory. For the final model, 54 pumping
wells and 30 observation wells were included. Topographic data was downloaded from the
Hawaii Statewide GIS program and cell top elevations were assigned to the model grid. Using
these parameters, a steady-state MODFLOW groundwater model was created and calibrated.

Modeled parameters are listed in Table 2.

A three-dimensional grid was constructed for the area. The grid consisted of 100 m x 100 m
wide cells and was 10 layers thick. Within all 10 layers of the grid there were 34,130 active cells.

The aquifer was modeled as a wedge-shaped polyhedron to match caprock geometry with

21



variable thickness (Figure 15). Caprock thickness data was based on Izuka et al. (2018), who

estimated caprock thickness across O’ahu and borehole core data from Oki et al. (1996).

|:] Numerical Grid ~ *  Observation Wells Inland boundary

% Pumping Wells —— Coastal Boundary Recharge polygons

Figure 14: Conceptual model inputs and MODFLOW grid created to calibrate numerical
groundwater model

Figure 15: Oblique cross-section view of the model showing the wedge-shaped polyhedron form.
5x vertical exaggeration.
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Table 2: Full parameters and other information used in the conceptual model

Parameters and other data Value Units Data source
Hawaii Statewide GIS
Elevation 0-143 m Program
CWRM well inventory
Pumping wells pumping rate 81.8 - 16898.1 m’/d log
CWRM well inventory
Observation well head 0-0914 m log
Specified head level for the
coast 0.01 m Mason, 2020
Specified head level for inland
boundary 0.43 m Nakanishi, 2002
Conductivity ranges from
Horizontal Conductivity (h) 1100 - 11000 m/d Oki et al., 1996
Vertical Conductivity (vi) 110-1100 m/d Manually calibrated
Vertical anisotropy (hi/vi) 10 Oki et al., 1996
Calculated from Oki et
Recharge from volcanic aquifer 33615 m’d al., 1996
Caprock thickness 16 - 83 m Izuka et al., 2018
Bauer 1996; Oki et al.,
Mud thickness 1.75-10.13 m 1996

3.52 MODFLOW Model calibration

Our steady-state MODFLOW model was calibrated via parameter estimation software PEST

(Doherty et al., 2011; PEST, 2021) by using the pilot points approach. This approach assigns 2D

scatter points, called pilot points, to certain locations within the grid and optimizes the horizontal

hydraulic conductivity that produces the lowest overall hydraulic head errors (Doherty et al.,

2011). Following Oki et al. (1996), the caprock was assumed to be anisotropic with a ratio of the

horizontal hydraulic conductivity to the vertical hydraulic conductivity of 10 for all upper

limestone unit layers. Using published data for hydraulic conductivity values from Oki et al.

(1996), the limits of horizontal hydraulic conductivity were set from 1100 m/d to 11000 m/d. For

our model, 88 pilot points were used and 75 PEST calibration iterations computed the optimized

hydraulic conductivity values.
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3.53 MT3DMS Setup

MT3DMS was used to simulate total dissolved nitrogen (TDN) and dissolved inorganic
nitrogen (DIN) to simulate the areas of the ‘Ewa Plain where impact from different sources of
nitrogen would be the highest. TDN is the concentration of total dissolved nitrogen in the system
and that includes ammonium, organic and reduced nitrogen, and nitrate-nitrite. DIN is the sum of
the readily available forms of N, nitrate, nitrite, and ammonium. TDN and DIN were modeled
separately to assess the impact from all N in the system compared to DIN. Simulating relative
DIN concentrations allows for a simulation of a conservative nitrogen species while still
accounting for all inorganic nitrogen within the system. We designated average nutrient TDN
and DIN concentrations we measured in the groundwaters, thereby indirectly accounting for the
biogeochemical reactions within and driving chemical speciation between nitrogen pools (1.e.
nitrogen fixation, ammonification, nitrification, denitrification, etc.) In this approach, recharge
concentration values were assigned to five different sources of nutrient pollution comprising,
general background soil processes, OSDS effluent, agricultural fertilization, golf course
fertilization, and R-1 water irrigation (Figure 16). Using data from our geochemical analyses of
water samples recharge concentrations for each source was estimated. These concentrations were
then split up into TDN recharge concentration and DIN recharge concentration for their

respective source. The model was run for 100 years until steady-state conditions were met.

It is important to note that the MT3DMS model was not calibrated with collected field data.
Beachface porewater samples generally had much lower concentrations of TDN than well water
samples. This pattern is illustrated in Figure 17. While the MT3DMS model was uncalibrated,
the results serve as a tool to show areas where different sources of nitrogen are having the largest
relative impact on the groundwater. Collected field data was used to calculate the simulated DIN
from each source. This allows the MT3DMS simulations to be internally consistent with and

illustrate the impact from DIN relative to one another despite being uncalibrated.

Nitrogen inputs for Cambell Industrial Park (CIP) (Figure 16) is limited to background
processes and ~180 OSDS units, and are underestimated and thus inaccurate due to a
combination of lack of accurate recharge data for this area (J.A. Engott, U.S.G.S California
Water Science Center, August 3, 2022, personal communication) as well as lack of knowledge

on the specific industrial happening within the CIP. These industrial processes may likely
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contribute excess nitrogen input into the region but, as discussed below, our results do not reflect

this input.

Due to how MT3DMS interprets nitrogen recharge data, point source locations of recharge,
such as OSDS or R-1 water to specific golf courses were grouped into polygons. To accomplish
this a grid was created and all cells that did not contain any OSDS were removed. Two sewage
samples were taken at the Honouliuli Wastewater Treatment Plant and served as the OSDS
endmember. TDN and DIN values for the OSDS endmember do not account for complex
nitrogen transformations and assume the eventual outcome is most nitrogen within in the system
is converted to nitrate. This assumption follows our geochemical analyses data in which the DIN
was largely nitrate but did have a non-zero concentrations of both ammonium and nitrite. As
specific conditions and fertilizer use are not known for each golf course the model assumed the
golf courses that do use R-1 water do not alter their fertilizer regimes to account for increased

nitrogen derived from R-1 water irrigation.

R-1 water is treated wastewater that is not potable, however it is and may be used for
irrigation of green spaces, such as golf courses and parks. Currently, R-1 water is primarily used
by golf courses to irrigate various golf courses on the ‘Ewa Plain. Several other locations use R-1
water but the quantities of R-1 water used are significantly lower than that by the golf courses. In
total, golf courses use an average of 7.4 million gallons of R-1 water per day (BWS 2014). All
the R-1 water used on the ‘Ewa Plain is treated and pumped from the Honouliuli wastewater

treatment plant (location shown in figure 9) to users on the ‘Ewa Plain.
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Figure 16: MT3DMS model set up showing the spatial variation of each land-use source of
nitrogen input. Red outline indicates area of under-modeled recharge
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Figure 17: Map of TDN concentrations from the beachface porewater samples and groundwater
well samples. Wells showed higher TDN values than beachface porewater samples
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4 RESULTS AND DISCUSSION

4.1 Electrical Resistivity Tomography Transects

Inverted pseudosections (Figures 18 and 19) were created after ERT data was uploaded to
Earth Imager 2D to visualize the collected resistivity data. These pseudosections are produced by
an application of a non-linear model interpreting measured resistivity data and producing a visual
representation of the near subsurface geology. Inverted means that these single resistivity
measurement points have been interpolated across the length of the ERT transect, and thus a full
cohesive cross-section is created showing resistivity for subsurface units. A by-product of the
inversion process is that reported values at the sides and bottom of each section are less accurate
than at the top or middle. Figures 18 and 19 specifically show the results from ERT transects
conducted during high tide and low tide at One’ula and Kalaeloa Beach Parks, respectively. In
both Figures 18 and 19 the cooler colors (blues and greens) indicate areas of low electrical
resistivity indicating electrical current passes through those layers easier than in areas shown by
warmer colors (reds and yellows). To properly interpret inverted resistivity pseudosections it is
important to understand how different geologic units respond to electrical current. Several main
factors control the electrical resistivity of a given geologic unit. These factors include water-rock
interactions and physical characteristics of the unit such as the porosity and permeability (Hersir
and Bjornsson, 1991). Table 3 provides general electrical resistivity value ranges for relevant
geologic materials as well as fresh groundwater and seawater from Saad et al. (2012). These are
expected ranges not applicable to all situations but do provide an important reference.

Results from One’ula Beach Park and Kalaeloa Beach Park share similarities across the high
and low tide measurements. The dashed black line in Figures 17 and 18 denotes the contact of
the saline water table and overlying beach sediments that are not fully saturated by salt water
above them. These zones were inferred based on collected data from each ERT transect and
resistivity of collected sand samples which helped to constrain the resistivity of sediments
saturated with saltwater. The measured resistivity values for the area under the black dashed line
are < 1.4 Q-m for both transects. These resistivity measurement ranges fall within published
ranges for both seawater and seawater saturated materials (Zhody and Jackson, 1969; Saad et al.,
2012) and are lower than values expected for fresh groundwater and groundwater in sedimentary
units (See Table 3). Beachface pore water samples collected during ERT transects had an

average salinity of ~34, suggestive of some freshwater, but only in minor amounts. Despite the
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top layer of the ‘Ewa Caprock being composed of marine-derived limestone, a high-resistivity
signal for limestone (e.g. 50 to 4000 Q-m; Table 3) was not itself detected. Limestone has a
much higher resistivity than what was measured at either of our ERT transects (Gelis et al., 2010;
Saad et al., 2012; Sun et al., 2017), and the lack of significant limestone resistivity values is most
likely due to proximity to the coast and the presence of saltwater dominating all measured
resistivity values (Pujari and Soni, 2008) below the black dashed line.

Marked by high relative resistivity, the area above the black dashed line in Figures 17 and 18
is where sediments not fully saturated by water are found. Above the water line, both transects
share similar geometry with a generally horizontal shape and high relative resistivity zones
spanning the length of the transect. The measured resistivity of the areas above the black dashed
line is > 3 Q-m. This area of high resistivity is a layer of loose beach sediments atop more
compacted beach sediments neither of which are fully saturated by water. The values seen at
One’ula Beach Park are slightly below the expected values for general alluvium (Table 3).
General alluvium is not a perfect proxy for beach sand sediment but the values do still provide
resistivity values for unconsolidated sediment resistivity values. As stated previously, the ERT
transect at One’ula was selected due to its proximity to an SGD spring. However, if there are
specific conduits feeding this SGD spring, they are not evident in either the high tide or low tide
pseudosections from One’ula Beach Park.

Due to minor variations in the sampling array, there are several small areas of erroneous data
across the four measurements. These areas do not have an impact on the overall quality of each
pseudosection but are important to note. Data included in all pseudosections is accurate with a
95% confidence level, meaning data shown is an accurate representation of in-situ conditions
along each transect. In addition, the SuperSting R8 platform and Earth Imager 2D software can
remove erroneous measurements decreasing total error across each inverted pseudosection
produced. The source of errors during ERT transects is largely unclear, but can stem from
voltage leakage across electrodes, changing environmental conditions, or faults within the
equipment itself (Oldernborger et al., 2005; La Brecque et al., 2007). It is unlikely these errors
contributed to misinterpretations of the final inverted pseudosection as all erroneous
measurements were removed before the final inversion of measured data. Figures 20 and 21 are
an error crossplot of resistivity data and error histogram from all measurements. In Figure 21 a
vertical blue line indicates all data to the right of the line was not included in the final inversion

calculations. Figures 20 and 21 also show that most individual measurements fell within the 95%
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confidence interval with a few higher resistivity measurements not being included in final

pseudosection inversion.

The four ERT measurements conducted across two transects produced high-resolution

images of the ‘Ewa subsurface. Importantly, all four inverted resistivity pseudosections of these

sections failed to show distinct point source locations of SGD, pointing to a different process that

causes SGD along the ‘Ewa Coast. However, due to its proximity to the coast, most of each

section is dominated by a seawater signal.

One’ula Beach Park ERT Transect
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Figure 18: Inverted resistivity pseudosection produced from shore-parallel One’ula Beach Park
transect. Dots at the surface show distance in meters. The Black dashed line indicates the
contact between the unsaturated area and the area that is fully saturated by seawater.
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Kalaeloa Beach Park ERT Transect

High tide: 10:30 am 0.71 ft
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Figure 19: Inverted resistivity pseudosection produced from shore-parallel Kalaeloa Beach
Park transect. Dots at the surface show distance in meters. The Black dashed line indicates the
contact between the unsaturated area and the area that is fully saturated by seawater.
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transects
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Data Misfit Histogram for Removal of Poorly-Fit Data
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Figure 21: Data misfit histogram from all four ERT measurements from both Beach Park

transects. Any histogram bar to the right of the blue line, or colored red, was labeled as
erroneous and excluded from the final pseudosection.
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Table 3: Table of general resistivity values of various geologic units (Saad et al., 2012)
Material Resistivity (Q2-m)
Alluvium 10 to 800
Sand 60 to 1000
Clay 1 to 100
Fresh Groundwater 10 to 100
Sandstone 8 to 4000
Limestone 50 to 4000
Seawater ~0.2
Groundwater in sedimentary units >1

4.2 Electrical Resistivity of Collected Sand Samples

Results from ERT sand sample lab tests are shown in Table 4 and indicate, as expected, that

freshwater saturated sands show considerably higher resistivity than samples saturated with

saltwater. This supports the conclusion that the large area below the dashed line in Figures 17

and 18 is the saline water table. Freshwater saturated sand sample results create an interpretation
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problem, however. Values of the freshwater saturated sand samples all fall within the range of
the high resistivity areas (areas above the black dashed line in Figures 18 and 19) from the in situ
transects. Therefore, it is likely that pore space in the beach sediments above the saline water
table are unsaturated vadose zone sediments that are not saturated by significant discharging
groundwater. The lack of point source locations of discharging freshwater is supported by field
observations, beachface pore water samples, and salinity surveys conducted over many months
that indicate a lack of freshwater SGD occurring at these beaches. This is also illustrated by a
lack of SGD discharge along this coast as detected by aerial infrared imaging in previous work
(Kelly, 2012). This does not totally preclude the presence of SGD along the ‘Ewa Coast,
however. Freshwater SGD may be discharging further offshore or is being diluted by infiltrating
seawater to a point that it is not seen clearly on the ERT transects, or some combination of both.
Notwithstanding, the interpretation of dry unconsolidated and consolidated sediments offers a
valid explanation for the high resistivity zones of surface beach sand sediments seen in the in situ
transects. It should be noted that a limitation of collecting loose surface sand in measurements
may not be 100% indicative of the resistivity of deeper limestone, but due to the depth of the

limestone units, surficial beach sand offers the best proxy.

Table 4: Measured resistivity results from collected sand sediment samples

Sample Ohms-cm
Pu’uloa Beach Park freshwater fully saturated 7.60
One’ula Beach Park freshwater fully saturated 4.89
Kalaeloa Beach Park freshwater fully saturated 3.68
Pu’uloa Beach Park salt water fully saturated 0.920
One’ula Beach Park salt water fully saturated 0.768
Kalaeloa Beach Park salt water fully saturated 0.711

4.3 Groundwater Geochemistry

A table with locations of geochemical samples and their abbreviated names can be found in
Table 6 and the full geochemical analysis results are shown in Table 7. On average, samples
from groundwater wells have dramatically higher concentrations of all measured nutrients
compared to beachface pore waters. Additionally, samples from groundwater wells have a much
lower average salinity of 1.73 indicating these wells lie above the zone of saline groundwater
below (Figure 5). Beachface pore water samples have a much higher average salinity of 33.43

combined with lower overall concentrations of nutrients. These lower nutrient values indicate the
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fresh groundwater carrying the nutrients is being diluted by saline seawater. The exception to
this is the one beachface SGD spring sampled at One’ula Beach Park. This spring had a salinity
of 18.77 and much higher nutrient concentrations the all the other beachface pore water samples.
The spring’s nutrient concentrations also indicate a significant freshwater component as the
nutrient concentrations were much closer to the groundwater well nutrient concentrations than
pore water nutrient concentrations. When compared to other studies conducted in Hawaii (Table
7), ‘Ewa has higher average concentration values in both beachface porewaters and groundwater
from wells. While not significantly higher than other studies, concentrations of nutrients in our
well samples indicate an equal or greater amount of nutrient pollution occurring on the ‘Ewa
Plain. This is specifically the case for nitrate, which have average measured nitrate

concentrations of 307.2 pmol/l.
4.4 Coastal Salinity Survey

Over 500 individual salinity measurements were collected throughout the salinity surveys at
Pu’uloa and Kalaeloa Beach Parks. Of these, only 19 detected a salinity below 31, with the
lowest overall salinity being ~15. Open ocean waters around Hawai’i have an average salinity of
~35 (Talley, 2002). The 19 locations with salinities below 31 may indicate mixtures of
freshwater SGD. Figure 22 is the map of these measurements and Table 9 is the full set of data
collected during the two salinity surveys. These data indicate that most groundwater discharging
along the coast is saline with some mixtures of diffuse and point-sourced brackish freshwater.
The ‘Ewa Caprock may also divert groundwater discharge to farther offshore which would limit

the amount of low salinity discharge seen directly along the coast.
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Figure 22: Results from the two salinity surveys conducted at One 'ula Beach Park and Kalaeloa
Beach Park. Circled are zones of lower salinity and thus potential beach leakage of SGD.

4.5 Numerical Groundwater Model

4.51 Calibrated MODFLOW Hydraulic Head Values

Hydraulic head values computed by MODFLOW are shown in Figure 23. Computed head
values range from 0.43 m to -0.07 m. The upper and lower limits of horizontal hydraulic
conductivity were set at 1100 m/d and 11000 m/d and found to produce the lowest overall error.
Horizontal hydraulic conductivity values below 1100 m/d would cause errors with PEST and did
not produce reliable or useable results. This result does not mean that hydraulic conductivity for
the plain does not fall below 1100 m/d, but instead the ability for PEST to estimate outside of the
1100 m/d to 11000 m/d boundary was limited so the final hydraulic conductivity values were
limited within this range. This limits the accuracy of the final modeled head values but allowed
for PEST to run normally. The negative computed head values in the plot were in locations of
local groundwater pumping operations where drawdown caused a cone of depression causing
head values to be lower than sea level. Campbell Industrial Park in the southwest corner of the
‘Ewa Plain has significant groundwater pumping operations and is visible as an area of near or

below 0 m computed head values (Figure 23).
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As the ‘Ewa Plain lacks significant elevation changes, observed hydraulic head values are
both generally low and are within 1.0 m. Overall, the model underestimated the head values for
most observation points as seen in Figure 24. Shown in Table 5 are the GMS calculated
hydraulic head error values. The mean residual error is the mean of all data points, the mean
absolute residual is the true mean of the data as negative and positive points do not cancel. The
root mean squared residual is calculated by taking the average of the square of all the errors and
then taking the square root. The sum of squared weighted residual is the property that PEST

works to minimize through its iterations.

A variety of factors may lead to the poor match including localized karstic features greatly
altering horizontal hydraulic conductivity, lack of data in certain locations, and well hydraulic
head data collected at varying times. Modeling the entirety of the upper limestone unit without
karstic features can also cause under-estimated head values. Tidal attenuation may have a
significant impact on observed values (Nakanishi, 2002), which may cause certain head values to
be either under or over-reported if they were measured during times of tidal extremes.
Additionally, inflow from the volcanic aquifer has not been directly measured, and the value
used in our model (33615 m?/d) is an approximation and again, likely adds a significant amount

of uncertainty to the computed head values.
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Figure 23: MODFLOW calculated head values for the upper limestone unit of the 'Ewa
Caprock. Interpretive groundwater flow paths are shown as black arrows.
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Figure 24: Computed vs. observed hydraulic head values after 50 PEST parameter calibration

iterations, n = 30.
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Table S: Full error results after MODFLOW calibration
Property Value (m)
Mean Residual (Head) 0.25
Mean Absolute Residual (Head) 0.28
Root Mean Squared Residual (Head) 0.32
Mean Weighted Residual (Head + Flow) 0.5
Mean Absolute Weighted Residual (Head + Flow) 0.55
Root Mean Squared Weighted Residual (Head + Flow) 0.63
Sum of Squared Weighted Residual (Head + Flow) 11.86

4.52 MT3DMS Results and limitations

Results for MT3DMS model total dissolved nitrogen (TDN) and dissolved inorganic nitrogen
(DIN) simulations are shown in Figures 24 and 25, respectively. It is important to note that the
color-scaled legends that are different for each nutrient source in Figure 25, constructed such that
that the impact of each nutrient source can be visualized. Additionally, it is important to
acknowledge the limitations of the MT3DMS results. As the MT3DMS simulations were
uncalibrated, the final concentrations as shown in Figures 24 and 25 are not expected to be
accurate conditions on the ‘Ewa Plain if compared to a fully calibrated MT3DMS model. What
the MT3DMS simulations do illustrate are locations where there are relatively high
concentrations of either TDN, DIN, or both, and the sources that are producing the highest
relative concentrations of each. Also, the reason TDN and DIN were simulated separately was to
model the impacts from two different yet similar sources. TDN was simulated within one layer
whereas DIN was separated into the previously mentioned five sources. This was done as DIN
species are the nitrogen species which have the highest environmental impact so understanding
the locations on the ‘Ewa Plain where these concentrations are expected to be highest is

important in future mitigation efforts.

The main goal of the MT3DMS simulations were to create a better understanding of the areas
and sources of DIN and TDN that have the highest relative impact on the groundwater quality
beneath the ‘Ewa Plain. The outcome of these simulations indicates that OSDS are producing the
highest relative concentrations of DIN on the ‘Ewa Plain. The spatial extend of OSDS impact is
much smaller than other sources of nitrogen, however, due largely to how many OSDS are
clustered in one small area within the city of ‘Ewa Beach. R-1 water irrigation, on the other

hand, accounts for a relatively high concentrations of the DIN input into the subsurface which
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covers a much broader area than OSDS. The R-1 water, and the 7.4 million gallons used per day
to irrigate green spaces, may be having a much more profound impact on groundwater quality
than previously thought. When R-1 water irrigation is combined with standard golf course
fertilization regimes it is possible that golf courses and other green spaces that use both R-1 and
fertilizer, are introducing significant concentrations of nitrogen into the subsurface. DIN derived
from agriculture has a relatively small impact. Our model does not account for different
fertilizers used for the various crops grown, however. The impact from background processes is
low and in line with the understanding that anthropogenic sources of nitrogen are generally much

higher than what is naturally occurring in the soil and subsurface.

Another important facet of the MT3DMS simulations is the transport of DIN. While the
concentrations of DIN are not fully accurate, due to the MT3DMS model being uncalibrated, the
transport paths illustrate the areas of the ‘Ewa Plain that may be seeing higher than normal
concentrations of DIN, such as the high density OSDS area in ‘Ewa Beach, or the locations of
golf courses using R-1 water for irrigation. In the case for both TDN and DIN, OSDS, R-1 water
irrigation, and golf course fertilization, the southern coast of the ‘Ewa Plain appears as the zone
of highest concentrations. This makes sense given the concentration of both OSDS and golf
courses in this area and the direction groundwater is flowing beneath this area. Agricultural DIN
appears to not flow towards the southern shore of the ‘Ewa Plain but instead is most highly
concentrated towards the west loch of Pearl Harbor. Understanding the directions nitrogen
pollution takes is an important step in mitigating the impact and the results from the MT3DMS

simulation aids in this task.

In Figures 25 and 26 the red diagonally marked areas indicate the Campbell Industrial Park
(CIP). As discussed above, this area is the location of numerous industrial processes which most
likely release nitrogen into the subsurface. The results of both the total nitrogen and DIN
MT3DMS simulations failed to calculate significant amounts of nitrogen in this area. As only
background processes and OSDS values were assigned to this area these results are expected.
This lack of modeled nitrogen of any kind in this area does not mean that no nitrogen input is
happening within the boundaries of the CIP. It is probable that industrial processes are releasing
nitrogen into the subsurface within the CIP, but, due to a lack of accurate recharge data and lack
of knowledge of specific CIP processes, our model undercalculates input within the CIP.
Additionally, despite the presence of greater than 180 OSDS units in the CIP there is a near total
lack of modeled OSDS-derived nitrogen. This is likely due to the recharge data used for
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MT3DMS model simulations. The recharge data used for our model (Engott et al., 2017)
included effluent recharge from OSDS units in their calculations of total recharge. It is possible
however, that parcels containing OSDS in or near the CIP were not included in the Engott et al.,
2017 final recharge calculations. Similar concentrations of OSDS units are found across the
‘Ewa Plain, and are seen in our final model output in Figures 25 and 26, indicating a different

reason for the lack of modeled OSDS derived nitrogen within the boundaries of CIP area.
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Figure 25: Results from MT3DMS model simulation of dissolved inorganic nitrogen (DIN)
pollution for the five major land-use types on the 'Ewa Plain. Note the different scales used for
each box. The bottom right box shows measured values of DIN from collected samples from
groundwater wells and beachface porewaters.
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Figure 26. Results from MT3DMS simulation of total nitrogen pollution on the 'Ewa Plain.
Areas of higher relative concentration indicate zones where different modeled sources are
having the largest impact on nitrogen input.
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4.53 R-1 Water Irrigation and Golf Courses

The relative impact from R-1 water irrigation as simulated by our MT3DMS model indicates
that R-1 irrigation may be a cause of excess nitrogen into the subsurface. Relative to other
simulated sources of nitrogen, the MT3DMS results point towards R-1 water irrigation as having
a greater and more widespread impact on excess nitrogen on the ‘Ewa Plain than other sources
(Figure 25). Most R-1 irrigation is associated with golf courses but it remains unclear if golf
courses have adjusted their fertilization regimes in response to R-1 water usage. The combination
of both may be causing much higher-than-normal concentrations of nitrogen to contaminate the

upper limestone of the ‘Ewa Caprock.
4.54 Model Assumptions and Limitations

As is the case with any model, there are a few key general assumptions that must be made
and limitations with the outcomes because of these assumptions. Several important assumptions
were made in the creation of our numerical groundwater model. The primary of these is related
to the assumption of steady-state flow conditions. Winter rainstorms and large tidal shifts may
cause drastically different conditions than during the summer dry season. However, well
hydraulic head values taken over many years show that hydraulic head values have not changed
significantly, indicating that steady-state conditions are a valid assumption. Additionally, based
on Darcey’s law, the relatively small changes are expected considering the large values of
calibrated effective hydraulic conductivity. Simulating a detailed upper limestone aquifer is,
however, a more realistic but not practicable as it is not possible to know the location of
localized geologic features and the need for an appropriate model that includes these features.
Modeling the upper limestone unit as a heterogeneous-anisotropic porous material with a valid
Darcy’s law is expected to minimize the impact from karstic conduits that could carry pollution
much faster than homogeneous porous media system, even with large conductivity values of

1100 m/d to 11000 m/d.

The model also assumed a constant nitrogen recharge concentration and ignored the fact that
golf courses may use differing levels of fertilizer in certain areas of the course. Greens and tee
boxes generally receive higher fertilizer use than fairways and rough (May et al., 2009). It is also
unknown to the extent golf courses alter fertilization regiments to account for excess nitrogen

found in R-1 water. Across the ‘Ewa Plain golf courses use 7.4 million gallons of R-1 water per
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day so the nitrogen load from this source may be unaccounted for by golf courses and land

managers.

Areas of the ‘Ewa Plain which are not developed are largely covered in Kiawe trees. These
trees are a known nitrogen fixer (Dudley et al., 2014), and may alter the nitrogen concentration
and composition of the upper portion of the ‘Ewa Caprock. As stated above, this was another
reason why DIN was selected to simulate and why collected groundwater well samples were
used to calculate the DIN recharge concentrations. Simulating the relative impact of DIN allows
for assumptions to be made about the nitrogen cycle and the complexities of different nitrogen

species changing as they move through the subsurface.
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S. SUMMARY AND CONCLUSIONS

Groundwater nutrient pollution leading to adverse human and ecosystem health impacts are
well documented and the identification of nutrient loading and its mitigation in the 21% century
remains an important task for nearly all countries and territories across the globe. Islands are
particularly susceptible to nutrient pollution as on them most of the populace live directly
adjacent to the coast. Our study of the ‘Ewa Plain on Oahu is an important example of this
problem in an insular setting where a rapidly growing populace struggles with a lack of local
fresh water combined with stressors of high-density legacy cesspool OSDS, the needs for
fertilizers and adaptation to wastewater reuse to cope with recreation, and a heightened
awareness of the need to protect its coastal ecosystem from environmental degradation. To
address this problem, our study combined multispecies groundwater tracing, geochemical
nutrient analyses of water samples, electrical resistivity transects, and salinity surveys to find the
sources and fate of nutrient pollution within this region, which is the most rapidly growing

region within the state of Hawaii.

Two electrical resistivity transects were completed and represent some of the first high-
resolution interpretations of the ‘Ewa Plain subsurface. Results from these transects showed
areas of loose beach sediments on top of saltwater-saturated limestone beneath. The transects
showed uniformity in beach sediment geometry across the two transects and the saltwater zone is
generally a uniform depth. These transects failed to identify karstic dissolution features and may
be due to recrystallization of the dissolved limestone causing a lack of obvious karstic conduits.
Laboratory resistivity tests of collected sediment samples helped to further our understanding of
the field ERT transects. Of the beach sediments were collected, half were saturated with
freshwater and half with seawater. Laboratory results from each verified that the results from the
ERT transects were valid and demonstrated dry or undersaturated beach sediments directly atop

the saltwater zone below.

Geochemical analyses of groundwater and beachface porewater samples revealed elevated
levels of nutrients in nearly all samples. Groundwater well nutrient concentrations were very
high and point directly to groundwater pollution occurring beneath the ‘Ewa Plain. Samples of
treated reused wastewater used for irrigation (R-1 water) had very high concentrations of total

nitrogen indicating this may be a significant source of nitrogen in the subsurface. Currently, there
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are about 7.4 million gallons of R-1 water being used for irrigation on the ‘Ewa Plain daily

which may have large-scale impacts on coastal ecosystem health, and thus warrant further study.

Two coastal salinity surveys were conducted to locate sources of groundwater discharge
directly along the coast. Individual point-source locations of groundwater discharge were not
found in either salinity survey, which indicate a different regime by which groundwater enters
the coastal zone along the ‘Ewa Coast. Specifically, the ‘Ewa Caprock may be transporting
groundwater and nutrient pollution further offshore causing adverse ecological effects further

offshore than expected.

A numerical groundwater model incorporating our field data was constructed and employed
to simulate the different sources and regions of nitrogen input to groundwaters. The results from
the MT3DMS solute transport model indicates that dissolved inorganic nitrogen from OSDS and
R-1 water irrigation have a higher relative impact than agricultural fields and normal golf course
fertilization. These previously mentioned assumptions and limitations are certainly affecting the
accuracy of the models’ final predictions. However, when the results of the MT3DMS tests are
used as a tool to understand the flow paths and relative impact TDN and DIN, the results become
useful in guiding future contamination control and mitigation efforts. Additionally,
understanding which sources are having the highest relative impact is important for regulators

when planning and implementing multi-phased approaches to stopping nitrogen pollution.
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Table 6: Abbreviations used for geochemical sample locations and types

Geochemical sample name

Sample location

PBP Pu’uloa Beach Park

OBP One’ula Beach Park

KBP Kalaeloa Beach Park

WPB White Plains Beach

EG ‘Ewa Gentry Housing Association
HPGC Hawaii Prince Golf Club
CCGC Coral Creek Golf Course

VIP VIP Sanitation

OBS Observation Well

KGC Kapolei Golf Club

Table 7: Geochemical nutrient analysis results

Total N | Total P Phosphate | Silicate N+N Ammonium Nitrite Nitrate Salinity | Latitude | Longitude
Sample Name Sample Type | umol/L pmol/L | pmol/L umol/L pmol/L | pmol/L pmol/L | pmol/L
OBP-001 Beachface 7.54 0.57 0.27 4.97 2.89 0.31 - 2.89 34.80 21.306 | -158.026
OBP-002 A Beachface 22.67 0.59 0.55 4.55 3.52 0.89 - 3.52 34.40 21.306 | -158.029
OBP-002 B Beachface 48.01 0.86 0.64 3.88 3.51 2.18 - 3.51 34.40 21.306 | -158.029
OBP-003 Beachface 12.42 0.70 0.46 10.39 7.05 0.41 - 7.05 33.72 21.305 | -158.030
PBP-001 Beachface 3.16 0.20 0.18 4.11 1.00 0.05 - 1.00 - 21.314 | -157.991
PBP-002 A Beachface 4.12 0.26 0.25 4.16 1.01 0.09 - 1.01 - 21.314 | -157.992
PBP-002 B Beachface 6.85 0.61 0.54 5.87 1.55 0.20 - 1.55 - 21.314 | -157.992
PBP-003 Beachface 4.12 0.32 0.30 3.15 1.17 0.15 - 1.17 - 21.313 | -157.993
PBP-004 Beachface 3.95 0.38 0.26 3.17 1.19 0.11 - 1.19 - 21.313 | -157.994
PBP-005 Beachface 6.25 0.47 0.34 10.97 1.65 0.33 - 1.65 - 21.313 | -157.995
PBP-006 Beachface 5.54 0.65 0.54 7.79 1.29 0.22 - 1.29 34.06 21.312 | -157.996
PBP-007 Beachface 6.92 0.42 0.29 7.73 297 0.22 - 297 34.52 21.312 | -157.998
PBP-008 Beachface 5.69 0.45 0.33 9.21 1.26 0.19 - 1.26 34.40 21.311 | -158.001
PBP-009 Beachface 5.33 0.30 0.22 7.29 1.71 0.09 - 1.71 34.49 21.311 | -158.001
PBP-010 Beachface 4.49 0.20 0.13 243 1.72 0.05 - 1.72 34.60 21.310 | -158.006
PBP-011 Beachface 4.81 0.26 0.08 6.06 0.62 0.20 - 0.62 34.41 21.310 | -158.010
PBP-012 Beachface 5.35 0.21 0.12 9.45 1.07 0.15 - 1.07 33.70 21.309 | -158.012
PBP-001 Beachface 8.22 0.47 0.38 8.01 0.93 0.99 0.05 0.88 33.90 21.314 | -157.991
PBP-002 Beachface 6.29 0.37 0.31 4.78 1.20 0.19 0.03 1.17 34.53 21.314 | -157.992
PBP-003 Beachface 7.03 0.34 0.29 4.69 1.27 0.62 0.03 1.24 34.49 21.313 | -157.993
PBP-004 Beachface 5.47 0.32 0.31 3.27 0.96 0.20 0.03 0.93 34.68 21.313 | -157.994
PBP-005 A Beachface 6.28 0.29 0.24 5.55 1.04 0.19 0.03 1.01 34.61 21.312 | -157.998
PBP-005 B Beachface 6.34 0.27 0.24 5.77 1.03 0.20 0.03 1.00 34.66 21.312 | -157.998
PBP-006 Beachface 6.40 0.24 0.17 3.93 0.69 0.28 0.02 0.67 34.66 21.312 | -158.000
PBP-007 Beachface 6.24 0.34 0.34 6.60 1.61 0.07 0.03 1.58 34.58 21.311 | -158.001
PBP-008 Beachface 6.75 0.35 0.18 4.74 0.85 0.20 0.03 0.82 34.60 21.311 | -158.003
PBP-009 Beachface 6.01 0.25 0.24 7.37 1.59 0.18 0.03 1.56 34.55 21.310 | -158.006
PBP-010 Beachface 6.38 0.21 0.15 4.11 0.76 0.28 0.02 0.74 34.48 21.310 | -158.007
PBP-011 Beachface 5.24 0.20 0.12 3.81 0.57 0.14 0.02 0.55 34.71 21.310 | -158.009
PBP-012 Beachface 6.42 0.15 0.08 2.59 0.45 0.09 0.03 0.42 34.75 21.309 | -158.010
PBP-013 Beachface 5.23 0.20 0.11 3.83 0.85 0.12 0.03 0.82 34.78 21.309 | -158.011
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OBP-003

Beachface

10.19

4.24

3.06

34.73

21.305

-158.031

KBP-001 A Beachface 7.54 0.44 0.29 4.81 1.05 0.41 0.13 0.92 34.86 21.300 | -158.064
KBP-001 B Beachface 6.02 0.32 0.21 3.98 0.80 0.23 0.11 0.69 34.86 21.300 | -158.064
KBP-003 Beachface 6.51 0.31 0.24 7.98 2.04 0.21 0.03 2.01 34.75 21.300 | -158.062
KBP-004 Beachface 8.27 0.29 0.19 5.04 3.95 0.46 0.02 3.93 34.81 21.301 | -158.057
WPB-002 A Beachface 4.43 0.30 0.25 1.93 0.93 0.02 0.03 0.90 32.88 21.303 | -158.046
WPB-002 B Beachface 5.99 0.40 0.34 241 1.37 0.19 0.05 1.32 32.88 21.303 | -158.046
OBP-SEEP2 A Beachface 9.51 0.60 0.55 24.73 4.63 0.16 0.08 4.55 33.22 21.306 | -158.026
OBP-SEEP2 B Beachface 9.48 0.58 0.56 24.68 4.62 0.13 0.08 4.54 33.22 21.306 | -158.026
PBP-001 Beachface 6.54 0.32 0.22 5.17 2.62 <0.02 0.07 2.55 34.60 21.330 | -158.033
PBP-002 Beachface 5.68 0.30 0.17 4.75 1.98 <0.02 0.04 1.94 34.49 21314 | -157.991
PBP-003 Beachface 4.63 0.35 0.26 5.92 1.42 <0.02 0.03 1.39 34.74 21314 | -157.992
PBP-004 Beachface 3.91 0.36 0.20 5.70 0.57 <0.02 0.04 0.53 34.67 21.313 | -157.993
PBP-005 A Beachface 435 0.24 0.16 6.70 1.10 0.09 0.03 1.07 34.52 21313 | -157.994
PBP-005 B Beachface 5.02 0.27 0.21 7.89 1.34 0.04 0.03 1.31 34.52 21.312 | -157.998
PBP-006 Beachface 4.24 0.19 0.17 6.35 1.06 0.03 0.03 1.03 34.64 21312 | -157.998
PBP-007 Beachface 4.57 0.18 0.15 5.70 1.60 0.02 0.02 1.58 34.48 21.312 | -158.000
PBP-008 Beachface 4.40 0.21 0.14 4.45 1.21 <0.02 0.03 1.18 34.49 21.311 | -158.001
PBP-009 A Beachface 4.06 0.18 0.13 5.35 1.16 0.03 0.02 1.14 34.57 21.311 | -158.003
PBP-009 B Beachface 4.72 0.17 0.12 6.13 1.37 0.16 0.03 1.34 34.57 21.310 | -158.006
PBP-010 Beachface 5.03 0.18 0.11 5.26 1.78 <0.02 0.03 1.75 34.44 21.310 | -158.006
PBP-011 Beachface 491 0.19 0.10 6.63 1.11 0.08 0.06 1.05 34.33 21.310 | -158.007
PBP-012 Beachface 431 0.19 0.06 4.09 0.72 0.07 0.03 0.69 34.55 21.310 | -158.009
PBP-013 A Beachface 3.93 0.09 0.04 2.57 0.43 <0.02 0.03 0.40 34.45 21.309 | -158.010
PBP-013 B Beachface 3.96 0.16 0.05 2.40 0.44 0.10 0.03 0.41 34.45 21.309 | -158.011
WPB-001 Beachface 6.31 0.22 0.18 5.65 2.48 <0.02 0.05 243 34.59 21.304 | -158.044
WPB-002 Beachface 9.24 0.70 0.68 7.11 4.09 <0.02 0.05 4.04 34.77 21.303 | -158.046
OBP-001 Beachface 8.84 0.62 0.53 8.96 3.76 0.23 0.06 3.70 33.99 21.306 | -158.026
OBP-002 A Beachface 7.46 0.49 0.44 8.06 2.98 <0.02 0.03 2.95 34.35 21.306 | -158.029
OBP-002 B Beachface 7.49 0.50 0.44 8.07 3.04 0.18 0.03 3.01 34.35 21.306 | -158.029
OBP-003 Beachface 6.82 0.30 0.25 7.22 2.10 <0.02 0.02 2.08 34.73 21.305 | -158.030
KBP-001 Beachface 8.10 0.34 0.19 6.07 2.11 <0.02 0.04 2.07 34.74 21.300 | -158.064
KBP-003 Beachface 11.68 0.60 0.50 9.59 7.69 0.18 0.07 7.62 34.83 21.300 | -158.059
KBP-004 Beachface 10.06 0.88 0.77 10.77 5.66 <0.02 0.04 5.62 34.74 21.301 | -158.057
WPB-1 Beachface 7.94 0.61 0.57 10.73 4.54 0.07 0.06 4.48 33.88 21.304 | -158.044
R-1 R-1 Water 1498.33 | 131.85 112.44 856.59 | 562.85 581.34 61.61 501.24 0.79 - -

R-1D R-1 Water 1544.88 | 132.74 112.52 896.61 | 561.30 635.25 61.30 | 500.00 0.79 - -

Shower Well 211.25 8.38 6.69 1467.99 | 186.21 0.15 0.07 186.14 0.39 - -

VIP well Well 30.73 0.74 0.51 519.13 0.47 0.05 0.06 0.41 1.09 - -

KGC-1 Well 327.42 1.35 1.25 927.18 | 295.46 <0.02 0.06 295.40 1.19 - -

HP-1’ Well 166.73 1.39 1.20 849.06 | 145.78 <0.02 0.06 145.72 1.16 - -

HP-3° Well 355.13 0.98 0.98 800.92 | 328.72 0.18 0.07 328.65 1.33 - -

HP-5’ Well 448.04 0.88 0.73 633.61 | 415.04 0.07 2.08 412.96 1.49 - -

CCGC-001 Well 409.23 1.42 1.20 774.19 | 379.03 3.55 - 379.03 1.68 - -

HPGC-001 Well 373.92 1.29 0.77 1003.07 | 343.29 0.26 - 343.29 1.43 - -

HPGC-002 Well 488.47 0.72 0.72 662.51 | 458.54 1.52 - 458.54 0.95 - -

Canal 1 Well 195.13 1.76 1.53 1476.16 | 147.29 9.69 8.55 138.74 0.81 21.316 | -158.007
Canal 2 Well 59.09 24.76 21.87 674.85 1.36 0.65 0.12 1.24 2.05 21.315 | -158.007
Canal 3 A Well 49.79 23.40 20.58 509.82 0.89 1.17 0.07 0.82 2.88 21.314 | -158.006
Canal 3 B Well 46.98 24.68 22.03 640.26 0.63 1.05 0.06 0.57 2.93 21.314 | -158.006
Canal 4 Well 41.20 17.01 15.14 626.62 8.01 291 4.17 3.84 3.30 21.313 | -158.006
Canal § Well 117.27 4.54 4.18 567.18 46.38 11.10 5.22 41.16 3.68 21.312 | -158.006
CCGC-1 Well 279.57 3.17 3.07 374.92 | 250.28 6.98 0.15 250.13 6.79 - -
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EG-12 Well 774.80 0.95 091 995.65 | 733.75 <0.02 0.01 733.74 1.73 - -
EG-13 Well 322.59 1.15 1.02 884.16 | 301.71 0.52 0.08 301.63 1.56 - -
EG-29 Well 261.14 0.95 0.94 1328.39 | 237.53 0.11 0.06 237.47 1.98 - -
EG-35(1) A Well 367.06 0.42 0.39 730.56 | 341.49 0.38 1.07 340.42 1.32 - -
EG-35(1) B Well 359.14 0.42 0.38 717.13 | 333.07 0.31 1.31 331.76 1.32 - -
EG-35(2) Well 753.61 0.60 0.58 867.28 | 706.54 0.55 0.08 706.46 1.35 - -
EG-45 Well 690.17 0.59 0.52 807.27 | 651.12 0.23 0.03 651.09 1.61 - -
HP-1 Well 183.14 1.13 0.90 1243.67 | 136.49 0.06 0.03 136.46 1.04 - -
HP-3 A Well 378.07 0.84 0.70 1050.69 | 351.54 0.13 0.02 351.52 1.27 - -
HP-3 B Well 377.80 0.84 0.68 1092.98 | 351.40 0.12 0.02 351.38 1.27 - -
HP-5 Well 399.17 0.80 0.74 953.54 | 366.07 2.59 0.06 366.01 1.57 - -
OBS-1 Well 756.80 8.33 7.54 540.89 | 724.46 7.23 4.43 720.03 1.20 - -
Seawater Average - 5.06 0.26 0.09 1.03 0.05 - - - - - -
Well Average - 408.89 13.27 11.42 849.10 | 312.22 2.06 5.59 307.20 1.73 - -
Beachface

Average - 9.37 0.40 0.30 15.54 4.06 0.25 0.05 4.02 3391

Table 8: Average nutrient concentrations from ‘Ewa Plain and selected other
areas from Hawaii

Station ALOHA (2021) Hawaii Ocean Time-series Data Organization & Graphical System
Seawater - - - R
Average - 5.06 0.26 0.09 1.03 0.05

This study average values for ‘Ewa Plain
This study
Well Average - 408.89 13.27 11.42 849.10 312.22 2.06 5.59 307.20 1.73
This study
Beachface
Average - 9.37 0.40 0.30 15.54 4.06 0.25 0.05 4.02 33.91
Ellison (2021) averaged values for Waialua region, north shore Oahu
Well Average 174.02 4.7 4.17 1019.04 140.35 0.36 - - 0.23
Beachface Average 28.54 1.12 0.98 238.27 22.74 0.42 - - 28.54
Mathioudakis (2018) averaged values for Kahaluu region, leeward Oahu
Well Average 36.34 2.28 - 477.88 6.39 21.39 - - -
Beachface Average 37.42 1.57 - 469.28 11.47 17.55 - - -
Glenn et al. (2012) averaged values for leeward West Maui

Production well Average 1330 100 72 19283 969.1 1.4 1.1 968 -
Monitoring Well Average 2342 91 52 16206 1614.2 0 6.2 1608 -
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Table 9: Salinity survey results

Latitude | Longitude | Pressure | Temperature C | Conductivity Salinity
PU'ULOA BEACH PARK SALINITY SURVEY 04/29/2022
21.3133262 -157.99254 1042.25 25.39 53.89 35.31
21.3132701 -157.99257 1039.45 25.31 52.65 34.45
21.3132396 -157.9926 1041.73 25.27 53.57 35.16
21.3132271 -157.99266 1039.63 25.18 53.16 34.92
21.3132208 -157.99269 1040.09 25.23 53.24 34.94
21.3132432 -157.99273 1039.28 25.23 53.23 34.93
21.3132679 -157.99273 1040.73 25.23 53.19 34.90
21.3132718 -157.99273 1040.91 25.23 53.12 34.85
21.3132817 -157.99274 1039.10 25.23 53.14 34.86
21.3132448 -157.99273 1040.15 25.24 53.17 34.88
21.3131941 -157.99276 1039.39 25.23 52.47 34.38
21.313173 -157.99281 1038.46 25.21 53.13 34.88
21.3131544 -157.99285 1038.93 25.21 52.89 34.70
21.3131351 -157.9929 1037.29 25.22 52.07 34.09
21.3131182 -157.99294 1043.24 25.23 53.18 34.89
21.3131064 -157.99298 1038.98 25.24 52.18 34.16
21.3130891 -157.99302 1041.43 25.23 53.11 34.85
21.3130724 -157.99307 1040.62 25.24 53.08 34.82
21.3130602 -157.99311 1043.30 25.23 53.12 34.86
21.3130535 -157.99315 1043.42 25.23 53.11 34.84
21.3130258 -157.9932 1040.56 25.23 53.12 34.85
21.3130037 -157.99325 1040.97 25.25 53.15 34.86
21.3130006 -157.99329 1038.58 25.26 52.64 34.47
21.3129826 -157.99333 1039.10 25.25 52.36 34.28
21.3129771 -157.99337 1039.16 25.28 52.64 34.47
21.3129635 -157.99341 1041.78 25.26 53.20 34.89
21.3129761 -157.99343 1037.41 25.25 52.83 34.62
21.31297 -157.99344 1038.05 25.25 50.64 33.02
21.31297 -157.99349 1038.28 25.24 51.90 33.95
21.31294 -157.99352 1042.08 25.25 53.26 34.94
21.31293 -157.99356 1038.58 25.26 52.83 34.62
21.31291 -157.99359 1040.09 25.26 5243 34.32
21.3129 -157.99364 1039.22 25.27 53.13 34.83
21.3129 -157.99367 1038.75 25.29 44.84 28.79
21.31288 -157.99373 1039.74 25.27 53.20 34.88
21.31287 -157.99377 1039.45 25.28 53.21 34.88
21.31286 -157.99382 1040.38 25.28 53.30 34.95
21.31285 -157.99387 1040.27 25.29 52.90 34.65
21.31282 -157.99392 1040.79 25.31 53.27 34.90
21.31281 -157.99396 1040.38 25.31 53.22 34.86
21.3128 -157.994 1041.61 25.33 53.23 34.86
21.3128 -157.99405 1038.23 25.31 53.29 34.91
21.31278 -157.9941 1042.08 25.29 53.29 34.93
21.31277 -157.99415 1042.31 25.30 53.30 34.93
21.31278 -157.99419 1041.96 25.31 53.31 34.93
21.31277 -157.99425 1039.92 25.32 53.13 34.79
21.31277 -157.99429 1043.07 25.35 53.29 34.89
21.31276 -157.99433 1040.79 25.33 53.26 34.88
21.31275 -157.99438 1042.95 25.33 53.30 34.91
21.31273 -157.99442 1043.07 25.34 53.29 34.90
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21.31274 -157.99447 1040.62 25.35 53.31 34.90
21.31273 -157.99452 1040.91 25.35 53.21 34.83
21.31272 -157.99458 1039.45 25.34 5241 34.25
21.31271 -157.99462 1040.09 25.34 53.21 34.84
21.3126935 -157.99466 1042.89 25.34 53.06 34.72
21.3126818 -157.99471 1038.93 25.34 52.37 34.22
21.3126629 -157.99475 1042.43 25.32 53.27 34.89
21.3126613 -157.99477 1038.93 25.32 52.80 34.55
21.3126447 -157.9948 1042.25 25.32 52.39 34.25
21.3126251 -157.99485 1040.44 25.33 53.15 34.80
21.3126191 -157.99489 1041.26 25.33 53.16 34.81
21.3126097 -157.99494 1039.63 25.33 53.16 34.81
21.3126029 -157.99499 1039.10 25.34 53.03 34.71
21.3125846 -157.99502 1036.59 25.34 53.19 34.82
21.3125784 -157.99506 1041.73 25.34 53.23 34.85
21.3125681 -157.9951 1041.08 25.34 53.12 34.77
21.3125499 -157.99514 1039.45 25.34 53.26 34.88
21.3125338 -157.99518 1040.91 25.32 53.24 34.88
21.3125297 -157.99524 1040.27 25.35 53.03 34.70
21.3125194 -157.99528 1036.07 25.36 52.68 34.44
21.312495 -157.99533 1042.78 25.31 53.20 34.85
21.3124976 -157.99539 1042.43 25.31 53.26 34.90
21.3124822 -157.99542 1040.09 25.31 53.23 34.88
21.3124739 -157.99547 1044.29 25.30 53.18 34.84
21.3124654 -157.99551 1039.74 25.29 53.24 34.90
21.3124464 -157.99556 1039.63 25.28 53.15 34.84
21.3124354 -157.99561 1040.44 25.28 53.07 34.78
21.3124334 -157.99567 1039.98 25.28 5291 34.66
21.3124129 -157.99571 1038.23 25.28 52.98 34.71
21.3124043 -157.99577 1037.93 25.28 52.79 34.57
21.3123878 -157.9958 1037.23 25.29 49.78 32.36
21.3123782 -157.99585 1041.96 25.31 53.10 34.78
21.312364 -157.99589 1037.23 25.33 52.80 34.54
21.3123389 -157.99594 1040.97 25.33 52.35 34.21
21.3123298 -157.99599 1035.95 25.30 50.70 33.03
21.3123139 -157.99604 1042.78 25.32 52.76 34.52
21.3122997 -157.99607 1038.46 25.32 53.08 34.75
21.3122859 -157.99612 1041.96 25.30 53.27 3491
21.3122865 -157.99618 1041.73 25.34 53.34 34.93
21.3122817 -157.99624 1042.08 25.37 53.31 34.89
21.3122681 -157.99628 1043.13 25.33 53.34 34.94
21.3122541 -157.99633 1040.97 25.29 53.29 34.94
21.3122507 -157.99636 1041.61 25.29 53.17 34.85
21.3122391 -157.99642 1042.43 25.29 53.31 34.95
21.3122298 -157.99647 1041.61 25.29 53.28 34.92
21.3122209 -157.99652 1042.60 25.29 53.30 34.93
21.312217 -157.99656 1040.09 25.34 53.15 34.79
21.3122013 -157.99658 1040.62 25.32 53.14 34.80
21.312191 -157.99662 1041.26 25.27 53.20 34.88
21.3121742 -157.99667 1043.30 25.30 53.30 34.94
21.3121623 -157.99671 1040.38 25.31 53.26 34.89
21.31216 -157.99676 1044.47 25.33 53.32 34.93
21.312148 -157.99682 1043.24 25.32 53.32 34.93
21.3121278 -157.99687 1041.78 25.30 53.34 34.96
21.3121178 -157.99692 1040.97 25.29 53.18 34.85
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21.3121057 -157.99696 1042.08 25.31 53.31 34.93
21.3121044 -157.997 1041.96 25.32 52.84 34.58
21.3121016 -157.99704 1041.08 25.32 53.35 34.95
21.3120939 -157.99709 1042.95 25.33 53.36 34.95
21.3120752 -157.99713 1039.74 25.38 53.25 34.84
21.3120655 -157.99717 1041.43 25.36 53.38 34.95
21.3120499 -157.99722 1042.13 25.34 53.24 34.86
21.3120459 -157.99726 1041.73 25.28 53.28 34.93
21.3120304 -157.99731 1042.95 25.25 53.22 34.91
21.3120405 -157.99736 1040.09 25.22 53.21 34.92
21.3120515 -157.99743 1042.43 25.17 53.12 34.90
21.3120428 -157.99748 1043.42 25.16 53.15 34.92
21.3120432 -157.99753 1037.41 25.14 52.67 34.59
21.3120325 -157.99757 1041.26 25.15 53.09 34.89
21.3120337 -157.99761 1039.92 25.14 47.35 30.69
21.3120274 -157.99764 1038.75 25.15 53.12 3491
21.3120329 -157.99768 1043.07 25.14 53.14 34.93
21.3120327 -157.99773 1043.48 25.13 53.14 34.94
21.3120226 -157.99777 1040.27 25.19 52.78 34.63
21.3120128 -157.9978 1036.88 25.23 32.71 20.33
21.3119972 -157.99785 1040.27 25.21 53.12 34.87
21.3120107 -157.9979 1041.96 25.20 53.15 34.89
21.3120146 -157.99794 1042.60 25.20 53.14 34.89
21.3120092 -157.998 1044.64 25.22 53.17 34.90
21.3119981 -157.99803 1042.89 25.23 53.16 34.88
21.3119926 -157.99808 1040.38 25.25 53.06 34.79
21.3119806 -157.99813 1040.79 25.24 52.98 34.74
21.3119736 -157.99818 1043.30 25.26 53.19 34.89
21.3119711 -157.99821 1036.24 25.26 44.56 28.61
21.3119626 -157.99824 1042.95 25.30 53.24 34.89
21.3119459 -157.9983 1037.58 25.30 49.54 32.18
21.3119417 -157.99833 1038.75 25.26 52.99 34.74
21.3119416 -157.99838 1038.75 25.24 53.10 34.84
21.3119373 -157.99841 1037.76 25.23 52.87 34.67
21.3119328 -157.99846 1041.73 25.23 53.14 34.87
21.3119232 -157.99851 1042.31 25.24 53.14 34.86
21.3119136 -157.99855 1040.09 25.25 53.14 34.85
21.3118989 -157.99859 1042.78 25.26 53.16 34.86
21.3118927 -157.99869 1043.30 25.34 53.30 3491
21.3118794 -157.99872 1042.25 25.35 53.34 34.92
21.311863 -157.99877 1041.14 25.36 53.26 34.86
21.3118378 -157.99883 1042.43 25.37 53.32 34.90
21.3118236 -157.99888 1040.62 25.37 51.63 33.66
21.3118194 -157.99893 1040.62 25.37 53.29 34.87
21.3118026 -157.99899 1039.80 25.39 53.32 34.88
21.311789 -157.99903 1041.78 25.40 44.38 28.40
21.3117673 -157.99908 1039.92 25.40 53.01 34.65
21.3117599 -157.99912 1042.13 25.39 53.38 34.93
21.3117466 -157.99917 1040.27 25.41 53.42 34.93
21.3117392 -157.99923 1039.92 25.43 53.44 34.94
21.311723 -157.99928 1039.39 2541 53.43 34.94
21.3117086 -157.99933 1039.45 25.37 53.35 34.92
21.3116807 -157.99939 1041.78 25.41 53.32 34.86
21.3116659 -157.99944 1041.26 25.43 53.35 34.87
21.3116498 -157.99948 1038.11 25.47 53.24 34.76
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21.3116413 -157.99952 1040.44 25.47 52.81 34.45
21.3116187 -157.99956 1041.43 25.46 5341 34.90
21.3116052 -157.99962 1041.43 25.51 53.52 34.94
21.3115985 -157.99967 1038.40 25.50 52.95 34.53
21.3115911 -157.99971 1037.58 25.50 52.68 34.33
21.3115827 -157.99975 1041.61 25.60 53.37 34.76
21.3115642 -157.99981 1040.09 25.52 53.21 34.70
21.3115561 -157.99986 1037.12 25.53 46.15 29.59
21.3115403 -157.99992 1041.26 25.53 53.49 34.90
21.3115176 -157.99997 1040.27 25.60 52.75 34.31
21.3115051 -158.00003 1040.09 25.55 52.70 34.30
21.3114996 -158.00008 1038.75 25.54 53.11 34.62
21.3114875 -158.00014 1040.27 25.56 53.31 34.75
21.3114555 -158.00018 1041.96 25.56 53.56 34.93
21.3114455 -158.00023 1040.73 25.61 53.50 34.84
21.3114361 -158.00028 1040.09 25.63 52.83 34.34
21.3114258 -158.00034 1041.61 25.64 51.97 33.71
21.3114219 -158.00038 1038.46 25.65 34.74 21.53
21.3113993 -158.00042 1036.42 25.64 52.29 33.95
21.3113896 -158.00047 1042.78 25.61 45.17 28.83
21.3113777 -158.00051 1039.28 25.61 53.26 34.68
21.3113823 -158.00057 1042.60 25.59 53.32 34.73
21.3113772 -158.00062 1040.56 25.56 53.51 34.89
21.3113652 -158.00068 1041.61 25.53 53.54 34.93
21.3113569 -158.00074 1040.62 25.59 53.30 34.72
21.3113398 -158.00079 1036.59 25.60 52.36 34.03
21.3113058 -158.00082 1039.74 25.60 53.47 34.84
21.3112912 -158.00087 1041.73 25.59 53.50 34.87
21.31128 -158.00094 1037.41 25.58 52.76 34.33
21.3112448 -158.00099 1043.59 25.55 53.28 34.73
21.31124 -158.00104 1041.08 25.52 53.44 34.87
21.3112345 -158.0011 1043.30 25.49 53.40 34.87
21.3112344 -158.00115 1043.77 25.49 5341 34.87
21.3112264 -158.0012 1044.12 25.53 53.45 34.88
21.3112212 -158.00126 1044.29 25.57 53.46 34.85
21.3112078 -158.00131 1043.24 25.56 53.40 34.82
21.311195 -158.00135 1044.47 25.52 53.26 34.74
21.3111907 -158.00139 1037.41 25.49 53.20 34.72
21.3111921 -158.00144 1040.27 25.49 53.30 34.79
21.3111954 -158.00149 1040.97 25.49 53.26 34.76
21.3111824 -158.00152 1042.95 25.50 53.32 34.79
21.3111743 -158.00158 1042.60 25.50 53.32 34.80
21.3111567 -158.00163 1042.89 25.47 53.06 34.63
21.3111381 -158.00169 1043.24 25.46 53.26 34.78
21.3111209 -158.00172 1042.60 25.47 52.48 34.21
21.3111055 -158.00177 1037.58 25.43 52.42 34.19
21.3111008 -158.00182 1039.57 25.39 53.20 34.79
21.311083 -158.00187 1043.30 25.39 53.24 34.82
21.3110627 -158.00193 1038.58 25.38 52.94 34.61
21.3110624 -158.00198 1042.25 25.37 53.22 34.82
21.311053 -158.00202 1042.66 25.36 53.22 34.83
21.3110436 -158.00208 1041.32 25.36 50.78 33.04
21.3110228 -158.00212 1044.12 25.33 53.11 34.77
21.3110171 -158.00217 1038.23 25.28 52.57 3441
21.3110128 -158.00222 1040.09 25.26 52.63 34.47
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21.3110029 -158.00228 1042.43 25.26 53.20 34.89
21.3109906 -158.00233 1040.44 25.26 53.03 34.76
21.3110011 -158.00238 1041.43 25.30 50.07 32.57
21.3109777 -158.00242 1046.98 25.25 53.02 34.76
21.3109589 -158.00247 1039.16 25.16 52.84 34.70
21.3109517 -158.00253 1042.25 25.14 53.12 3491
21.3109302 -158.00258 1039.74 25.13 53.12 34.92
21.310923 -158.00263 1038.75 25.18 52.84 34.69
21.3109084 -158.00268 1040.27 25.24 49.41 32.12
21.3108927 -158.00271 1035.08 25.23 38.47 24.32
21.3108967 -158.00275 1038.46 25.24 47.52 30.76
21.3108769 -158.00284 1041.26 25.20 53.08 34.85
21.3108724 -158.0029 1042.60 25.20 53.16 34.90
21.3108638 -158.00295 1041.90 25.23 52.53 34.42
21.3108534 -158.00299 1042.78 25.26 53.20 34.89
21.3108358 -158.00304 1038.93 25.32 53.04 34.73
21.3108005 -158.00308 1041.96 25.30 52.35 34.24
21.3107851 -158.00314 1040.97 25.24 53.18 34.89
21.3107755 -158.00317 1044.23 25.26 53.24 34.92
21.3107671 -158.0032 1042.95 25.28 53.27 34.93
21.3107517 -158.00324 1043.77 25.23 53.23 34.93
21.3107384 -158.00329 1037.88 25.31 53.10 34.78
21.3107234 -158.00334 1041.43 25.22 53.18 34.90
21.3107115 -158.00338 1039.92 25.15 51.72 33.88
21.3107017 -158.00343 1040.44 25.20 53.21 34.94
21.3106918 -158.00348 1042.43 25.32 53.26 34.88
21.3106815 -158.00353 1042.60 25.32 53.21 34.85
21.3106726 -158.00358 1042.08 25.29 53.20 34.86
21.3106585 -158.00367 1040.44 25.21 53.18 3491
21.3106437 -158.00372 1041.26 25.29 53.22 34.88
21.3106256 -158.00376 1043.77 25.42 53.38 34.90
21.3106261 -158.0038 1037.76 25.39 51.81 33.77
21.3106493 -158.00381 1042.13 25.36 53.33 3491
21.3106562 -158.00383 1037.76 25.32 51.63 33.69
21.3106514 -158.00389 1042.95 25.33 53.22 34.85
21.3106435 -158.00394 1037.06 25.38 37.45 23.52
21.3106137 -158.00397 1042.83 25.36 53.32 3491
21.3105865 -158.00402 1042.43 25.36 53.26 34.86
21.3105639 -158.00411 1038.28 25.41 42.86 27.31
21.3105563 -158.00416 1037.58 25.43 51.22 33.32
21.310548 -158.00421 1037.23 25.44 51.76 33.71
21.3105374 -158.00425 1035.95 25.50 51.76 33.66
21.3105178 -158.00429 1039.74 25.50 52.07 33.89
21.3105039 -158.00433 1043.24 25.43 53.17 34.74
21.3104857 -158.00438 1042.08 25.41 53.16 34.75
21.3104781 -158.00442 1043.24 25.44 53.09 34.68
21.31047 -158.00448 1039.45 2542 53.21 34.78
21.3104784 -158.00454 1044.41 25.44 53.05 34.65
21.3104683 -158.00459 1041.08 25.54 52.19 33.95
21.3104572 -158.00465 1041.67 25.54 53.15 34.65
21.3104479 -158.0047 1041.26 2541 53.14 34.73
21.3104407 -158.00473 1036.88 25.41 51.34 33.42
21.3104268 -158.00479 1043.42 25.34 53.24 34.86
21.3104137 -158.00485 1043.30 25.39 53.25 34.83
21.3103912 -158.0049 1043.42 25.34 53.24 34.86
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21.3103619 -158.00496 1043.59 25.34 53.24 34.86
21.310332 -158.00501 1037.23 25.31 43.81 28.05
21.310312 -158.00505 1039.63 25.28 52.46 34.33
21.3103079 -158.00512 1042.13 25.30 53.25 34.90
21.3102992 -158.00519 1043.77 25.29 53.24 34.90
21.3102906 -158.00525 1044.12 25.41 53.11 34.72
21.3102847 -158.00529 1046.28 25.47 52.94 34.54
21.3102779 -158.0054 1042.95 25.45 53.09 34.67
21.3102745 -158.00545 1038.75 25.44 52.49 34.23
21.3102639 -158.00552 1040.09 25.41 53.02 34.65
21.3102606 -158.00556 1039.74 25.40 53.19 34.78
21.3102727 -158.00559 1041.78 25.42 53.23 34.79
21.3102614 -158.00563 1039.63 25.44 53.12 34.69
21.3102479 -158.00567 1041.78 25.51 52.98 34.55
21.3102488 -158.00572 1043.59 25.52 53.26 34.74
21.3102407 -158.00577 1037.23 25.54 33.19 20.52
21.3102181 -158.00583 1039.10 25.58 45.93 29.39
21.3102093 -158.0059 1041.73 25.61 53.38 34.76
21.3102023 -158.00597 1043.13 25.59 53.45 34.83
21.310212 -158.00602 1043.94 25.55 53.31 34.75
21.3102133 -158.00608 1041.61 25.54 53.39 34.82
21.3101976 -158.00619 1038.93 25.56 53.45 34.85
21.3101839 -158.00625 1041.08 25.56 53.34 34.76
21.3101728 -158.00629 1039.74 25.56 53.38 34.80
21.3101686 -158.00634 1040.38 25.59 53.53 34.89
21.3101631 -158.00638 1043.83 25.57 53.53 34.90
21.3101553 -158.00643 1038.75 25.57 53.02 34.53
21.3101388 -158.00648 1041.61 25.57 53.50 34.88
21.3101162 -158.00652 1037.23 25.56 49.41 3191
21.3100976 -158.00658 1040.79 25.58 53.53 34.89
21.3100756 -158.00663 1044.29 25.62 53.60 34.92
21.3100693 -158.00669 1041.08 25.59 53.62 34.95
21.310062 -158.00673 1040.27 25.57 53.54 3491
21.3100433 -158.00676 1039.10 25.57 53.50 34.88
21.3100262 -158.00682 1042.25 25.56 53.50 34.89
21.3100117 -158.00686 1038.93 25.56 53.51 34.89
21.3100003 -158.00689 1042.78 25.58 53.58 34.94
21.3099903 -158.00693 1042.43 25.58 53.60 34.94
21.3099925 -158.00697 1040.62 25.50 53.46 34.90
21.3099861 -158.007 1041.96 25.49 53.47 3491
21.3099664 -158.00703 1039.80 25.48 53.50 34.94
21.3099504 -158.00706 1040.09 25.47 53.42 34.89
21.3099402 -158.00711 1042.25 25.46 53.43 3491
21.3099303 -158.00716 1040.44 25.45 53.48 34.95
21.3099252 -158.00722 1039.63 25.42 53.24 34.79
21.3099269 -158.00727 1042.43 25.41 53.04 34.66
21.3099272 -158.0073 1041.78 25.40 53.40 34.93
21.309914 -158.00734 1039.28 25.38 52.98 34.63
21.3099117 -158.00738 1039.92 25.37 53.40 34.95
21.3099178 -158.00742 1042.78 25.37 53.32 34.90
21.3099154 -158.00746 1035.89 25.36 46.51 29.95
21.3098903 -158.00749 1043.77 25.37 53.36 34.92
21.3098779 -158.00754 1037.12 25.36 52.58 34.36
21.3098706 -158.00758 1039.45 25.36 52.73 34.47
21.3098514 -158.00762 1043.42 25.37 53.33 34.90
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21.3098488 -158.00766 1039.22 25.37 52.00 33.93
21.3098452 -158.0077 1044.29 25.33 52.69 34.46
21.3098412 -158.00774 1042.25 25.32 53.14 34.80
21.3098488 -158.00778 1041.73 25.34 53.29 34.89
21.3098346 -158.00783 1042.78 25.34 53.26 34.87
21.3098256 -158.00788 1041.14 25.33 53.33 34.93
21.3098216 -158.00793 1039.63 25.34 53.34 34.93
21.3098078 -158.00797 1043.24 25.35 53.37 34.94
21.3098055 -158.00802 1039.63 25.36 53.28 34.87
21.3098204 -158.00801 1042.25 25.37 53.36 34.92
21.30981 -158.00807 1040.91 25.37 5341 34.96
21.3098107 -158.00811 1043.30 25.40 53.34 34.89
21.3098043 -158.00816 1042.60 25.40 53.44 34.96
21.3097801 -158.0082 1041.43 25.39 5341 34.95
21.3097749 -158.00826 1040.62 25.39 53.45 34.97
21.3097729 -158.0083 1040.44 25.36 51.09 33.27
21.3097686 -158.00837 1040.09 25.34 53.28 34.89
21.3097652 -158.00843 1041.61 25.33 53.40 34.99
21.309768 -158.00846 1039.92 25.31 52.98 34.69
21.3097892 -158.00847 1040.73 25.32 53.17 34.82
21.3097771 -158.0085 1040.62 25.33 53.38 34.97
21.3097663 -158.00855 1039.10 25.32 53.34 34.94
21.3097536 -158.00858 1041.32 25.30 53.32 34.94
21.3097382 -158.00862 1035.60 25.29 50.37 32.79
21.3097324 -158.00866 1042.13 25.27 53.30 34.95
21.309726 -158.00871 1038.23 25.26 48.79 31.66
21.3097185 -158.00876 1043.24 25.28 52.24 34.17
21.3097024 -158.0088 1041.32 25.30 53.42 35.02
21.3097048 -158.00885 1041.78 25.36 53.45 35.00
21.3097088 -158.00889 1040.27 25.34 48.62 31.49
21.3097023 -158.00893 1043.48 25.33 53.40 34.99
21.30969 -158.00896 1040.44 25.32 53.36 34.96
21.3096719 -158.00901 1043.07 25.32 53.43 35.01
21.3096804 -158.00906 1044.00 25.33 53.45 35.02
21.3096699 -158.0091 1041.96 25.36 53.42 34.98
21.3096684 -158.00915 1041.26 25.37 53.38 34.94
21.3096699 -158.00919 1042.25 25.32 53.40 34.99
21.3096602 -158.00923 1039.45 25.34 52.46 34.28
21.3096436 -158.00932 1041.08 25.34 53.22 34.85
21.3096344 -158.00936 1043.42 25.36 53.46 35.01
21.3096186 -158.00941 1040.91 25.37 53.50 35.02
21.3096245 -158.00945 1041.73 25.35 53.08 34.73
21.309618 -158.00949 1047.97 25.34 53.27 34.88
21.3096101 -158.00954 1037.93 25.36 53.38 34.94
21.3095956 -158.0096 1041.08 25.35 53.44 35.00
21.3095932 -158.00963 1042.25 25.33 52.90 34.62
21.3095853 -158.00967 1042.83 25.33 53.32 34.93
21.3095729 -158.00972 1041.61 25.35 53.40 34.97
21.3095593 -158.00977 1040.27 25.35 53.45 35.00
21.3095475 -158.00982 1038.46 25.36 53.46 35.01
21.3095538 -158.00986 1039.10 25.37 50.63 32.93
21.3095441 -158.00991 1043.94 25.36 53.54 35.06
21.309541 -158.00995 1040.09 25.26 53.47 35.08
21.3095415 -158.00999 1039.74 25.23 53.46 35.11
21.3095403 -158.01004 1041.14 25.22 52.93 34.72
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21.3095397 -158.01009 1043.30 25.22 53.46 35.11
21.3095244 -158.01013 1042.48 25.22 53.34 35.02
21.3095041 -158.01017 1041.96 25.24 53.48 35.11
21.3094854 -158.01021 1042.78 25.21 53.44 35.10
21.3094886 -158.01024 1039.80 25.24 52.55 34.42
21.3094844 -158.01028 1043.48 25.36 53.62 35.12
21.3094783 -158.01033 1041.43 2541 53.70 35.15
21.3094652 -158.01036 1042.78 25.38 53.14 34.75
21.3094672 -158.01041 1042.60 25.42 53.67 35.11
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21.300448 -158.05803 1045.98 24.45 49.70 32.89
21.3004399 -158.05796 1046.98 24.62 49.84 32.88
21.3004389 -158.0579 1046.80 24.66 49.92 32.90
21.3004504 -158.05785 1045.34 24.68 48.36 31.74
21.3004609 -158.05782 1043.59 24.68 48.78 32.05
21.3004727 -158.05776 1043.48 24.68 48.87 32.12
21.3004832 -158.0577 1046.10 24.70 48.88 32.11
21.3005058 -158.05764 1043.30 24.72 48.84 32.07
21.3005228 -158.05757 1043.59 24.72 49.12 32.27
21.3005308 -158.05749 1043.48 24.72 49.09 32.25

21.30052 -158.05742 1042.83 24.72 49.22 32.35
21.3005267 -158.05733 1042.31 24.72 49.68 32.69
21.3005029 -158.05727 1045.46 24.72 49.76 32.74
21.3004741 -158.05722 1042.66 24.74 49.80 32.76
21.3004639 -158.05719 1041.43 24.75 49.67 32.66
21.3004526 -158.05714 1055.67 24.73 49.69 32.68
21.3004502 -158.05709 1044.12 24.74 49.68 32.67
21.3004442 -158.05704 1041.26 24.74 49.38 32.45
21.3004595 -158.05701 1039.74 24.74 49.66 32.66
21.3004571 -158.05697 1063.02 24.74 49.85 32.80
21.3004585 -158.05694 1060.16 24.74 49.84 32.79
21.3004558 -158.05688 1046.16 24.73 50.70 33.43
21.3004674 -158.05684 1052.98 24.74 50.66 33.40
21.300479 -158.0568 1038.40 24.73 50.11 33.00
21.3004855 -158.05676 1057.13 24.72 50.93 33.61
21.3004827 -158.05672 1048.96 24.71 51.13 33.76
21.3004887 -158.05668 1058.00 24.70 51.24 33.86
21.300486 -158.05664 1044.82 24.69 51.11 33.77
21.3004998 -158.05661 1049.66 24.70 51.38 33.95
21.3004994 -158.05656 1057.65 24.68 51.41 34.00
21.3004864 -158.05651 1069.03 24.67 51.49 34.06
21.3004752 -158.05647 1051.29 24.68 51.50 34.06
21.3004886 -158.05643 1051.82 24.69 51.52 34.08
21.3004879 -158.05638 1057.83 24.69 51.57 34.11
21.3004888 -158.05634 1044.64 24.68 51.49 34.06
21.3004927 -158.05631 1057.36 24.68 52.09 34.50
21.3004918 -158.05628 1055.03 24.69 52.11 34.50
21.3005081 -158.05624 1044.64 24.68 52.07 34.48
21.3005145 -158.0562 1039.45 24.68 44.19 28.70
21.3005311 -158.05617 1049.95 24.67 52.21 34.60
21.300528 -158.05613 1044.64 24.69 52.20 34.58
21.3005271 -158.05609 1041.96 24.70 52.23 34.59
21.3005268 -158.05605 1044.12 24.72 52.21 34.56
21.3005202 -158.05601 1042.89 24.73 52.05 34.43
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21.300525 -158.05596 1043.13 24.76 52.08 34.44
21.3005225 -158.05592 1051.82 24.76 52.14 34.47
21.3005185 -158.05588 1051.00 24.77 52.15 34.47
21.3005165 -158.05586 1046.74 24.79 51.94 34.31
21.3005159 -158.05583 1055.61 24.82 51.90 34.26
21.3005212 -158.05579 1040.62 24.83 26.07 15.97
21.3005154 -158.05574 1040.91 24.84 43.80 28.31
21.3005132 -158.05569 1049.60 24.84 51.85 34.20
21.3005211 -158.05564 1047.97 24.85 52.04 34.34
21.3005177 -158.0556 1045.98 24.86 51.99 34.29
21.3005187 -158.05556 1052.46 24.85 52.52 34.70
21.3005171 -158.05551 1052.17 24.84 52.98 35.04
21.3005112 -158.05547 1053.86 24.83 53.26 35.26
21.3005234 -158.05544 1050.59 24.82 53.27 35.27
21.3005246 -158.0554 1044.82 24.81 53.27 35.29
21.3005045 -158.05536 1051.76 24.84 53.02 35.07
21.3005115 -158.05533 1050.18 24.83 53.32 35.30
21.3005069 -158.05529 1043.83 24.86 53.16 35.16
21.3005243 -158.05525 1060.51 24.86 53.21 35.20
21.3005281 -158.05521 1045.46 24.82 5191 34.26
21.3005197 -158.05517 1040.73 24.82 52.77 34.90
21.3005266 -158.05514 1038.46 24.82 52.98 35.06
21.3005383 -158.05511 1050.83 24.80 52.96 35.06
21.3005441 -158.05507 1052.52 24.82 53.30 35.29
21.3005438 -158.05503 1054.15 24.82 53.30 35.30
21.3005536 -158.055 1043.77 24.80 53.28 35.29
21.3005455 -158.05497 1056.31 24.80 53.27 35.29
21.3005574 -158.05494 1059.34 24.80 53.29 35.30
21.3005803 -158.0549 1043.42 24.82 53.26 35.27
21.3005859 -158.05487 1055.78 24.84 53.29 35.27
21.3005655 -158.05484 1056.83 24.85 53.29 35.26
21.3005598 -158.05479 1057.48 24.84 53.27 35.26
21.3005709 -158.05476 1056.37 24.84 53.27 35.26
21.3005898 -158.05473 1048.49 24.83 53.26 35.26
21.3006026 -158.05468 1049.31 24.81 53.22 35.24
21.3006005 -158.05465 1047.79 24.81 53.16 35.20
21.3006031 -158.05461 1047.97 24.81 53.23 35.26
21.3006002 -158.05457 1044.93 24.80 53.22 35.25
21.300611 -158.05453 1054.68 24.81 53.24 35.26
21.3006201 -158.0545 1055.78 24.82 53.27 35.27
21.3006231 -158.05446 1051.82 24.82 53.28 35.28
21.3006487 -158.05442 1041.96 24.83 53.30 35.29
21.3006417 -158.0544 1065.00 24.82 53.28 35.28
21.3006442 -158.05437 1047.15 24.81 53.26 35.27
21.3006446 -158.05432 1052.98 24.81 53.26 35.28
21.3006514 -158.05428 1050.83 24.80 53.25 35.27
21.3006602 -158.05425 1054.03 24.80 53.26 35.28
21.3006565 -158.0542 1060.33 24.83 53.27 35.26
21.3006604 -158.05416 1042.43 24.85 53.09 35.12
21.3006685 -158.05413 1046.28 24.84 53.25 35.24
21.3006724 -158.05408 1045.75 24.84 53.26 35.25
21.3006813 -158.05403 1054.97 24.84 53.26 35.25
21.3006838 -158.054 1045.75 24.84 53.24 35.23
21.3006875 -158.05396 1047.27 24.85 53.23 35.22
21.3006824 -158.05393 1047.27 24.83 53.23 35.24
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21.3006959 -158.0539 1045.81 24.83 53.22 35.22
21.3007108 -158.05387 1050.01 24.84 53.24 35.24
21.3007205 -158.05383 1041.78 24.83 53.23 35.24
21.3007264 -158.0538 1040.62 24.83 51.16 33.71
21.3007339 -158.05376 1053.16 24.83 53.14 35.17
21.3007261 -158.05372 1054.68 24.86 53.12 35.13
21.3007254 -158.05368 1048.67 24.89 53.22 35.19
21.3007213 -158.05365 1048.14 24.89 53.22 35.19
21.3007095 -158.05362 1057.48 24.90 53.22 35.17
21.3007241 -158.05359 1052.81 24.92 53.26 35.20
21.3007351 -158.05355 1055.49 24.94 53.29 35.20
21.3007405 -158.05352 1057.36 24.95 53.27 35.18
21.3007139 -158.0535 1059.98 24.97 53.30 35.18
21.3007256 -158.05347 1050.77 24.97 53.30 35.18
21.3007417 -158.05344 1040.91 24.97 50.96 33.45
21.300758 -158.05339 1042.13 24.97 53.17 35.09
21.3007571 -158.05334 1049.25 24.96 53.27 35.17
21.3007685 -158.0533 1062.20 24.94 53.26 35.17
21.3007831 -158.05326 1048.96 24.95 53.29 35.19
21.3007894 -158.05322 1053.45 24.96 53.31 35.20
21.3007847 -158.05317 1046.28 25.00 53.33 35.19
21.3007996 -158.05313 1067.86 25.01 53.36 35.20
21.3008163 -158.0531 1066.52 25.00 53.36 35.20
21.3008219 -158.05306 1052.63 24.97 53.22 35.13
21.3008336 -158.05304 1071.24 24.98 53.32 35.19
21.3008335 -158.05301 1045.98 25.01 52.54 34.59
21.3008239 -158.05299 1049.60 25.02 53.30 35.14
Latitude Longitude Pressure Temperature C | Conductivity Salinity
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