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EXECUTIVE SUMMARY

Overview

This report was prepared by the University of Hawaii for the U. S. Army Engineer
Research and Development Center at Vicksburg, Mississippi, the State of Hawaii
Department of Health and the U.S. Environmental Protection Agency to provide critical
data about the possible existence of a hydrological connection between the injected
effluent from the Maui County, Hawaii, Lahaina Wastewater Reclamation Facility
(LWRF) and the nearby coastal waters, confirm the locations of emerging injected
effluent discharge in these coastal waters, and determine a travel time from the LWRF
injection wells to the coastal waters. The studies presented in this report provide the
positive establishment of hydrologic connections between the municipal wastewater
injection from the LWRF and the nearshore region of the Kaanapali coast on the Island of
Maui, Hawaii, and provide the results from the study’s principal objectives, which have
been to: (1) implement a tracer dye study from the LWRF (Section 3), (2) conduct
continuous monitoring for the emergence of the injected tracer dyes at the most probable
points of emergence at nearshore sites within the coastal reaches of the LWRF (Section
2), (3) conduct an airborne infrared sea surface temperature mapping survey of coastal
zone fronting the LWRF in an effort to detect cool and/or warm temperature anomalies
that may be indicative of cool submarine groundwater discharge and warm wastewater
effluent (Section 4), (4) complete radon and radium radiochemical surveys to detect the
emergence points and flow rates of the naturally occurring submarine groundwater along
the coastal zone (Section 5), (5) complete geochemical and stable isotopic analyses of
LWREF effluent, upland well waters, terrestrial surface waters, marine waters, and
submarine groundwater discharge in an effort to help partition the relative contribution of
effluent waters to the ocean (Section 6), and (6) combine complete dye emergence
breakthrough curves with which to develop groundwater models to determine the LWRFs
effluent flow paths and rates of emergence to the coastal zone (Section 7). Our principal
findings include the following key results:

(1) Fluorescein tracer dye added to LWREF injection Wells 3 and 4 arrived at coastal
submarine spring sites with a minimal travel time of 84 days; a second dye,
Sulpho-Rhodamine-B added to LWRF injection Well 2, has yet to be confirmed.

(2) Submarine springs releasing the fluorescein dye to the coastal ocean are located at
North Kaanapali Beach, approximately 0.85 km (0.5 miles) to the southwest of
the LWRF, and within 3 to 25 meters of shore.

(3) Waters discharging the fluorescein dye from the submarine springs are warm and
brackish, and have an average salinity of 4.5 and a pH of 7.5.



(4) Geochemical mixing analyses indicate that the submarine spring waters are
predominately LWRF treated wastewater which while in transit to the submarine
springs undergo oxic, suboxic and likely anoxic microbial degradation reactions
that consume dissolved oxygen, dissolved nitrate, and organic matter.

(5) The N concentration of the submarine springs is reduced compared to LWRF
treated wastewater, while the P concentration is enriched. Averaged N and P
concentrations collected from the submarine springs were ca. 1,100 ug/L and 425
ng/L, respectively.

(6) As based on radon mass balance measurements, average total (fresh + marine)
discharge from the submarine springs and the surrounding diffuse flow was about
2.76 million gallons per day (mgd) (10,450 m’/d). The freshwater component of
that flow was about 2.25 mgd (8,500 m’/d), or about 75% of the LWREF total
average daily injection rate (~3.0 mgd; 11,350 m*/d).

(7) High-resolution airborne thermographic infrared mapping identified a large sea
surface thermal anomaly associated with the warm water submarine springs. The
nearshore surface area of this thermal anomaly is ~ 674,000 mz, or about 167
acres in size.

Introduction

The study area is located in the Kaanapali District of West Maui, Hawaii. Current West
Maui land use can be subdivided into (1) an urban center in the Lahaina area, (2) various
diversified agriculture and pasture land on former pineapple and sugarcane fields on the
lower slopes of the West Maui Mountains, (3) residential and resort development
(including golf courses) along the shoreline, and (4) natural evergreen forest in the
interior of the West Maui Mountains (Figure ES-1). Historical changes in agricultural
land use within the western half of West Maui were estimated by Engott and Vana (2007)
in order to estimate the effects of rainfall and agricultural land use changes on West and
Central Maui groundwater recharge. During the early 1900s until about 1979, land use
was mostly unchanged except for some minor urbanization along the coasts, but as large-
scale plantation agriculture declined after 1979 land-use changes became more
significant. From 1979 to 2004, agricultural land use declined about 21 percent, mainly
from the complete cessation of sugarcane agriculture. The Pioneer Mill Co. was the
major sugarcane cultivator on the west side of the West Maui Mountains, operating
during the late 1800s until 1999, when it ceased sugarcane production on approximately
6,000 acres and some of the land was subsequently converted to pineapple cultivation
including the area north of Honokowai Stream. The extent of pineapple agriculture in
West Maui decreased extensively since the late 1990s, and stopped entirely in 2009
(Gingerich and Engott, 2012). Today, large portions of the former sugarcane and
pineapple fields remain fallow while other parcels have been converted to low-density
housing and diversified agriculture.
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The LWREF is about 3 mi north of the town of Lahaina and serves the municipal
wastewater needs for that community including the major resorts along the coast. The
LWREF receives approximately 4 million gallons per day (mgd) of sewage from a
collection system serving approximately 40,000 people. The facility produces treated
wastewater (tertiary treated with filtration and since October 2011 has been disinfected
with chlorine to an R-2 standard), which is disposed of via four on-site injections wells,
and tertiary treated wastewater that is disinfected with UV radiation to meet R-1 reuse
water standards. Approximately 0.7 — 1.5 mgd of the facility’s R-1 water is sold to
customers such as the Kaanapali Resort to be used for landscape and golf course
irrigation. R-1 water that is not sold is discharged into the subsurface via the four on-site
injection wells along with the tertiary treated effluent.

Multiple studies have investigated the nutrient flux to the West Maui waters and the role
of the LWREF in the nutrient flux. A nutrient balance study of West Maui (Tetra Tech,
1993) identified the LWRF as one of the three primary nutrient release sources to
Lahaina District coastal waters, with sugarcane and pineapple cultivation being the other
two. That study ranked the LWRF second in annual nitrogen contribution and first in
phosphorous contribution to these waters. Since that study was completed, the
cultivation of both sugarcane and pineapple has been sharply curtailed. This implies that
the LWRF may now be the primary contributor of nutrients to water in the study area.
The West Maui Watershed Owner’s Manual (West Maui Watershed Management
Advisory Committee, 1997) reevaluated nitrogen (N) and phosphorus (P) loadings in the
watershed and concluded that in terms of relative nutrient loadings, the LWRF
wastewater injection wells likely contributed about three times the amount of nitrogen,
and at least an order of magnitude more phosphorus to the ocean than did that any other
source. As our report discusses in Section 6, however, treatment process improvements
and the institution of wastewater reclamation since the release of the Tetra Tech (1993)
study appears to have facilitated an overall reduction of contributions of N and P to the
LWREF injected effluent.

Hunt and Rosa (2009) investigated the use of multiple in situ tracers to identify where
and how municipal wastewater effluent discharges to the nearshore marine environment.
These researchers sampled the LWRF effluent, submarine springs, nearshore marine
waters, groundwater, and terrestrial surface water in vicinity of effluent injection sites in
Lahaina and Kihei, Maui. They concluded that the most conclusive tracers in the
nearshore marine environment were the presence of pharmaceuticals, organic waste
indicator compounds, and highly enriched 8'°N values (due to a higher proportion of the
heavy °N isotope compared to the more abundant '*N isotope in dissolved NO3") in water
samples and in coastal benthic macroalgal tissue. These researchers identified the
submarine springs as the coastal locus of the LWRF injection plume, although they also
cited nearshore marine samples collected further south towards Kaanapali Golf Course as
showing geochemical evidence of effluent or effluent-derived irrigation water influence.
Based on this evidence, Hunt and Rosa delineated the probable extent of the LWRF
effluent plume (Figure ES-2). The minimum extent of the plume is shown in Figure ES-2
as a red arc. Hunt and Rosa were less certain of their interpretation for the yellow arc
shown Figure ES-2 that reaches further south because the elevated 8'°N values in water
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samples (from dissolved NOs") could have been from irrigation recharge water that uses
reclaimed water from the LWRF.

Submarine Springs and Marine Control Locations of Sampling, Water
Quality, and Fluorescence

This segment of this report (Section 2) provides: (1) details of how the warm submarine
springs at Kahekili were sampled for injected tracer dye, radioisotope tracers, and
geochemical and stable isotope tracers, (2) information on in situ water quality
parameters of the submarine springs and control locations, (3) additional assessments of
the submarine springs, and (4) the field determined fluorescence of samples collected
from submarine springs and from control locations.

To support the tracer and chemistry portions of the study an aggressive field effort was
undertaken. This included the installation of the sampling infrastructure, collecting
samples for the geochemical survey, collecting nearly 1,200 samples for field and tracer
dye analysis, and deployment and collection of data from instruments for monitoring
temperature and salinity.

Warm water submarine springs (seeps) occur at North Kaanapali Beach, and we grouped
the general clustering of these submarine springs into two groups termed the North Seep
Group (NSG) and the South Seep Group (SSG) (Figure ES-3). Samples were collected
from both groups and at three control locations. The submarine springs were sampled
directly by drawing on SCUBA diver emplaced piezometers driven into springs, with the
fluids extracted by peristaltic pump. Samples at other sites were collected as “grab
samples.” The SSG is located approximately 25 m offshore and had three initial
monitoring points (Seeps 3, 4, and 5). A fourth monitoring point, Seep 11, was added on
November 24, 2011 due to high salinities being measured at Seeps 4 and 5. The Seep 4
piezometer was relocated in the North Seep Group (NSG) on April 24, 2012 to replace
piezometers in that area that were covered by migrating sand. The NSG is located
approximately 3 to 5 m offshore with three initial monitoring points (Seep 1, 2, and 6).
This location has proven extremely problematic to maintain throughout the duration of
the project. The NSG’s close proximity to the shoreline subjects these piezometers to the
persistent littoral migration of sand from the beach onto the seep group as a result of large
north swells. As each piezometer was buried, however, it was replaced with a new one.
All replacement piezometers were and are currently located within 2 m of the original
deployments.

Marine control locations for the dye tracer portion of the study were Honokowai Beach
Park, Wahikuli Wayside Park, and Olowalu. Honokowai Beach Park, located ~1.8 km
north of the study site, served as a site of possible dye emergence should the LWRF
effluent flow path proved to move to the north (Figure ES-3). Wahikuli Wayside Park,
located ~4.3 km south of the main study, was targeted because of its proximity to the
submarine spring locations. Olowalu is located ~13 km south of the main study area and
was chosen to represent water with minimal anthropogenic impact due to lack of
development and the termination of sugarcane operations in the late 1990’s.
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Water quality parameters of temperature, pH, specific conductivity, and salinity were
measured on each seep sample (Table ES-1), the readings taken at the discharge point of
a peristaltic pump on the beach. In most locations, the salinity of the samples was < 5,
indicating that the captured seep waters were representative of submarine groundwater
with little seawater influence. Since the sampling pump was located on the beach away
from the surf zone, the temperature of the seep water was affected by the ocean and sand
temperatures between the seep and the pump. Therefore, the temperatures recorded in
this manner for a particular seep sample are not a good indicator of the actual seep water
temperature at the point of discharge into the marine environment. The pH of seeps in
the NSG varied between 7.2 and 7.9 with an average of about 7.5. The pH of seeps in the
SSG varied between 6.8 and 7.9 also with an average of about 7.5. The salinity of seeps
in the NSG varied between 2.5 and 23 with an average of about 4.8. Seeps in the SSG
had salinities that were slightly lower, varying between 3.8 and 22 with an average of
about 4.1.

The seep water samples were also screened in the field for the presence of the project’s
two tracer dyes, Fluorescein (FLT), and Sulpho-Rhodamine-B (SRB). A pre-dye tracer
injection monitoring period was conducted from July 5™ through July 28", 2011, which
was designed to measure the magnitude and variability of in situ fluorescence of the
submarine spring water at the selected monitoring sites. Upon the addition of the dye, the
sampling frequency was increased to two to three times per day. As the study
progressed, the sampling frequency was decreased and currently occurs one to two times
per week. The SRB and FLT fluorescence measured in the field remained
indistinguishable from background levels until late October, 2011. Subtle increases in
field fluorometry measurements of FLT started to occur in samples from the NSG in late
October, 2011, which provided the first indication that dye was emerging from the
submarine springs. This was followed in mid-November by increasing FLT fluorescence
of samples from the SSG. As of May 2, 2012, there has been no confirmed detection of
SRB.

Fluorescent Dye Groundwater Tracer Study

Two tracer dye tests were conducted at the LWRF (Section 3). These tests were aimed at
providing critical data about any hydrological connection between the wastewater
effluent injected and the coastal waters, confirming the locations where injected effluent
discharges into the coastal waters, and determining a travel time from the injection wells
to the coastal waters. In the first tracer test, Fluorescein (FLT) was added to LWRF
Injection Wells 3 and 4 on July 28"™ 2011. This was followed two weeks later by an
addition of Sulpho-Rhodamine-B (SRB) into Injection Well 2 on August 11" 2011,
which has a significantly higher injection capacity than the other three wells. The second
tracer test was conducted to investigate whether the effluent from this well discharges
into the marine environment at the same location as Wells 3 and 4.

Samples collected at the submarines springs were pre-screened for FLT and SRB
fluorescence in the field and then delivered to Honolulu for the laboratory fluorometry



analysis. The submarine spring sampling began three weeks prior to dye addition to
assess the natural background fluorescence. Pre-dye addition average fluorescence of the
seep waters was (.11 parts per billion (ppb) for FLT wavelengths and 0.03 ppb for SRB
wavelengths. The presence of the FLT dye from the first tracer test began discharging at
the NSG submarine springs in late October, 2011, about 84 days after the addition of dye
into Injection Wells 3 and 4. The FLT concentration increased from pre-dye background
values to about 21 ppb, then plateaued in late February, 2012 at the NSG (Figure ES-4a).
The presence of FLT tracer was first detected at the SSG in early November, 2011, and
increased in concentration to about 33 ppb, then plateaued in early April, 2012 (Figure
ES-4b). Maximum dye concentrations to date have been higher at the SSG than at the
NSG (Figure ES-4). This could be due to spatial variability or that the SSG may be
closer to the center of the plume than the NSG. If it is the latter case, then there is a
probability of effluent discharging points existing to the south of the SSG.

The second dye tracer test was conducted using SRB dye to evaluate whether the effluent
from Injection Well 2 discharges at the same locations as that from Injection Wells 3 and
4. Well 2 has a significantly higher injection capacity than the other wells, indicating that
it may have a hydraulic connection to a preferential flow path. For this second test, SRB
was added to the LWRF effluent on August 11", 2011. To date, there has been no
confirmed detection of the SRB dye in the nearshore marine waters. There were three
samples collected in late February that more detailed analysis indicated may contain very
low concentrations of SRB, but since no subsequent samples have been analyzed with
similar fluorescent characteristics, these are only evaluated as possible detections.

Our dye tracer test results clearly demonstrate that a definite hydraulic connection does
exist between Injection Wells 3 and 4 and the nearshore waters at North Kaanapali Beach
near Kahekili Beach Park, although this work does not preclude the possibility of other
discharge points also occurring elsewhere, including farther from shore and in deeper
water. In addition to our having determined that the minimum transit time between the
LWREF injection wells and the submarine springs in the NSG is 84 days, another
important parameter that can be gained from this work is the average time of travel for
the groundwater from point of injection to point of discharge. The peak of a
breakthrough curve (BTC) can be used to estimate this parameter, and the apparent
plateauing of the FLT BTC (Figure ES-4) suggests that the average time of travel from
the injection wells to the submarine springs is in excess of seven months. At this point in
the study, however, it is still too early to tell whether the peak of the BTC has actually
been reached.

Aerial Infrared Sea Surface Temperature Mapping

The objective of thermal infrared mapping portion of this investigation (Section 4) has
been to determine the locations of both warm and cool emerging fluids to the coastal
waters near the LWRF. For this work, we used high-resolution (2.3 m) aerial infrared
remote sensing techniques to produce sea-surface temperature (SST) maps which
revealed the existence of anomalously warm (~26.5°C), buoyant, emerging fluids relative
to ambient coastal waters (25.5°C), as well as the presence of cooler, natural submarine
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groundwater discharge (20-22°C). These data were collected at night to eliminate the
effects of solar surface water heating.

Our aerial thermal infrared methodology successfully identified a 673,900 m” (166.5
acre) thermal anomaly extending from the shoreline to at least 575 m (1886 ft) offshore
(Figure ES-5). The thermal plumes from the springs themselves varied from 140 to 315
m® (1507 to 3391 ft’). Aside from the large thermal anomaly and the known warm
submarine springs it resides over, no new warm water submarine spring locations were
identifiable by the infrared thermography.

The co-variance of the thermal anomaly and the warm effluent discharge from the
submarine springs appears quite apparent (compare Figures ES-2, ES-5 and ES-6). The
thermal anomaly is located southwest of the LWRF and occurs in association with the
submarine springs (seeps) shown by our tracer tests to be hydraulically connected to the
injected effluent from the LWRF. In addition, the anomaly lies well centered within the
projected LWRF effluent plume trajectory predicted by Hunt and Rosa (2009).
Furthermore, the spatial covariance between the TIR thermal anomaly and the "N in
macroalgae appears excellent. Approaching the locus of the submarine springs from the
north, the thermal anomaly’s surface water warming incrementally increases (~24.5 to
26.8°C) in agreement with the progressive increases in the 8'°N values of benthic
macroalgae (+4.8 to +48.8 %o) that reach a maxima centered at the submarine springs
(Dailer et al., 2010). Dailer et al. (2012) found that the discharge from the submarine
spring locations rises to the surface due to its positive buoyancy relative to the seawater
column. Once on the surface, the anomalously warm waters flow toward the south, along
with the most predominant current in the area (Storlazzi and Field, 2008).

Despite the collection of these findings, we feel that there is possibly one, or some
combination of three potential heat sources that could contribute to the noticeably warm
submarine spring water emerging from the ocean floor and would also support heat
transfer to the thermal anomaly. These sources include the heat retained in warm LWRF
wastewater effluent from the time it was injected, exothermic reactions related to
microbial degradation of the organic matter of the subterranean effluent flow, and/or
geothermal heating of groundwater and possibly heating of the water column from below
the surface expression of the thermal anomaly. Further assessments of the source(s) of
heat generating the thermal anomaly would be required to determine the relative
contributions from each.

Submarine Groundwater Discharge

Submarine groundwater discharge (SGD) to the nearshore waters in the study (Section 5)
was measured using two technologies. In the first, the predictable release of radon from
the aquifer matrix to the groundwater, its radioactive decay rate, and the near absence of
radon in seawater were used in a coastal radon mass balance to measure SGD over the
expanse of the study area. In the second, to measure point discharges of SGD, an
Acoustic Doppler Current Profiler (ADCP) was used. This instrument measures water
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velocity profiles in 3 dimensions by transmitting short pulse pairs into the water, and
calculating the phase shift between the two acoustic return signals.

Both the radon mass balance method and ADCP measurements provide total submarine
groundwater discharge [freshwater + recirculated marine water], but cannot identify if
and what fraction of the groundwater is wastewater effluent. It is, however, possible to
calculate the fraction of fresh groundwater and, in combination with other geochemical
information, also the fraction of the injected LWRF effluent (see Section 6). The
relevance of these methods to the overall objectives of the project is to provide
groundwater flux from the submarine springs to help determine the degree of dye
recovery and the discharge of effluent through the submarine springs as the project
progresses.

Radon and radium isotopes are highly enriched in groundwater and depleted in ocean
water, and in the absence of other sources, their detection in coastal waters is an
indication of SGD. A mass balance of these tracers can be used to estimate the amount of
groundwater discharge required to supply the observed inventory of these tracers in the
coastal zone. Radon is a naturally occurring radiogenic isotope that enters subterranean
groundwater aquifers as a dissolved and chemically inert noble gas after being released in
predictable quantities from all igneous rocks, including basalt. Thus, groundwater is
accordingly enriched in ***Rn, with activities often 3 to 4 orders of magnitude higher in
groundwater than in coastal seawater, making it a superior tracer of coastal SGD (Burnett
et al., 2006). Owing to its short half-life (3.8 days) and the fact that ocean water has very
low levels of radon, this gas has now almost universally become the routinely measured
tracer for SGD flow rates, as the decay rate of **’Rn is comparable to the time scales of
many coastal circulation processes (Burnett et al., 2006). Thus, the dynamics of
groundwater inputs as well as estimates of groundwater discharges may be examined via
radon monitoring of coastal waters (Burnett and Dulaiova, 2003).

A radon mass balance model was constructed to estimate discharge from time series
radon measurements in the surface water. It was found that groundwater discharge from
the submarine springs is tidally modulated with minimal discharge at high tide and
increased fluxes at low tide. Due to this variability, we expressed discharge as a 24-hour
average. Figure ES-7 shows the area where the radon survey identified significant fluxes
of groundwater discharge. The total (fresh + saline) groundwater discharge from the
submarine spring groups including the direct discharge from the submarine springs and
the surrounding diffuse flow was 8,300 and 12,600 m’/d in June and September,
respectively. Out of this, fresh groundwater discharge amounted to 6,100 and 10,900
m’/d in June and September, respectively. Coastal radon surveys showed that there is
significant groundwater discharge along the coastline north and south of the submarine
springs. We found several sites with a total groundwater discharge ranging from 2,000 to
28,000 m3/d, the highest flux at 28,000 m’/d was at Hanakao'o Beach Park, the second
largest at 15,000 m’/d was at Honokowai Beach Park. We also used the nearshore-
marine radon survey to estimate the coastal SGD from North Honokowai to south of
Hanakao’o Beach (Figure ES-7). This calculation did not represent the entire shoreline,
but rather the areas of the highest discharge rates shown by the boxes in Figure ES-7.
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The summed total SGD for the areas of highest SGD was 54,000 m’/d (14.3 mgd). This
represents a total (freshwater + recirculated marine water) SGD of 7.45 m*/m/d (3.17
mgd/mi), as integrated over the 11.8 km of shoreline for this portion of the coast. As this
value only represents the areas contained in the boxes in Figure ES-7, it represents a
minimum estimate to total SGD. The large uncertainties in these estimates are discussed
in Section 5.

The Acoustic Doppler Current Profiler (ADCP) was deployed at a major submarine
spring (seep) at each seep group. Despite the intense swell that produced noise in the
data, the net vertical flux was positive indicating that the instrument recorded the upward
flux from the seep. The ADCP record showed that the discharge from the seeps was
tidally influenced, with lows at high tide and larger fluxes at low tide. At Seep 4 in the
south seep group, the average vertical velocity during the 6-hour deployment was 0.02
m/s. At Seep 6 in the north seep group, the upward vertical velocity averaged at 0.0036
m/s. These water velocities translate to a discharge of approximately 70 and 12 m>/d
water from Seep 4 and Seep 6, respectively. Our ADCP measurements at the submarine
spring sites remain ongoing.

Aqueous Geochemistry and Stable Isotopes

This portion of the study (Section 6) utilized a multi-tracer approach similar to, but
broader in scope than that applied to this study area by Hunt and Rosa (2009). The
purpose of our approach was to (1) determine the origins of nutrients in the area’s
groundwater, (2) evaluate the down-gradient geochemical evolution of the area’s
groundwater prior to its discharge to the ocean, and (3) identify the impact of land-
derived nutrient fluxes on the geochemistry of coastal marine waters. Special emphasis
was placed on determining the geochemical evolution and ultimate fate of the LWRF
effluent after its injection. Data collection for this section was accomplished over two
separate sampling intervals in 2011 (June 19-30 and September 19-25). Temperature,
conductivity, salinity, pH, chloride (CI") concentrations, nutrient concentrations, and
stable isotope ratios of hydrogen (H) and oxygen (O) in water, and nitrogen (N) and O in
dissolved nitrate (NO3") were measured in order to characterize the geochemistry of the
study area’s groundwater, surface waters, treated wastewater, and coastal waters.
Samples of gas bubbles emanating from the submarine springs and black precipitates that
coat the rocks and coral rubble around submarine spring sites were also geochemically
analyzed. Generally conservative tracers such as the isotopic ratios of H and O in water
and Cl" concentrations were used to evaluate mixing between potential end-members,
while N loading was considered together with the isotopic ratios of N and O in dissolved
NOs’ to evaluate origin, evolution, and mixing of N species. Figure ES-6 shows the
distribution of 8'°N values in the samples collected from this study and compares this
data with the intertidal macroalgal 8'°N values from Dailer et al. (2010), and the aerial
TIR measured sea-surface temperatures obtained at night. Very highly enriched §'°N
values of dissolved nitrate from the submarine spring samples spatially correlates with
the most highly enriched 8'°N values from the intertidal benthic macroalgae samples
presented in Dailer (2010). Tables ES-2 and ES-3 summarize the nutrient chemistry for
the samples collected in June and September, 2011, respectively.
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Though a thorough quantitative evaluation of nutrient sources was not accomplished in
this portion of the study, this work identifies several potential nutrient sources to the
coastal zone based on the spatial distribution of nutrient species with respect to current
and former land-use practices. These potential sources are:

(1) Fertilizer applied in support of former agriculture appears to still be contributing
to N and P loading of basal groundwater (though to a lesser extent than in the
past, when these agricultural practices were ongoing). The production wells
upgradient of the past and present agricultural influence had N and P
concentrations of about 30 and 60 ug/L, respectively. The production wells most
impacted by agriculture had N and P concentrations of about 2,500 and 180 — 300
ng/L, respectively.

(2) Injected LWREF effluent appears to contribute significant amounts of N and P to
groundwater (although the concentrations are much less than prior to wastewater
treatment upgrades in 1995), but the temporally variable and non-conservative
behavior of these species complicates the overall assessment of the magnitude of
the source. The N and P concentrations in the LWRF effluent were ca. 7,200 and
700 png/L, respectively for June, 2011, and ca. 6,200 and 170 pg/L, respectively
for September, 2011. The N concentration of the submarine springs appears to be
reduced compared to the LWRF wastewater effluent, while the P concentration
appears to be enriched. The average N and P concentrations in samples collected
from the submarine springs were ca. 600 and 400 pg/L, respectively, for June,
2011, and ca. 1,600 and 450 pg/L, respectively, for September, 2011.

(3) R1 irrigation water and possibly fertilizer appear to contribute to N and P loading
in groundwater supplying Black Rock lagoon. During the June, 2011 sampling
event the N and P concentrations in the Black Rock Lagoon were 3,400 and 190
ng/L, respectively.

All biological compounds can undergo various forms of alteration and decomposition.
As a result of this decomposition, organic matter is degraded into simpler molecules and
inorganic species, including nutrients. Whether it be in soils, fresh water or marine
conditions, the most important and fundamental of these processes is the microbial
decomposition of organic matter, which generally follows a succession of steps that
depend largely on the nature and availability of the oxidizing agent, as shown in Table
ES-4 (e.g. Froelich et al, 1979; Berner, 1980; Appelo, and Potsma, 1993; Berner and
Berner, 1996; Stumm and Morgan, 1996). Thus, as shown in Table ES-4, when provided
with an ample supply of labile organic matter (shown for simplicity as CH,0), such as
the injected wastewater effluent at the LWRF, O is first used as the oxidizing agent until
it becomes sufficiently to completely depleted by aerobes. After aerobic O, depletion,
further decomposition occurs in steps as nitrate reduction, manganese oxide reduction,
iron reduction, and so on. Within this framework, we have found evidence for significant
down-gradient oxygen depletion and geochemical evolution of the groundwaters within
the study area including:



(1) Mixing analysis using conservative tracers suggests that the submarine spring
water is primarily injected LWRF wastewater effluent.

(2) Although likely subject to temporal variation, the majority of the NOs™ present in
the LWRF wastewater effluent has been acutely attenuated via suboxic
denitrification (nitrate reduction) prior to its emergence at the submarine springs
at the time of this study (cf. Table ES-4). A bi-product of these reactions is the
ubiquitous presence of highly Nj-enriched gas bubbles that conspicuously vent
from both the submarine springs and nearby unconsolidated sands into the ocean
in this area.

(3) As manganese must be in the reduced state (Mn®” in order to be aqueous and
mobile, the presence of solid phase Mn-oxide and/or Mn-oxyhydroxide
impregnations and coating rocks and coral rubble surrounding the submarine
springs indicates that the exiting waters have additionally undergone anoxic
manganese reduction.

(4) The injected LWRF wastewater effluent is augmented in PO, in the subsurface
prior to its emergence at the submarine spring sites. We believe this is likely due
to aquifer conditions promoting the release or dissolution of previously particle-
adsorbed and/or mineral-bound PO43'.

(5) Groundwater at, and down gradient of locations subjected to significant artificial
recharge is augmented in SiO4" mobilized via accelerated rock weathering.

By analyzing the spatial distribution of various water parameters in the marine
environment, including nutrient concentrations and stable isotope values Tables ES-5 and
ES-6; Figure ES-6), we have located several coastal ocean areas with terrestrial nutrient
contribution. These are:

(1) The marine environment immediately surrounding the submarine springs, which
shows a dissolved NO; isotopic signature consistent with the heavily '°N-
enriched (very positive 8'°N) values characteristic of nitrate reduction measured
in the submarine spring water.

(2) The area near the mouth of Black Rock lagoon, which shows generally elevated
nutrient concentrations relative to nearby waters and a dissolved NO;™ isotopic
signature consistent with values measured in Black Rock lagoon itself.

(3) The area near Wahikuli Wayside Park, which also shows generally elevated
nutrient concentrations relative to nearby waters, and shows a dissolved NOs
isotopic signature suggestive of denitrification from fertilizer or natural sources
and/or sewage/manure content. Sugarcane was grown in the Wahikuli area until
1999, and the current community is unsewered with many cesspools and septic
systems.
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Preliminary Groundwater Model

Groundwater modeling (Section 7) is being used in this study to interpret the BTC, assess
processes that affect the fate and transport of the injected effluent, and evaluate the
potential for other deep submarine emergence points. Two modeling approaches have
been used to date: 1) a more geologically complex groundwater flow and transport model
that does not consider the interaction between saline and non-saline water; and 2) a
geologically simplified model that does consider this interaction.

The first model was used in the design plan of the tracer field experiment to estimate the
mass of dye needed for a successful tracer test. With minimal calibration it successfully
estimated a reasonable first arrival and peak time. However, the model’s peak
concentration of 7 ppb was significantly less than the measured FLT peak of about 21
ppb for the NSG and 33 ppb for the SSG. A simulated barrier along the track of the
ancestral Honokowai Stream (cf. Hunt and Rosa, 2009) was added to the model to see if
the simulated FLT flow direction would be more consistent with the physical evidence.
With the barrier in place, the simulated FLT arrival time to the NSG was about a month
earlier than the actual first detection. However, the peak concentration of 28 ppb
compared more favorably with the measured concentration than that of model runs used
to plan the tracer test experiment. The model result of a near absence of FLT at the SSG,
however, is problematic. The good agreement between this model and NSG BTC, but
the poor agreement with SSG BTC may indicate that the cause of the observed oblique
tracer path is a combination of a subterranean barrier and a preferential flow path. The
BTC interpretation model predicted an SRB arrival at the NSG in March, 2012. To date,
there has been no confirmed detection of this dye at either seep group. The second model
considered the interaction between the fresh groundwater, the non-saline effluent, and the
saline groundwater. This model supported the notion that buoyancy forces the non-saline
effluent into the shallow groundwater zone, to ultimately exit in the nearshore
environment, despite the low vertical conductivity of the volcanic formation.

Future modeling for this project will investigate the processes that affect the transport of
the injected LWREF treated wastewater effluent and its eventual discharge into the marine
environment. The processes may include: 1) the role that the high horizontal to vertical
ratio of hydraulic conductivity in any vertical migration of the LWREF treated wastewater
effluent; 2) the likely amount of heat loss that would occur from the LWRF treated
wastewater effluent as it travels from the point of injection to the point of discharge; and
3) evaluating whether or not any significant mass of the fluorescent tracer dye has lost to
sorption or degradation. The results of the modeling will be detailed in the final
supplemental report.
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Table ES-1: North and South Seep Group water quality parameters.
Data (means £ SD and range) were collected from 7/19/2011 through 5/2/2012 with a
handheld YSI Model 63.

Spec. Cond. (mS/cm)

South Seeps Temp. (°C) pH Salinity
Seep 3 28.7+2.0 7.52+0.12 6.43 +2.57 325+1.5
24.9 to 34.9 7.22 to 7.94 5.20t028.18 2.50to 16.1
Seep 4 28.6+2.0 7.50+0.12 8.98 +£6.57 4.77+4.0
24.5 to 34.6 7.20 to 7.90 5.63 t0 37.70 2.80t0 22.5
Seep 5 28.4+2.0 7.53+0.20 9.24+6.59 4.94+4.0
24.9 to 34.9 7.32 to 7.90 5.29 to 34.75 2.90t021.8
Seep 11 26.8+£2.5 7.61+0.20 6.48 £0.62 3.39+0.3
25.2t029.0 7.37 to 7.68 5.00 to 8.32 3.10to 4.5
North Seeps
Seep 1 29.1+2.0 7.45+0.09 8.33+1.04 425+0.5
24.8t0 34.4 7.18t0 7.76 7.32 to 14.80 390t07.3
Seep 2 289+23 7.46+0.11 8.47+ 141 435+0.7
24.0 to 34.9 7.13t07.75 7.04 t0 17.36 3.80t09.9
Seep 6 29.3+£2.2 7.41+0.14 8.33+0.90 425+04
23.8t035.9 6.90 to 7.94 7.00 to 13.54 3.80t07.0
Seep 7 275+1.7 7.51+0.19 8.19+1.32 431+0.8
22.4t030.3 7.26 to 7.81 7.24 t0 15.08 3.90to 8.2
Seep 8 27.4+1.7 7.35+0.18 9.36+5.98 5.01+3.6
24.7t031.0 7.09 to 7.90 7.47 t0 37.88 4.00 t0 22.0
Seep 9 274+ 1.7 7.43+0.21 13.65+11.35 7.58+6.7
23.3 t0 30.5 6.75 to 7.80 7.21 t0 4291 3.90t025.3
Seep 10 28.2+1.0 7.60+0.15 9.02+1.17 4.70+0.6
26.5t029.5 7.26107.76 7.99t0 11.85 4.10t0 6.2
Seep 12 282+ 1.1 7.60+0.11 8.37+0.50 435+0.2
26.6 t0 29.6 7.36 10 7.78 7.88 10 9.55 4.10t04.9
Seep 13 28.0+1.9 7.69 +0.02 8.18+0.53 427+0.1
26.0 t0 29.7 7.67t07.71 7.69 to 8.74 4.20t04.4
Seep 14 27.1+2.1 7.67 £0.05 7.91+0.21 4.17+0.1
24.7t0 28.7 7.66 t0 7.72 7.67 to 8.02 4.10t0 4.2
Seep 15 284+24 7.58+0.10 9.99 + 3.28 531+2.1
24.6 t0 30.6 7.45t07.72 7.86 to 16.54 4.20t09.3
Seep 16 30.1+0.6 7.63+0.12 8.85+0.09 447+0.1
29.4 t0 30.6 7.50t0 7.71 8.79 to 8.95 4.40t04.5
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Table ES-2: Summary of the June, 2011 Nutrient Data

Sample No. of 3 . 4 - - +
Type Samples TP TN PO4 SlO4 NO3 NOZ NH4
(ng/L  (ng/L. (ng/lL  (ng/Las (ng/L  (ng/L  (ng/L
as P) asN) asP) Si) asN) asN) asN)
Terrestrial 6 Min. 21 88 18 4,852 1 08 0.6
Surface Ave. 161 2,121 75 17,427 1,189 9.0 5l
Max. 255 4,043 159 25679 3,166 31 129
Std. Dev. 91 1,566 50 8,431 1,540 11 49
Production 7 Min. 60 292 48 17,944 205 0.7 08
Wells Ave. 100 1330 72 19283 968 1.1 1.4
Max. 184 2429 105 21,958 1916 20 29
Std. Dev. 52 778 25 1,611 731 05 0.8
Monitoring 1 91 2,342 52 16206 1,608 6.2 0.0
Well
Treated 1 206 7,245 102 17,231 2,641 530 1,307
Wastewater
Submarine 4 Min. 350 326 279 11,984 142 14 4
Springs Avg. 396 486 340 16,948 278 23 6
Max. 421 651 365 20,624 366 31 7
Std. Dev. 32 146 41 4,069 108 9 1
Marine 25  Min. 11 64 3 134 3 03 0.0
Surface Avg. 14 100 6 356 22 03 1
Max. 34 306 26 1,249 146 1 10
Std. Dev. 5 57 5 303 34 0.1 2

PW = Production Well
MW = Monitor Well
TS = Terrestrial Surface

TW = Treated Wastewater

SS = Submarine Spring
MS = Marine Surface
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Table ES-3: Summary of the September, 2011 Nutrient Data

Sample No. of TP ™~ PO  Sio*f NO; NO, NH,
Type Samples
(ng/L  (ng/L  (ng/L  (pg/Las (pg/L (pg/L (png/L
as P) as N) as P) Si) asN) asN) asN)
Terrestrial 3 Min. 123 2,146 42 8237 1,083 6 24
(S;;t)‘ace Avg. 201 4,551 86 16,373 2,923 86 59
Max. 261 6,751 155 24,160 4239 237 103
Std. Dev. 70 2309 60 7,967 1,642 131 40
Production 7 Min. 66 277 50 17,948 226 0.7 22
gf;;l)s Avg. 136 1,463 112 20,115 1,142 1.0 59
Max. 309 2,559 254 23,792 2487 15 7.1
Std. Dev. 88 874 76 2,400 817 02 1.7
Monitoring
Well (MW) 1 73 2,759 55 18,085 1,210 28 17
Treated 2 Min. 164 6,061 70 16,462 3,172 423 156
gi‘;t)ewater Avg. 177 6238 88 16,678 3,313 466 211
Max. 191 6,415 106 16,893 3454 509 267
Std. Dev. 19 250 25 304 199 61 79
Submarine 2 Min. 451 1,573 393 19,693 96 10 64
Springs Avg. 459 1,598 404 20426 121 18 6.8
(5S) Max. 468 1,624 415 21,159 145 27 7.1
Std. Dev. 12 36 16 1,037 35 12 05
Marine
Surface
(MS) 23 Min. 11 127 2.8 98 00 03 0.1
Avg. 13 173 4.5 202 57 05 14
Max. 20 225 14 607 41 1.1 29
Std. Dev. 1.9 198 2.3 136 86 02 09

PW = Production Well
MW = Monitor Well

TS = Terrestrial Surface
TW = Treated Wastewater
SS = Submarine Spring
MS = Marine Surface
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Table ES-4: The progressive microbial decomposition of organic matter.
Reactions succeed each one another in the order written as each oxidant is completely
consumed. From Berner and Berner, 1996.

Oxygenation (oxic)
CH,0 + 0O, — CO,+H,0
Nitrate reduction (mainly anoxic)
5CH,0 +4NO,” — 2N, + CO, + 4HCO,” + 3H,0
Manganese oxide reduction (mainly anoxic)
CH,O + 2MnO, + 3CO, + H,0 — 2Mn™* + 4HCO,~
Ferric oxide (hydroxide) reduction (anoxic)
CH,O + 4Fe(OH), + 7CO, — 4Fe** + 8HCO,” + 3H,0
Sulfate reduction (anoxic
2CH,0 + SO, — H, S + 2HCO,-

Methane formation (anoxic)
2CH,0 — CH, + CO,

Note: Organic matter schematically represented as CH,0.
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Table ES-5: June, 2011 stable isotope data
(- denotes measurement not performed)

Sample Name (Type) 8'%0 of H,0 612_11-21(;)f 6;3:.“ "No 6:8;_)f "0 ¢
(%0)' (%0)' (%0)° (%0)’ (%0)' (%0)’
Kaanapali 1 (TS) - - 12.63 2.26 2.84 4.3
Kaanapali 2 (TS) - - 14.99 2.26 -1.82 43
Kaanapali GC-1 (TS) - - 4.96 1.67 -1.62 1.45
Hahakea 2 (PW) -3.77 -15.33 0.65 1.15 0.7 1.17
Honokowai B (PW) -3.79 -15.05 3.15 1.67 -3.5 1.45
Kaanapali P-1 (PW) -3.8 -14.94 1.31 1.67 -1.74 1.45
Kaanapali P-2 (PW) -3.75 -15.3 1.07 1.67 -0.16 1.45
Kaanapali P-4 (PW) -3.57 -14.51 0.92 0.52 4.3 1.78
Kaanapali P-5 (PW) -3.45 -14.46 4.19 1.67 3 1.45
Kaanapali P-6 (PW) -3.39 -13.85 3.29 1.67 33 1.45
(L&}ii})“a Deep Monitor 3.5 1375 1.8 1.67 0.22 1.45
(LT‘Q;%F Treated Effluent - - 29.25 0.52 19.82 178
Seep 1 Piez-1 (SS) -3.21 -11.01 86.47 1.15 21.56 1.17
Seep 1 Piez-2 (SS) - - 77.82 0.56 22.86 0.19
Seep 2 Piez-1 (SS) -1.52 -5.19 - - - -
Seep 3 Piez-1 (SS) -3.03 -10.91 83.89 0.56 22.07 0.19
Seep 4 Piez-1 (SS) -2.26 -7.64 - - - -
Maui 10 (MS) - - 52.46 1 16.35 0.82
Maui 12 (MS) - - 57.73 1 21.55 0.82
Maui 14 (MS) - - 55.5 1 15.52 0.82
Maui 15 (MS) - - 54.43 1 15.67 0.82
Maui 2 (MS) - - 12.71 2.26 6.55 4.3
Maui 5 (MS) - - 19.71 1 9.24 0.82
Maui 6 (MS) - - 18.04 0.56 9.69 0.19
Wahikuli (MS) - - 11.86 0.56 3.53 0.19

'Measured relative to VSMOW
Measured relative to AIR

3Average standard deviation of standards and duplicate samples

PW = Production Well
MW = Monitor Well

TS = Terrestrial Surface
TW = Treated Wastewater
SS = Submarine Spring
MS = Marine Surface
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Table ES-6: September, 2011 stable isotope data
(- denotes measurement not performed)

6'%0 of

8’H of

3N of

5'%0 of

15 18
Sample Name (Type) 1,0 1,0 NO; 0°No NO; 0 0o
B%0)' %) %)’ (%)’ (ko) (%)’
Black Rock 1 (TS) - - 10.12 0.23 2.29 0.49
Black Rock 2 (TS) - - 8.84 1 2.41 0.82
Kaanapali GC-R1 Pond (TS) -3.09 -11.34 30.78 0.23 11.72 0.49
Hahakea 2 (PW) -3.63 -14.69 0.91 0.23 -0.91 0.49
Kaanapali P-1 (PW) -3.67 -14.64 2.32 0.23 -1.87 0.49
Kaanapali P-2 (PW) -3.73 -15.11 2.21 0.23 -2.16 0.49
Kaanapali P-4 (PW) -3.59 -14.65 2 0.39 -0.27 1.54
Kaanapali P-5 (PW) -3.46 -14.03 2.41 0.39 0.5 1.54
Kaanapali P-6 (PW) -3.42 -13.93 3.49 0.39 0.33 1.54
Honokowai B (PW) -3.68 -14.69 2.03 0.39 -1.18 1.54
Lahaina Deep Monitor (MW) -3.65 -15.7 1.98 0.39 0.79 1.54
LWRF Treated Effluent (TW) -3.06 -11.37 30.85 0.23 15.92 0.49
LWREF-RI1 (TW) -3.12 -11.39 31.54 0.23 15.03 0.49
Seep 1-2 Piez (SS) -3.1 -11.45 83.03 0.23 24.46 0.49
Seep 3-2 Piez (SS) -2.85 -10.54 93.14 0.23 22.45 0.49
Maui 19 (MS) - - 22.8 1 1.76 0.82
Maui 22 (MS) - - 29.22 1 8.77 0.82
Maui 23 (MS) 0.37 2.32 17.72 1 4.87 0.82
Maui 25 (MS) 0.44 2.82 - - - -
Maui 28 (MS) 0.39 2.24 - - - -
Maui 32 (MS) 0.47 2.64 - - - -

'Measured relative to VSMOW
Measured relative to AIR

3Average standard deviation of standards and duplicate samples

PW = Production Well
MW = Monitor Well

TS = Terrestrial Surface
TW = Treated Wastewater
SS = Submarine Spring
MS = Marine Surface
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Figure ES-1. Western Maui land-use map.

XiX



Inferred Extent of Injection
Plume

(Hunt and Rosa, 2009)

Red — Minimum extent
supported by 8'°N

Yellow — Extension further
south (less certain)

= Highways

— Roads

& Submarine Springs
® Injection Wells

== Major Streams

— Elev. (100ft Inter val)
LWRF

B Golf Course

. Former Sugar

. Urban

[ Lahaina Reefs

Wahikuli
Wayside Par

0 05 1 2
s Kilometers

Figure ES-2. Detail of study area showing key locals along the coast.
LWREF injection wells and inferred subsurface minimum and maximum spatial extent of
LWREF injection plume from Hunt and Rosa (2009) is also shown.
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Figure ES-3: Control and submarine spring sampling locations.
Control locations include: Honokowai Beach Park, Wahikuli Wayside Park, and
Olowalu. Also shown are the North and South Seep Groups.
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Figure ES-4: Submarine spring water FLT breakthrough curves for (a) the NSG and (b)
the SSG.

The first arrival of dye occurred in late October, 2011 at the NSG and early November,
2011 at the SSG. Both BTCs appear have reached maximum concentrations by early
spring with the FLT concentration at the SSG being about 1.5 times that at the NSG.
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Figure ES-5: Aerial TIR sea surface temperature map thermal anomaly at North
Kaanapali Beach.

The plume is greater than 575 m (1886 ft) in width (from the shoreline to the edge of the
flight line). There is less than 0.6°C temperature variation within the plume area. The
lagoon emptying into the ocean at the southern end of the figure is fed by cold
groundwater. Submarine spring (seep) locations are shown on the map correspond to
small-scale and semi-isolated thermal anomalies.
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Figure ES-6: Infrared SST pictured with 8'°N values of terrestrial and marine waters, and
the intertidal macroalgae.

Shown are the 8'"°N values of intertidal macroalgae (triangles) reported by Dailer et al.
(2010) and 8'°N values of NO;" dissolved in water (circles) reported in this study. The
region of elevated SST offshore of Kahekili Beach Park corresponds with elevated 5'°N
values of macroalgal tissue and dissolved NO;3". Note that the majority of marine samples
collected had dissolved NOs™ concentrations below 0.9 uM, the minimum concentration
required to perform the dissolved NOs™ 8'°N analysis used in this study. The marine
samples pictured here are the few that were above this analytical threshold and thus
provide a good spatial representation of above-background dissolved NO;'.
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Figure ES-7: Radon activities measured during coastal surveys in June and September,
2011.

Sites with elevated surface radon activities are outlined with a black box. The lengths of
the boxes are the approximate lengths of coastline that was within 100 dpm/m’ of the
mean radon concentration for each site and the widths are the distance of the radon
survey from the coastline. The latter assumes that groundwater emanates at the coastline.
Coastal groundwater fluxes were estimated from these areas.
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SECTION 1: INTRODUCTION, BACKGROUND,
AND PURPOSE

1.1 INTRODUCTION

This report was prepared by the University of Hawaii (UH) under the United States
(U.S.) Army Corp of Engineers Cooperative Agreement Number W912HZ-11-2-0020 for
the U. S. Army Engineer Research and Development Center at Vicksburg, Mississippi;
and State of Hawaii, Department of Health Agreement Number 11-
047 with funding provided by a grant from the U.S. Environmental Protection Agency.
The purpose of this study has been to provide critical data about the hydrological
connection between the injected effluent from the Maui County, Hawaii, Lahaina
Wastewater Reclamation Facility (LWRF) and the nearby coastal waters, confirm the
locations of emerging injected effluent discharge in these coastal waters, and determine a
travel time from the LWRF injection wells to the coastal waters. This report provides the
initial results of those findings and provides the results from the study’s principal
objectives, which have been to: (1) to implement a tracer dye study from the LWREF, (2)
conduct continuous monitoring for the emergence of the injected tracer dyes at the most
probable points of emergence at nearshore sites within the coastal reaches of the LWRF,
(3) conduct an airborne infrared sea surface temperature mapping survey of coastal zone
fronting the LWRF in an effort to detect warm and/or cool temperature anomalies that
may be indicative of submarine groundwater discharge and possibly warm wastewater
effluent, (4) complete radon and radium radiochemical surveys to detect the emergence
points and flow rates of the naturally occurring submarine groundwater along the coastal
zone, (5) complete geochemical and stable isotopic analyses of LWRF effluent, fresh
groundwaters and submarine groundwater discharge in an effort to help partition the
relative contribution of effluent waters to the ocean, and (6) combine complete dye
emergence breakthrough curves with which to develop groundwater models for the flow
paths and rates of effluent to the coastal zone. Each of these six primary objectives are
addressed Sections 2 — 7 of this report. Each section contains its own set of
methodologies, results, and conclusions, and each has its own appendices, grouped
together at the end of the report. Appendices A-F provide ancillary data, maps, and field
and laboratory protocols. Appendix G provides comments and replies to the June 2012
draft of this report.

A very important step in this study has been the conductance of a fluorescent dye tracer
test to investigate any linkage that may exist between the underground injection of treated
municipal wastewater effluent into the sub-surface waters north of the town of Lahaina,
Maui, Hawaii, and the discharge of that effluent to the nearshore waters close to the
treatment facility. As detailed in Section 3 (Fluorescent Dye Groundwater Tracer Study),
we completed two tracer dye injections at the LWRF. In the first tracer test, Fluorescein
(FLT) was added to two wells (Injection Wells 3 and 4), and this was followed two
weeks later by an addition of Sulpho-Rhodamine-B (SRB) into Injection Well 2, which
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has a significantly higher injection capacity than Wells 3 and 4. The second tracer
injection was completed to investigate whether the effluent from this well discharges into
the marine environment at the same location as Wells 3 and 4. At the time of this
writing, the FLT tracer dye injected at the LWRF has been well detected in the coastal
waters, but the establishment of the full FLT breakthrough curve needed to adequately
calculate travel times is still in progress. When established, travel times will be estimated
and this part of the study will be combined with continued coastal water flux
measurements to estimate the total flux of effluent and nutrient load being discharged
into the nearshore waters. Groundwater and transport modeling will be used to interpret
the tracer breakthrough curve. Also at the time of this writing, SRB has yet to be
conclusively detected in the nearby coastal waters. As such, this portion of the project is
still underway, the results of which will be provided in a Final Report that, based on our
current best estimates of the degree of tracer dye recovery, is estimated to be completed
by April, 2013.

1.2 GEOGRAPHIC SETTING

Located between 155° 57 and 156° 42” west longitude, and 20° 34> and 20° 59’ north
latitude, the Island of Maui lies near the middle of the Pacific Ocean, far from any
continental land mass. Maui is part of an island chain that is formed as the Pacific
Tectonic Plate passes over a mid-ocean hotspot. The primary shield volcanoes forming
this island chain generally occur in parallel trending pairs (Langenheim and Clague,
1987). Maui is no exception to this trend, consisting of the East Maui Volcano,
Haleakala, and the West Maui Volcano. The older volcano — the West Maui Volcano,
also referred to as the West Maui Mountains - rises to an altitude of 5,788 ft above sea
level (asl) and the younger volcano, the East Maui Volcano (commonly referred to as
Haleakala), rises to an altitude of 10,023 ft asl (Figure 1-1). The two volcanoes are
separated by an isthmus, generally at an altitude less than 300 ft asl, which is covered
with terrestrial and marine sedimentary deposits (Stearns and MacDonald, 1942). The
site of this study is located on the northwestern extent of the West Maui Volcano, near
the towns of Lahaina and Kaanapali. Steep mountain slopes and narrow stream channels
in the uplands and gently dipping plains towards the coast characterize the area.
According to the United States Census Bureau (USCB, 2000), there were 1,375 people,
537 households, and 380 families residing in the Kaanapali district with a population
density of 282.8 people per square mile. The LWREF is located about 3 mi north of the
town of Lahaina.

1.3 OVERVIEW OF THE LAHAINA WASTEWATER
RECLAMATION FACILITY

The study area (Figure 1-2) is located in the Kaanapali District of West Maui, Hawaii.
The LWREF is about 3 mi north of the town of Lahaina and serves the municipal
wastewater needs for that community including the major resorts along the coast. The
LWREF receives approximately 4 million gallons per day (mgd) of sewage from a
collection system serving approximately 40,000 people. The facility produces tertiary
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treated wastewater, which is disposed of via four on-site injections wells, and tertiary
treated wastewater that is disinfected with UV radiation to meet R-1 reuse water
standards. This R-1 water is sold to customers such as Kaanapali Resort to be used for
landscape and golf course irrigation. R-1 water that is not sold is also discharged into the
subsurface via the injection wells.

The LWRF consists of two separate plants capable of operating in parallel. The first
plant, constructed in 1976 (and currently not in operation), has an average flow capacity
of 3.2 mgd, while the other, constructed in 1985 (and modified in 1995) has an average
flow capacity of 6.7 mgd. After primary settling to remove a majority of the suspended
solids, the LWRF effluent undergoes secondary treatment. This treatment reduces the
biodegradable dissolved solids by microbial action that metabolizes the organic matter.
The LWREF also incorporates biological nutrient removal to promote nitrogen removal.
The effluent is sand filtered to remove solids before injection or further treatment. The
effluent that is subjected disinfection using ultraviolet radiation is sold as R-1 grade reuse
water for irrigation. This grade of reuse water can be used for irrigation with very little
restrictions. The treatment for the water not sold as irrigation water is stopped at the
secondary level (Limtiaco Consulting Group, 2005). Prior to October 28, 2011, the
effluent discharged into the LWREF injection wells was only partially disinfected with
chlorine. Starting from that date to the present time, the injected effluent has undergone
full chlorine disinfection.

Limtiaco Consulting Group (2005) summarized the history of the reuse water production
at the LWRF. Up to the late 1980s, the LWRF provided R-2 water (reclaimed
wastewater with restrictions placed on its use) to the Pioneer Mill for sugarcane
irrigation. However, with the phase-out of sugarcane this disposal option disappeared. In
the mid-1990s Maui County upgraded the plant to produce R-1 water to address concerns
about seasonal benthic algal blooms that were proliferating along the coast. This water is
sold to customers such as the Honua Kai Timeshare Resort and the Kaanapali Resort to
be used for landscape and golf course irrigation (Scott Rollins, Maui County Department
of Environmental Management, Wastewater Reclamation Division, personal
communication). The distribution system was extended to make R-1 water available to
the Maui Land and Pineapple Company for pineapple irrigation in 2003. This water was
to be blended with non-potable water from the Honolua Ditch. However, due to ample
rain and the phase-out of pineapple, little use has been made of this option. This
infrastructure may be beneficial to the emerging diversified agriculture in West Maui.

The LWREF injects the secondary treated effluent into four injection wells (Figures 1-3
and 1-4). Under the Safe Drinking Water Act an Underground Injection Control (UIC)
permit is required from the U.S. Environmental Protection Agency (USEPA) for the
injection of subsurface wastewater effluents that might affect potential sources of
drinking water. The LWRF’s UIC permit expired on June 6, 2005 but per the USEPA’s
approval the facility is operating under the expired permit until a renewal is approved.
Sections 1421 through 1445 and Section 1450 of the Safe Drinking Water Act require
that each state establish an UIC program to protect drinking water sources from
contamination due to sub-surface fluid injection. Title 40 of the Code of Federal



Regulations, Parts 144 through 148 details the UIC permit regulations. Part 144 lays out
the minimum permitting and program requirements. Part 145 details the elements and
permitting procedures for a state program, while Part 146 spells out the technical
requirements. Part 147 sets forth the UIC program for each state including Hawaii. Much
of the oversight of UIC activities is delegated to the states. However, the UIC program
for the State of Hawaii is administered by the EPA. The Hawaii UIC program
requirements are codified in the Hawaii Revised Statutes (HAR) Title 11, Chapters 23
and 23a

The State of Hawaii UIC restrictions are less stringent if an aquifer is not a potential
source of drinking water due to high concentrations of total dissolved solids (TDS). The
area of an aquifer that is seaward of an UIC Line is classified as an exempted aquifer.
Class V injection wells are allowed in exempted aquifers and this class includes the
injection of sewage derived wastewater. The LWREF is located seaward of the UIC line
(Figure 1-3) and injects treated effluent to depths of between -55 and -229 feet above
mean sea level (ft msl). The screen length or open interval of the wells varies from 95 to
150 feet (ft). Table 1-1 gives the construction details for the injection wells. The average
flow rate into the plant is currently about 4.0 mgd (Table 1-2). After reuse, the injection
volume averaged 3.1 mdg in May and 3.0 mgd in June. With warmer, dryer months no
more than 3.0 mgd is expected to be injected underground. The permitted daily
maximum rate is 19.8 mgd and the maximum weekly average injection was 9.0 mgd
(County of Maui, 2010). Flows have exceeded 5.0 mgd only 34 days in the last 18
months. As mentioned above, Maui County is in the process of renewing the UIC permit
for these wells. However, concerns about the impact of injection well operations have on
the coastal environment has prompted research into the amount, distribution, and
discharge points of nutrients and other chemicals into the marine environment.

Scientific evidence (e.g. Hunt and Rosa, 2009; Dailer et al., 2010, 2012) supports the
hypothesis that effluent injectate from the LWREF is discharging into the nearshore waters
southwest of the plant. However, at the time that the present study was started, the extent
of that link had not been irrefutably established. One of the goals of this project has
therefore been to tag the effluent with a fluorescent dyes prior to injection and monitor
the nearshore for emergence of the dye at nearby coastal submarine springs, particularly
those identified by Hunt and Rosa (2009) and Dailer et al. (2010, 2012). Figure ES-2 and
Figure 1-4 shows the location of the submarine springs relative to the LWRF.

1.4 HISTORY OF RELATED INVESTIGATIONS

Examples of relevant previous studies include nutrient characterizations and loading
estimates for this area (Souza, 1981, Tetra Tech, 1993; Soicher and Peterson, 1997), a
dye tracer test (e.g. Tetra Tech, 1994), and those concerning the potential linkages land-
derived nutrients and algae blooms (e.g. Dollar and Andrews, 1997; Borke, 1996; Smith
et al., 2005; Smith and Smith, 2007). More recent scientific investigations on Maui
include Hunt and Rosa’s (2009) multi-tracer approach to detect effluent discharges in
Lahaina and Kihei, Dailer et al.’s (2010, 2012) extensive work using stable isotope data



from intertidal and nearshore cultivated algae, and recent groundwater investigations for
West Maui modeling by the USGS (Gingerich, 2008, Gingerich and Engott, 2012).

In response to concerns prompted by seasonal algae blooms in West Maui, the USEPA
sponsored a nutrient balance study of West Maui (Tetra Tech, 1993). That report
identified the LWRF as one of the three primary nutrient release sources to Lahaina
District coastal waters, with sugarcane and pineapple cultivation being the other two.
This study ranked the LWRF second in annual nitrogen contribution and first in
phosphorous contribution to these waters. Since that study was completed, the
cultivation of both sugarcane and pineapple has been sharply curtailed. This implies that
the LWRF may now be the primary contributor of nutrients to water in the study area.
The West Maui Watershed Owner’s Manual (West Maui Watershed Management
Advisory Committee, 1997) reevaluated N and P loadings in the watershed and
concluded that as of 1996, wastewater injection wells contributed ca. 94% of land-
derived phosphorus-loading and ca. 57% of land-derived nitrogen-loading to the ocean,
relative to the other sources evaluated (cesspools and inputs from pineapple-, sugarcane-
and golf course-developed lands). However, as discussed in Section 6, it must be noted
that since the release of the Tetra Tech (1993) report, all nutrient species concentrations
in the LWRF effluent appear to have been significantly reduced, likely in association
with the inception of treatment process improvements such as biological nutrient removal
in 1995.

Tetra Tech (1994) also estimated the travel time of effluent from the point of injection to
the coast using a two-dimensional numerical flow model. Based on that model, the travel
time could be as short as 10 days. In absence of any injection, the travel time would be
increased to 50 days based on the average groundwater-flow velocity. The model
assumed an aquifer thickness of 20 ft. Using the Ghyben-Hertzberg principle, the
freshwater lens thickness is 41 times the groundwater elevation above sea level (Fetter,
1988), which yields a more accurate aquifer thickness of 80 to 100 ft near the LWRF.
This is based on a water table elevation of 2 to 2.5 ft msl (Gingerich, 2008). The thinner
modeled aquifer thickness would result in a shorter travel time. Also, the distance
between the LWRF injection wells and the nearest identified submarine spring is
approximately 0.49 mi, which is greater than the direct path distance to the shoreline.
The eastern boundary of the Tetra Tech model was the interface between the high level
water at the interior of the island and the basal groundwater. This was assigned as a no-
flow boundary condition. In actuality, however, there is significant groundwater flow
from the high-level water body to the basal groundwater (Gingerich, 2008; Gingerich and
Engott, 2012).

Since the LWRF was identified as a major contributor of nutrients to the marine
environment in the 1993 study, an effluent fate and transport study was commissioned by
the USEPA. Tetra Tech (1994) conducted a tracer test to identify the submarine
locations where the effluent was discharging into the marine environment. They added
Rhodamine WT (RWT), a fluorescent tracer dye, into the effluent stream prior to
underground injection at a concentration of approximately 100 parts per billion (ppb).
This injection lasted for 58 days. To monitor for the emergence of the effluent tagged



with RWT, they completed a series of monitoring transects offshore north-northeast
transects. Every 200 yards, a pump suction was let drift to the ocean bottom. The
suction line was connected to a pump on the survey boat with the discharge from the
pump ported through a constant monitoring fluorometer. In that study, only two
occurrences of elevated fluorescence were detected at adjacent sampling locations, in the
southeast corner of their sampling grid (Figure 1-4). The fluorescence value was low,
about three times that of background. The first detection occurred 55 days after the start
of injection and the second detection occurred 61 days after the start of injection. The
location of the Tetra Tech elevated fluorescence detections was very near the submarine
springs identified by Hunt and Rosa (2009) and Dailer et al. (2010, 2012) as probable
discharge points for the LWRF effluent. Due to the fluorescence values being only
slightly above background, it is uncertain whether the source was the RWT dye, or
another fluorophore such as dissolved organic matter. Figure 1-4 illustrates the location
where Tetra Tech detected RWT fluorescence, the submarine springs suspected of
discharging effluent, and the plume area proposed by Hunt and Rosa (2009).

Hunt and Rosa (2009) investigated the use of multiple in-situ tracers to identify where
and how municipal wastewater effluent discharges to the nearshore marine environment.
These researchers sampled the LWRF effluent, submarine springs, nearshore marine
waters, groundwater, and terrestrial surface water in vicinity of effluent injection sites in
Lahaina and Kihei, Maui. They concluded that the most conclusive tracers were the
presence of pharmaceuticals, organic waste indicator compounds, and a highly elevated
8'"°N values (due to a higher proportion of the heavy N isotope compared to the more
abundant "N isotope in dissolved NO3") in water samples and coastal benthic macroalgal
tissue. These researchers identified the submarine springs as the coastal locus of the
LWREF injection plume, though they also cited nearshore marine samples collected
further south towards the Kaanapali Golf Course as showing geochemical evidence of
effluent or effluent-derived irrigation water influence. They also noted elevated nutrient
concentrations and potential effluent or effluent-derived irrigation water influence in
Black Rock lagoon, an apparently groundwater fed, ocean-connected drainage feature
located on the Kaanapali Golf Course at the southern end of North Kaanapali beach.
Particularly pertinent to the current study, they investigated background fluorescence
along the shoreline near the LWRF, where they measured fluorescence with a handheld
fluorometer with an optical brightener and a Rhodamine WT channel. They detected
optical brightener fluorescence in samples collected at the submarine springs that was 15
times that in the water column near the submarine springs. There was no difference in
Rhodamine WT fluorescence between the submarine spring and the water column
samples. This indicates that non-dye fluorophores in LWRF effluent were probably not
responsible for the elevated RWT fluorescence detected by Tetra Tech (1994). This
further indicates that the elevated fluorescence in the RWT wavelength detected by Tetra
Tech (1994) was likely from the dye they added to the effluent.

Dailer et al. (2010, 2012) used the stable isotopic composition of macroalgae (5'°N) to
map the anthropogenic input of nitrogen to the nearshore waters of Maui. Atmospheric
and fertilizer 8'°N values generally fall in the range of -4%o to +4%,. Input from sewage
can generally be identified by its higher 8'°N values that range from 7%o to 38%o (e.g.



Kendall, 1998; Gartner et al., 2002), although isotope effects associated with various
biogeochemical N transformations must be carefully considered when attempting to
identify original N sources using this methodology. The two highest 8'°N values (33.2
and 43.3%0) measured by Dailer et al. (2010) were found at sites near the submarine
springs. These researchers also observed that the submarine spring discharge was
warmer than ambient seawater and that the discharge points were surrounded by rocks
coated with a distinctive black precipitate thought to consist of iron oxides.

Significant work has been done on the wastewater injection and the fate of this injectate
in Hawaii. Oberdorfer and Peterson (Oberdorfer and Peterson, 1982; Oberdorfer, 1983)
studied the processes that lead to injection well clogging and the fate of nutrients in the
injected effluent. They found that a significant amount of denitrification (nitrate
reduction) occurs in the subsurface after injection. Petty and Peterson (1979)
investigated sewage injection practices in West Maui including resorts and
condominiums. The fate of wastewater injection plumes was modeled by Hunt (2007),
Burnham et al. (1977), Wheatcraft et al. (1976), Tetra Tech (1993) and Hunt and Rosa
(2009) and all studies showed that once the wastewater effluent is injected, the plume
tends to rise due to its positive buoyancy relative to the surrounding saline groundwater.

There have been several chemistry surveys and studies of anthropogenic inputs into the
coastal waters of West Maui in addition to those already cited. Laws et al., (2004)
showed that coastal nutrient concentrations exceeded State water-quality standards for
marine waters. Street et al. (2008) investigated submarine groundwater discharge (SGD)
using multiple tracers such as the radon/radium pair, silica, and salinity. They estimated
that the SGD near the study site was 0.07 to 0.12 meters cubed (m’) per meters squared
(m?) per day (d), delivering a dissolved inorganic nitrogen load of 13.3 to 36.8 mM per
m?/d. Dollar et al. (1999) and Atkinson et al. (2003) monitored for estrogen as indicator
of discharge of cesspool effluent to the waters of west and south-central Maui. Soicher
and Peterson (1997) studied the nutrient input to West Maui coastal waters and concluded
that stream discharges were an acute nitrogen source, but chronic SGD was the major
contributor.

1.5 STUDY AREA DESCRIPTIONS AND BACKGROUND

1.5.1 Climate

Maui’s climate is characterized by mild and uniform temperatures, seasonal variation in
rainfall, and great geographic variation in rainfall (Lau and Mink, 2006). The average
temperature in Lahaina, on the leeward coast of the West Maui Volcano, is 75.7° F,
whereas the average at Haleakala summit is 47° F (WRCC, 2011). During the warmer
dry season (May-September), the stability of the north Pacific anticyclone produces
persistent northeasterly trade winds, which blow 80-95 % of the time (Gingerich, 2008).
During the cooler rainy season (October—April), migratory weather systems often travel
past the Hawaiian Islands, resulting in less persistent trade winds that blow 50-80 % of
the time (Gingerich, 2008). Low-pressure systems and associated southerly (Kona) winds



can bring heavy rains to the island, and the dry coastal areas can receive most of their
rainfall from these systems.

The variation in mean annual rainfall with altitude is extreme on Maui, with differences
of more than 130 inches within one mile of the summit of West Maui Volcano where
average annual rainfall exceeds 340 inches per year (in/yr) (Giambelluca et al., 2011).
Mean annual rainfall at the Kaanapali coast in the dry leeward areas south of Lahaina is
less than 15 in/yr (Giambelluca et al., 2011). At higher altitudes, precipitation is a
combination of rainfall and fog drip where the montane forest canopy intercepts cloud
water. Engott and Vana (2007) and Scholl et al. (2004) estimated that fog drip
contributes to an additional 20% of rainfall along the windward flanks of West Maui
above an elevation of 2000 ft asl.

Annual pan evaporation of West Maui has been reported by Ekern and Chang (1985) and
Engott and Vana (2007) to range between 90 and 100 in/yr near the Kaanapali coast and
from 50 to 60 in/yr near the summit of the West Maui Volcano. The streams in the
Lahaina area are typically perennial above 1,000 ft asl, but diversions and loss to
groundwater at lower altitudes result in intermittent flow as the streams approach the
ocean. Honokohau Stream (Figure ES-1 and ES-2) is the only true perennial stream in
the immediate study area, however stream flow is flashy due to intense rainfall and the
steep topography (Tetra Tech, 1993).

1.5.2 Land Use

Current West Maui land use can be subdivided into (1) an urban center in the Lahaina
area, (2) various diversified agriculture and pasture land on former pineapple and
sugarcane fields on the lower slopes of the West Maui Mountain, (3) residential and
resort development (including golf courses) along the shoreline, and (4) natural evergreen
forest in the interior of the West Maui Mountain (Figure ES-1). Historical changes in
agricultural land use within the western half of West Maui were estimated by Engott and
Vana (2007) in order to estimate the effects of rainfall and agricultural land use changes
on West and Central Maui groundwater recharge, and the following sections on land use
are summarized from their work, and as summarized by Gingerich (2008) and Gingerich
and Engott (2012). During the early 1900s until about 1979, land use was mostly
unchanged except for some minor urbanization along the coasts. However, as large-scale
plantation agriculture declined after 1979, land-use changes were more significant. From
1979 to 2004, agricultural land use declined about 21 percent, mainly from the complete
cessation of sugarcane agriculture.

The Pioneer Mill Co. was the major sugarcane cultivator on the west side of the West
Maui Mountain, operating during the late 1800s until 1999, when it ceased sugarcane
production and the land was subsequently bought by Maui Land and Pineapple (ML & P)
and other private investors. ML&P had a long history of cultivating pineapple on the
northwest slope of West Maui Mountain generally on land located to the north of the
former sugarcane fields. More recently, they grew pineapple on former Pioneer Mill Co.
sugarcane lands located north of Honokowai Stream. The extent of pineapple agriculture



in West Maui decreased extensively since the late 1990s and was stopped entirely in 2009
(Gingerich and Engott, 2012). Large portions of the former sugarcane and pineapple
fields remain fallow while other parcels have been converted to low-density housing and
diversified agriculture.

1.5.3 Geology

The study site is located on the northwestern extent of the West Maui Volcano. This is
the older of the two Maui shield volcanoes. Figure 1-5 shows the geology of West Maui,
which consists of a central caldera and two main rift zones that trend north-northwest and
south-southeast from the caldera (Stearns and MacDonald, 1942; Sherrod et al., 2007).
Numerous dikes occur as thin, near-vertical sheets of massive, low-permeability rock that
are present within the rift zones and increase in abundance toward the caldera and with
depth. Other dikes also exist outside the two major rift zone trend (Figure 1-5), creating a
radial pattern of dikes emanating from the caldera (MacDonald et al., 1983). The
volcanic rocks that originated from vents in and near the caldera and rift zones comprise
(1) the mostly shield-stage Wailuku Basalt, (2) the postshield-stage Honolua Volcanics,
and (3) the rejuvenated-stage Lahaina Volcanics, a minor unit of the West Maui Volcano.
All these rocks are Pleistocene in age and are mainly comprised of tholeiitic/picritic
basalt, trachyte and basanite layers ranging in thickness from 1 to 500 ft (Stearns and
MacDonald, 1942; Langenheim and Clague, 1987; Sherrod et al., 2007). These layers in
the Wailuku Basalt show numerous interflow structures within a series of lava flows and
associated pyroclastic and sedimentary formations. The volcanic rocks in the area are
characterized by high permeability and storage capacity and comprise the main aquifers
for groundwater withdrawal (Gingerich, 2008). The Honolua Volcanics were produced
by late eruptions, and overlie the Wailuku basalts. They are more massive and tend
toward andesitic compositions. Due to their increased thickness and denser nature, their
permeability is much lower than those of the Wailuku Basalts. They are more prevalent
in the northeast and northwest slopes of the West Maui Volcano (Gingerich, 2008:
Sherrod et al., 2007) and do not intersect the groundwater in the study area. The Lahaina
Volcanics resulted from rejuvenation stage eruptions that took place 610,000 - 385,000
years ago. As with the Honolua Volcanics, they are more massive in nature. However,
their small areal extent and proximity to the coast makes this unit less important when
assessing groundwater flow than the other volcanic units. An outcrop of the Lahaina
Volcanic series known as Puu Kekaa, or Black Rock, is located in the southwest portion
of the study area (Figure 1-5).

Gingerich and Engott’s (2012) work projected the top of the West Maui Wailuku Basalts
to reach depths of about 600 meters below sea level (mbsl) at a distance of about 10 km
from the shore. Wedge-shaped consolidated Quaternary alluvium forms a sedimentary
surface veneer that drapes and overlies the Wailuku Basalt along the coast, infills the
deep canyons in the West Maui Volcano, and very likely into the offshore (Stearns and
MacDonald, 1942; see Figure 1-6). These alluvial deposits formed as a result of the
extensive erosion that has carved the deep valleys into the eastern flanks of the West
Maui Volcano, and form West Maui’s low-permeability caprock. It is probable that some
of these sediments also contain relict marine carbonates deposited in relation to former



stands of the sea. This formation, like elsewhere in Hawaii, is of great hydraulic
importance as it overlies high-permeability dike-free volcanic rocks below and, due to its
relatively low conductivity, generally impedes fresh groundwater discharge towards the
coast (cf. Lau and Mink, 2006; Rotzoll et al., 2007; Gingerich and Engott, 2012, and
discussion and references therein).

1.5.4 Regional Groundwater Hydrology

The precipitation that falls on West Maui is partitioned between surface runoff,
evapotranspiration, soil moisture storage, and groundwater recharge. Recharge, (the
fraction of groundwater that reaches the water table), flows radially out from the central
highlands to discharge areas along the coast. Figure 1-7 shows the groundwater recharge
distribution for West Maui and the extent of the high-level water body (Engott and Vana,
2007; Gingerich, 2008). Recharge rates range from 350 inches per year (in/yr) at the
high elevations to less than 10 in/yr along the coast. The high recharge and low hydraulic
conductivity of the dike zones in the interior regions of the West Maui Volcano result in a
water table with elevations up to 3,000 feet above mean sea level (ft msl) (Gingerich,
2008; Figures 1-5 - 1-7). Figure 1-5 shows the approximate interface between the high
level and basal aquifers (Mink and Lau, 1990). The dike impoundment of the
groundwater is breached in areas where erosion has cut deep valleys and subterranean
water provides baseflow for the streams.

In the subsurface, once the groundwater flows out of the high-level water body, it
becomes a lens of freshwater floating the underlying saltwater with a water table
elevation of less than a few tens of feet above sea level. This Ghyben-Herzberg principal
states the thickness of the freshwater lens is 41 times the elevation of the water table
above sea level. This is only an estimation based on simplifying assumptions, however,
and the actual thickness of the freshwater lens can deviate from this value due to factors
such as non-horizontal flow and heterogeneous geology (Izuka and Gingerich, 1998).
The mixing of the two waters in the basal lens along the groundwater flow path results in
a sloping transition rather than a sharp interface between fresh and saltwater.

As the groundwater approaches the shoreline, it may encounter the sedimentary caprock
described above, which retards the groundwater’s seaward flow (Figure 1-6). The
effective hydraulic conductivity of the caprock is significantly lower than that of thin-
bedded lavas, causing a thicker freshwater lens due to the higher potentiometric (or
hydraulic head) surface and a barrier that reduces saltwater intrusion into the aquifer. As
shown in the highly generalized Figure 1-6, the condition in the basalt aquifer changes
from unconfined condition to a confined condition where the water table meets the
bottom of the caprock, which can be considered itself as an unconfined aquifer. The
height of the water table within this aquifer should be lower than the potentiometric
surface. Drilling logs from the injection wells at the LWRF indicate that sedimentary
deposits extend below the potentiometric surface caused by that overlying confining layer
for a portion of the aquifer between the facility and the coast (County of Maui, 2004).
Preferential flow paths in the aquifer can result in well-defined submarine springs, as is
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the case in this study area. In addition to preferential-flow point discharges, a more
diffuse discharge may also be present over a larger area.

1.5.5 Aquifer Properties

Total porosity estimates for basaltic rocks on Hawaii and elsewhere ranges from less than
0.05 to more than 0.5 (Hunt, 1996; Kwon et al., 1993; Nichols et al., 1996). Low
porosity values may be associated with massive features, including dense flows, a’a
cores, dikes, and thick lava flows, and high values may be associated with fractures and
a’a clinker zones. Estimates of effective porosity (which includes only the hydraulically
interconnected pore spaces) derived from modeling studies range between 0.04 and 0.10
for volcanic-rock aquifers (Gingerich and Voss, 2005; Oki, 2005). Souza and Voss
(1987) and Gingerich (2008) estimated an average effective porosity of the volcanic
rocks on Hawaii of 0.15. Rotzoll and El-Kadi (2007) analyzed aquifer-test data from
wells in central Maui and estimated specific storage and specific yield from one test to be
2.0 x 10° ft' and 0.07, respectively. Hydraulic conductivities (K) of the igneous and
sedimentary rocks on West Maui are highly variable and are distributed heterogeneously
around the area. Regional K values have been estimated from specific capacity values of
aquifers to range between 250 ft/d to 4,100 ft/d (Rotzoll and El-Kadi, 2007).

Though high and low conductivity volcanic aquifers may alternate over several feet depth
(Stearns and MacDonald, 1942), the volcanic aquifers on Maui are generally regarded as
one unconfined system (Gingerich, 2008). This is because highly permeable structures,
such as clinkers and vertical fractures have been commonly observed in all lava flows
both in outcrops and rock cores (Langenheim and Clague, 1987). Additionally,
numerical groundwater flow models yielded a relatively good agreement between
modeled and measured water levels on Maui when uniform conductivity, porosity and
specific yield values had been assigned (Gingerich, 2008).

The water transport characteristics of the various aquifer materials vary greatly along the
flow path. The hydraulic conductivity of the dike-intruded lavas in Hawaii is estimated
to range from 1 to 500 ft/d (Hunt, 1996). The low end of this estimate would be more
representative of the West Maui Volcano due to the high density of dikes in the high
water body. In a groundwater model of West Maui, Gingerich (2008) assigned a
horizontal hydraulic conductivity of 2,097 ft/d and a vertical hydraulic conductivity of
10.5 ft/d for the Wailuku Basalts in the Lahaina area. These estimates equate to a
horizontal to vertical anisotropy of 200. For the sedimentary deposits he used values of
17 and 0.38 ft/d for the horizontal and vertical hydraulic conductivity, respectively.

1.5.6 Submarine Groundwater Discharge

The ultimate natural and final release of most groundwater in the Hawaiian Islands is to
the ocean as submarine groundwater discharge (SGD). Nearly all groundwaters undergo
chemical modifications and additions due to natural leaching of nutrients along their flow
paths. Infiltration from agricultural, urban and metropolitan lands, and wastewater
injections near the coast can also additionally contribute to the dissolved load of the SGD
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subterranean flow. These waters thus exit as chemically-modified mixtures of freshwater
and recirculated seawater which flow seaward throughout each island’s peripheral
aquifers. Geohydrological budgets (Shade, 1996, 1997, 1999) indicate that the majority
of groundwater which enters and recharges Maui’s uplands is eventually discharged as
SGD (Figure 1-8). In most settings in Hawaii, SGD exits along the coast as relatively
cool, brackish waters. The most strikingly anomalous expression of SGD within the
present study area, however, is the seepage of localized and anomalously warm and
brackish SGD, particularly in the area described as submarine springs (or “seeps’) along
the Kaanapali coast near Kahekili Beach Park, about 0.5 miles southwest of the LWRF.
The warm and brackish SGD issuing from these warm water submarine springs entrain
gas bubbles and discharge from cracks and small vents in the semi-consolidated hard
bottoms, as well as from unconsolidated patches of surficial sands on the seafloor.
During this study, we have grouped clustering of these warm water submarine springs
into two groups, and termed these the North Seep Group (NSG), which occur within 3 to
5 m of shore, and the South Seep Group (SSG), which occur within 25 m of shore
(Figures ES-3 and 1-4). Over 10 months of study, the salinity of seeps in the NSG varied
between 2.5 and 23 with an average of about 4.8. Seeps in the SSG had salinities that
were slightly lower, varying between 3.8 to 22 with an average of about 4.1. The
detection, mapping and investigation of the warm SGD issuing from these submarine
springs, as well the occurrences of SGD elsewhere in this region, is a major focal point
addressed throughout this report.
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Table 1-1. Construction Details of the LWRF Injection Wells

Injection Well No. 1 2 3 4
Construction Date 1979 | 1979 1985 1985
Elevation (ft msl) 33 33 28 29
Total Depth of Well (ft bgs) 200 | 180 225 255
Solid Casing Length (ft) 88 88 108 108
Bottom of Well (ft msl) -168 | -150 -200 -229
Screen/open hole length (ft) 115 95 120 150
Top of Screen/Open Hole

elevation (ft msl) -55 | -55 -80 -79
Bottom of Screen/Open

Hole Elevation (ft msl) -170 | -150 -200 -229

Data from Maui County Department of Environmental Management
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Table 1-2. Effluent injections rates for April 2011 through June 2012

Well 1 Well2 Well3 well4 1o
Injection
(mgd) (mgd) (mgd) (mgd)  (mgd)

April, 2011

Minimum 0.17 0.99 0.66 0.58 2.86

Average 0.22 1.63 0.88 0.82 3.55

Maximum 0.27 2.75 1.05 1.06 4.86
May, 2011

Minimum 0.15 0.31 0.74 0.67 2.41

Average 0.21 1.04 1.05 0.83 3.14

Maximum 0.29 2.1 1.36 0.94 4.23
June, 2011

Minimum 0.1 0.14 0.31 0.86 2

Average 0.2 0.7 1.18 1.03 3.11

Maximum 0.28 1.52 1.62 1.27 4.03
July, 2011

Minimum 0.07 0.02 1.19 1.03 2.56

Average 0.19 0.41 1.36 1.15 3.11

Maximum 0.27 1.14 1.74 1.32 3.8
August,2011

Minimum 0 0.21 1.1 1.04 2.57

Average 0.2 0.62 1.22 1.13 3.17

Maximum 0.27 2.12 1.47 1.46 5.05
September, 2011

Minimum 0.02 0.01 1.02 0.93 2.36

Average 0.13 0.25 1.23 1.07 2.69

Maximum 0.23 0.72 1.56 1.41 3.73
October, 2011

Minimum 0.12 0.07 1.11 1 2.61

Average 0.17 0.5 1.25 1.12 3.04

Maximum 0.29 0.97 1.43 1.36 3.75
November, 2011

Minimum 0.06 0.07 1.16 1.14 2.59

Average 0.16 0.63 1.32 1.37 3.48

Maximum 0.22 1.06 1.48 1.67 4.30
December, 2011

Minimum 0.00 0.00 0.00 0.00 0.00

Average 0.13 0.67 1.13 1.30 3.24

Maximum 0.19 2.19 1.41 1.67 4.89
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Table 1-2. Effluent injections rates for April of 2011 through June of 2012 (Continued)
Well 1 Well2  Well3  Well4

(mgd)  (mgd) (mgd)  (mgd)

January, 2012

Minimum 0.04 0.18 1.04 1.18 3.17

Average 0.13 0.75 1.25 1.51 3.64

Maximum 0.19 1.65 1.54 2.08 4.76
February, 2012

Minimum 0.01 0.00 0.58 1.21 2.06

Average 0.08 0.18 1.59 1.53 3.38

Maximum 0.13 0.56 2.53 1.81 4.03
March, 2012

Minimum 0.00 0.00 1.57 1.07 2.72

Average 0.07 0.06 1.90 1.39 3.42

Maximum 0.19 0.20 2.41 1.87 4.65
April, 2012

Minimum 0.00 0.00 1.56 0.84 2.40

Average 0.04 0.01 1.81 1.16 3.03

Maximum 0.16 0.15 2.14 1.49 3.79
May, 2012

Minimum 0.00 0.00 1.46 0.79 2.32

Average 0.03 0.01 1.80 1.19 3.03

Maximum 0.16 0.06 2.25 1.74 4.07
June, 2012

Minimum 0.00 0.00 1.53 0.96 2.52

Average 0.08 0.02 1.94 1.33 3.36

Maximum 0.22 0.12 2.35 1.84 4.48

Data from Maui County Department of Environmental Management
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Figure 1-1: Location and topography of the Island of Maui
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Figure 1-2: Map showing the location of the LWRF in West Maui.
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Figure 1-3: Location of the LWREF in relation to the coast and the UIC line.
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Figure 1-4: Map of the LWRF, submarine springs, and Tetra Tech (1994) ocean sampling
tracts.

The location of the two occurrences of elevated fluorescence (“Hits””) measured by Tetra
Tech (1994) are shown. Also shown (Hunt and Rosa, 2009) are the likely minimum (red)
and less certain maximum (yellow) spatial extents of the LWRF injectate plume, and
inferred subsurface paleo-stream alluvium hydraulic barrier (blue).
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Figure 1-5: West Maui geology and inferred high level/peripheral basal lens boundary.
Geology from Sherrod et al. (2007).
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Figure 1-6: Geologic section of West Maui showing SGD and groundwater occurrence and movement.

The figure (from Gingerich and Engott, 2012) is diagrammatic and generalized. Within the study area the actual lateral distribution
and thickness of caprock and subterranean freshwater-marine mixing (transition zone) is not well known, but the upper boundary of
the transition zone (freshwater-seawater mixing zone) in the present study area at North Kaanapali Beach is assuredly higher than that
shown here and resides at or slightly above present sea level.

21



Legend
I L\WRF

Recharge
(inlyr)
Blo-4s
Ps50-99
[ 10.0-149
[ ]15.0-199
[ ]20.0-29.9
[ ]30.0-499
[[]50.0-749 : A
[ 75.0 - 149

B 150 - 224 0 2 4 8

B 225 - 350

Figure 1-7: Groundwater recharge distribution in West Maui.
From Engott and Vana (2007) and Gingerich, (2008).
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Figure 1-8: Calculated fresh submarine groundwater discharge to the ocean for the Island

of Maui.

Satellite derived land-use of Maui is shown. Fresh groundwater discharge to ocean of
Maui’s principal aquifer divides are shown in black lines. Fresh groundwater discharges
are based on large, regional-scale hydrologic budgets calculated for each aquifer as based
on data of Shade (1996, 1997, and 1999), and are indicated by the red arrows. The
magnitude of discharge per aquifer sector (regional fresh SGD) is shown in 1000 cubic
meters per day and fresh SGD per meter of coastline within the aquifers is indicated in
cubic meters per day. Satellite base from NOAA’s Coastal Change Analysis Program.
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SECTION 2: SUBMARINE SPRING AND MARINE
CONTROL LOCATION SAMPLING, WATER
QUALITY, AND FLUORESCENCE

2.1 INTRODUCTION

Over the past five years, researchers have repeatedly observed brackish, warmer-than-
ambient-oceanic water emerging from the seafloor in the nearshore region (< 3 m depth)
of Kahekili Beach Park (Hunt and Rosa, 2009; Dailer et al., 2010; Dailer et al., 2012).
These submarine springs (termed freshwater seeps in other studies) were first found by
scuba diving researchers in 2007. The interesting observation that these submarine
springs were noticeably warm, combined with the 2008 discovery of extremely elevated
8'°N values of macroalgae in the area (as high as 43.3 %o; Dailer et al., 2010) increased
the thought that this area might be affected by effluent from the Lahaina Wastewater
Reclamation Facility (LWRF). Since then, multiple research efforts focused in the
nearshore region and on the submarine spring water have occurred. Hunt and Rosa
(2009) sampled the entire nearshore region including the submarine springs in 2008 for a
suite of parameters including: (1) 8'°N values of macroalgae and water column samples,
(2) temperature, (3) salinity, (4) turbidity, (5) dissolved oxygen, (6) pH, (7) chlorophyll a,
(8) fluorescence, (9) conductivity, (10) nutrient concentrations of water column samples,
(11) waste indicator compounds of water column samples, and (12) pharmaceuticals.
Their results concluded that the 8'°N values of macroalgae and water samples, and
pharmaceuticals and fluorescence levels of the submarine spring water were among the
best indicators of the presence of wastewater. In 2009, transplantation deployments of
macroalgae were conducted to map the extent of the wastewater plume across the coral
reef at Kahekili (Dailer et al., 2010). In consideration of the fact that the wastewater is
freshwater and more buoyant than the ambient oceanic water, these deployments were
extended to the surface in 2010 to determine if the wastewater was more prevalent in the
offshore surface waters and to attempt to produce a three-dimensional model of the
effluent plume (Dailer et al., 2012). Every effort that has looked for signs of the LWRF
effluent in this area, including this study, has determined that the effluent is indeed
present, and that the signal is highest in the submarine spring water (Hunt and Rosa,
2009; Dailer et al., 2010; Dailer et al., 2012).

This section of the project provides: (1) the details of how the submarine springs at
Kahekili were sampled for the injected tracer dye (Section 3), radioisotope tracers
(Section 5), and geochemical and stable isotope tracers (Section 4 and 6), (2) the water
quality parameters of the submarine springs and control locations, (3) additional
assessments of the submarine springs, and (4) the field determined fluorescence of
samples collected from submarine springs and control locations.
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2.2 METHODS

2.2.1 Submarine Spring Sampling

Hunt and Rosa (2009) employed an inverted funnel to sample the submarine springs
which undesirably allowed for oceanic water to mix with the submarine spring water. To
provide the best submarine spring samples for this study the submarine springs were
sampled through steel-shaft piezometers (Model 615 6" Drive-point piezometers, Solinst
Canada Limited, Georgetown, Ontario, Canada, part number 103160) that were installed
while scuba diving. In the nearshore region of the study area, the seafloor consists of
limestone, dead coral and basalt. Therefore, the piezometers were driven into fissures at
submarine spring discharge points with a mallet and a 0.5 m connective pipe temporarily
attached to the top of the piezometer. A short (15 to 20 cm) piece of polyethylene tubing
equipped with a quick-connect fitting was permanently attached to each piezometer with
a steel compression fitting (see Figure 2-3). Submarine spring sample collection was
accomplished using a variable speed DC-battery-powered peristaltic pump (Geotech
Environmental Inc., Series II, Denver, Colorado) fitted to a 50 m section of polyethylene
tubing that was temporarily attached to the piezometer with a quick-connect fitting.
During the June and September 2011 radiochemical and geochemical tracer sampling, the
peristaltic pump was stationed on an inflatable dinghy that was moored directly above
each piezometer sampling point with two 20 kg cement blocks to the north and south.
During the collection of all other samples, the peristaltic pump was stationed on shore.
The peristaltic pump flow rate ranged from 0.33 to 0.5 L/min. The tubing used for sample
collection was purged for four minutes prior to acquiring each sample to ensure adequate
and complete flushing of the piezometer-to-pump-station tubing. This same installation
and configuration was used to sample the submarine springs for the injected dye tracers
(Section 3), radiochemical tracers (Section 5), and geochemical and stable isotope tracers
(Sections 4 and 6).

Submarine spring samples for the injected dye tracer portion of this study were collected
in 125 mL HDPE (high density polyethylene) amber plastic bottles to prevent photo-
degradation of any dye tracer present in the submarine spring water. Prior to sample
collection, the sample bottles were thoroughly cleaned with Fisher Brand Sparkleen
laboratory detergent (5 mL to 1.0 L). Sample bottles were rinsed twice with the
submarine spring water, filled and labeled with the submarine spring (seep) number, date
and time of collection. Additional 250 or 500 mL submarine spring water samples were
collected approximately every 20 samples for quality assurance and quality control
purposes. Submarine spring samples were immediately placed in a dry and light-proof
cooler in the field, transported in that cooler from the field to the location of analytical
procedures, and stored at room temperature in a larger dry cooler until field fluorescence
measurements of Fluorescein (FLT) and S-Rhodamine-B (SRB) (see Section 2.2.5
below) were performed. The calibration solutions were also stored at room temperature
in a dry, light-proof cooler. After analyses were performed, the samples were stored at
room temperature in a large dry light-proof cooler until shipment to Oahu for further
analyses of FLT using a Turner Designs 10AU Fluorometer (Turner Designs, 1999)
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(Section 3) and for SRB measurements using a Hitachi F-4500 Fluorescence
Spectrophotometer (Hitachi High-Technologies Corporation) (Section 3).

Our sample handling and storage methods changed since the EPA expressed concerns of
sample stability in non-chilled environments. To ensure sample stability, the adapted
procedure used on Maui Island since early September 2012 has been: Submarine spring
samples were collected into 125 mL HDPE amber plastic bottles and immediately placed
into the cooler with blue ice, then transported to the location of analytical procedures,
then transferred to and stored in a refrigerator until analytical procedures occurred. The
calibration standards were also stored in the same refrigerator as the submarine spring
samples. When the analytical procedures were performed on Maui, the calibration
standards and the samples to be analyzed were removed from the refrigerator and placed
in a plastic bin with a lid over night to keep the samples in a dark space and allow for
room temperature equilibration prior to analyses for the tracer dye. After analyses were
performed, the samples were stored in the same refrigerator until shipment to Oahu
Island for further analyses. The samples were shipped in light-proof coolers with blue
ice to maintain a chilled environment during the transfer.

Immediately following every submarine spring sample collection, another clear 750 mL
container was rinsed two times with the submarine spring water and then filled for water
quality measurement of temperature, pH, specific conductivity, and salinity. These
parameters were measured with a YSI Model 63 (YSI Inc., Yellow Springs, OH),
recorded, and the submarine spring water was discarded. The YSI was calibrated with
Y SI standards of pH 7.00 and 10.00 and Equipco specific conductivity standards of 1,000
and 58,700 uS; calibrations are provided in Appendix Table A-1. Once all submarine
spring water sampling was completed, the long tubing was disconnected from the
piezometer and returned to the beach or the dinghy.

2.2.2 Submarine Spring Sampling Frequency and Placement

In July, 2011, three piezometers installed in the North and South Seep Groups (six total)
were selected for the most intense monitoring for the dye tracer emergence (Figure 2-1).
It is important to note that the submarine spring sampling locations (seeps) were renamed
at this time to simplify sampling efforts as clarified in Table 2-1. A pre-dye tracer
injection monitoring period that occurred from 7/5/2011 to 7/28/2011 was designed to
measure the magnitude and variability of in situ fluorescence of the submarine spring
water at the selected monitoring sites. Following the dye tracer injection of Fluorescein
(FLT) on 7/28/2011 into injection wells 3 and 4, the submarine spring water sampling
occurred two times per day from 7/28/2011 to 9/6/2011. From 7/30/2011 to 8/18/2011
one of the submarine springs in the North Seep Group was sampled at midnight in order
not to miss the dye tracers if the arrival time of the effluent was faster than expected. As
the time increased after the injection of the dye tracers, the frequency of submarine spring
sampling decreased. Submarine spring sampling occurred thereafter once per day from
9/7/2011 to 10/6/2011, every two days from 10/8/2011 to 1/31/2012, and two to three
times per week from 2/5/2012 to 5/2/2012. Currently the submarine spring water is
sampled two to three times per week.
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The South Seep Group is located approximately 25 m offshore. The submarine spring
piezometer locations (Seeps 3, 4, and 5) remained unchanged through the duration of the
high frequency sampling portion of the project and have been sampled from 7/5/2011 to
the present time. Seep 11 was installed in the South Seep Group on 1/19/2012 (Figure 2-
1) because Seeps 4 and 5 began to have high salinity values (> 5), although the
piezometers and associated tubing appeared structurally intact. Seep 4 consistently
displayed salinity values > 15, so the piezometer was removed and installed in the North
Seep Group on 4/24/2012. A total of 573 submarine spring samples were collected from
the South Seep Group from 7/5/2011 through 5/2/2012.

The North Seep Group is located approximately 3 to 5 m offshore and has been
extremely problematic to maintain sampling locations throughout the duration of the
project. The North Seep Groups’ close proximity to the shoreline subjects these
piezometers to the persistent littoral migration of sand from the beach onto the seep group
as a result of large north swells. In every instance that a piezometer was re-installed, it
was given a new seep number designation. The history of the submarine springs in the
North Seep Group is as follows: initially Seeps 1, 2, and 6 were installed; Seeps 1 and 2
were lost on 11/14/2011 and were replaced with Seeps 7 and 8; Seep 6 was lost on
11/24/2011 and replaced with Seep 9; Seep 8 was lost on 1/19/2012 and replaced with
Seep 10; Seep 9 was lost on 1/24/2012 and replaced with Seep 12; Seeps 7 and 10 were
lost on 3/10/2012 and replaced with Seeps 13 and 14; Seeps 12, 13, and 14 were lost on
3/24/2012 and replaced with Submarine spring 15, leaving only one sampling point in the
north (due to the amount of lost piezometers) until Submarine spring 16 was installed on
4/24/2012. Currently submarine spring monitoring occurs at two points in the north,
Submarine springs 15 and 16. It is important to note that despite this apparent “hop-
scotch” of submarine spring sampling locations, the re-installation of piezometers in the
North Submarine spring Group has always occurred within 2 m of the original
piezometer locations (Submarine springs 1, 2, and 6) and generally occurred within 0.25
m of each other (Figure 2-1). A total of 557 submarine spring samples were collected
from the North Submarine spring Group from 7/5/2011 through 5/2/2012.

2.2.3 Sampling Control Locations

Control locations for the dye tracer portion of this study were Honokowai Beach Park
(20°57'16.80"N,  156°41'13.60"W),  Wahikuli Wayside Park (20°54'9.64"N,
156°41'7.50"W), and Olowalu (20°4826.24"N, 156°36'9.06"W; Figure 2-2). Honokowai
Beach Park, located ~2 km to the north of the main study area, served as a site of possible
dye emergence if the LWRF effluent flow path was to the north. Wahikuli Wayside Park
is ~4 km south of the main study area and therefore served as a southern control site with
the possibility to detect the dye tracers. It is important to note that the Wahikuli area has
many unconnected cesspools. Olowalu is located ~13 km south of the main study area
and currently has no major land-based pollution impacts due to the lack of major
development and the termination of sugarcane operations in the late 1990’s. At the three
locations, samples were taken from the nearshore surface water (2.0 m offshore and 1.0
m depth). The water quality parameters (temperature, pH, salinity, and specific
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conductivity) were also recorded with a handheld YSI Model 63. The locations were
sampled weekly from the following dates: Honokowai and Wahikuli Wayside Parks,
8/5/2011 to present and Olowalu, 12/2/2011 to present. Samples from these sites were
collected in cleaned 125 mL HDPE amber plastic bottles (as described above), which
were rinsed twice prior to nearshore sample collection.

2.2.4 Additional Submarine Spring Parameters

To record a time series of the submarine spring water parameters, we deployed two
Schlumberger “CTD Diver” loggers (Schlumberger Water Services, Houston, Texas) that
measured conductivity, depth and temperature. One was deployed directly next to Seep 4
in the South Seep Group and the second next to Seep 6 in the North Seep Group from
8/12/2011 to 9/3/2011. We also deployed temperature loggers (HOBO pendant UA-001-
08; Onset, Cape Cod, Massachusetts) in the following locations in both seep groups: in
the seep, above the seep, 1 m south of the seep group, and 5 m offshore of the seep group
(Figure 2-3). It is important to note that the “in the north seep” temperature logger was
completely buried by sand and the “in the south seep” temperature logger was not buried
by the substrata, but flush with the limestone/basalt seafloor.

2.2.5 Field Measurements of Fluorescein and S-Rhodamine-B
Fluorescence

All samples collected for the tracer dye monitoring portion of this project were analyzed
in the field for fluorescence using a handheld Aquafluor fluorometer model 8000-010
(Turner Designs, Sunnyvale, California).  Sample cuvettes were cleaned with
FisherBrand Sparkleen laboratory detergent (5 mL to 1.0 L) and thoroughly rinsed with
steamed distilled water prior to use. Prior to analyzing samples, the fluorometer was
calibrated with 100 ppb standards of Fluorescein and S-Rhodamine-B prepared as
described in Section 3 (calibrations are provided in Appendix Table A-2). Samples from
the submarine springs and control locations were analyzed in the following way: cleaned
cuvettes were rinsed three times with the sample water then completely filled and placed
in the fluorometer. Once the sample was analyzed, the fluorescence values were
recorded and the bottle cap was electrical taped on the bottle to ensure that it wouldn’t
open during shipment to Oahu for additional fluorescence measurements (see Section 3).

2.3 RESULTS

2.3.1 Water Quality of Submarine Springs

The submarine spring water sampled through piezometers generally had lower pH, lower
salinity, and lower specific conductivity compared to oceanic values throughout the
project. Water quality parameters for samples taken from 7/19/2011 through 5/2/2012
are provided in Appendix Table A-3 for the South Seep Group and Appendix Table A-4
for the North Seep Group. Measured analytical means, standard deviations and ranges
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for each of the submarine springs are provided in Table 2-2. Seep 3 consistently had the
lowest salinity averaging at 3.25 + 1.5 and ranging from 2.50 to 16.1 (Table 2-2).

2.3.2 Water Quality of Control Locations

All control locations generally show little to no freshwater influence with salinities,
specific conductivity and pH values close to those of oceanic levels. All water quality
parameters for the control locations are provided in Appendix Table A-5. Measured
analytical means, standard deviations and ranges for each control location is provided in
Table 2-3.

2.3.3 Additional Submarine Spring Parameters

The data from the CTD divers deployed from 8/12/2011 to 9/14/2011 in the north (Seep
6) and the south (Seep 4) are provided in Figures 2-4 and 2-5, respectively. The CTD
divers were located slightly above the seafloor and were carefully positioned to sample
submarine spring water. They were purposely not buried in the substrata to avoid
damage; however, sand movement in the North Seep Group buried the CTD diver four
times during the deployment. This is evident by the four large decreases in specific
conductivity from ~50 mS/cm to ~5 mS/cm and accompanied increases in temperature to
28.0°C (Figure 2-4). Other than these burials, the data show parameters close to oceanic
levels of 50 to 55 mS/cm for specific conductivity, and diurnal temperature ranges from
~27.1°C during the day to ~25.5°C at night (Figures 2-4 and 2-5).

The data from the temperature loggers, placed in and around the seep groups in the south
and north is provided in Figures 2-6 and 2-7, respectively. The temperature loggers
deployed in the South Seep Group show temperatures that were all fairly consistent
regardless of placement ranging from 77.5°F to 82.0°F (25.3°C to 27.8°C) (Figure 2-6).
The temperature logger deployed in the North Seep Group in Seep 6, which was
completely covered with sand, however, reported temperatures vastly different than those
around it. The temperature logger deployed in Seep 6 had a nearly continuous
temperature reading of ~82.1°F (~27.8°C) (Figure 2-7a). Assuming that the temperature
logger was working properly, these data demonstrate that the submarine spring water is
warmer than the surrounding oceanic water and that the temperature is not affected by the
time of day or tidal activity. A second temperature logger deployment was performed
(with a different logger) to determine if the same results would be obtained, but
unfortunately the logger was lost in a large north swell and accompanied sand migration
event. We will re-deploy additional temperature loggers in the near future to confirm or
refute these findings. However, if the submarine springs are in fact consistently warmer
than the oceanic water then, the submarine spring water is a potential source of the warm
sea surface temperature anomalies measured by the aerial TIR remote sensing portion of
this study (Section 4).
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2.3.4 Field Measurements of Fluorescein and S-Rhodamine-B
Fluorescence

The fluorescence of Fluorescein (FLT) and S-Rhodamine-B (SRB) measured in the field
of samples collected from 7/19/2011 through 5/2/2012 are provided in Appendix Table
A-3 for the South Seep Group (545 samples total) and Appendix Table A-4 for the North
Seep Group (529 samples total). The fluorescence of FLT and SRB measured in the field
of the control locations for samples collected from 8/5/2011 to 5/2/2012 (61 samples
total) is provided in Appendix Table A-5.

Although there is a difference between the field and laboratory fluorescence
measurements, a notable increasing trend in FLT fluorescence was found in all submarine
spring water samples beginning on January 4™ 2012 (Figures 2-8 to 2-11; Appendix
Tables A-3 and A-4), while no change in fluorescence was observed in the samples
obtained from the control locations. Although the obvious increase if FLT fluorescence
occurred on January 4™ 2012, subtle increases in field fluorometry started at the North
Seep Group in late October 2011 and provided the first indication that the FLT dye was
emerging from the submarine springs. The follow-up laboratory analysis that confirmed
the presence of dye was prompted by a review of the field data. The field fluorescence of
FLT and SRB and salinity of submarine spring water samples is graphed in Figure 2-8,
for Seeps 3, 4, 5, and 11; Figure 2-9 for Seeps 1, 2, 6, and 7; Figure 2-10 for Seeps 8, 9,
10, and 12; and Figure 2-11 for Seeps 13 to 16. The fluorescence of FLT and SRB and
salinity values of samples from control locations are provided in Figure 2-12. The effect
of salinity on the fluorescence values of FLT in the submarine spring water is quite
substantial, as seen in Seep 4, where increased salinity coincides with decreases in the
dye concentration (Figure 2-8). Increased salinity of the submarine spring water is
indicative of ocean water mixing with the submarine spring water, which therefore
dilutes the concentration of the dye tracer. The fluorescence data collected in the field
has not been corrected for the salinity. Additional details on the relationship between the
variations in dye concentration and salinity can be found in Section 3.

The FLT fluorescence values from the field fluorometer are higher than those measured
using the laboratory fluorometer. This is due to a problem with the calibration standards.
Early laboratory calibration standards and those sent to the field were mixed using
deionized (DI) water. During the Method of Detection Limit study (Section 3), however,
it was found that the fluorescence intensity of the standards mixed with submarine spring
water was significantly greater that those mixed with DI water. The original calibration
standards were left in the field so continuity could be maintained with earlier
measurements made with the handheld fluorometer. The field fluorometry was used to
screen the submarine spring water samples for changes in fluorescence that would
indicate the arrival a dye or, in the case of FLT, a peaking of the breakthrough curve.
When the problem with the DI based calibration solution was discovered, the research
team was awaiting the arrival of SRB. Thus, an uninterrupted analytical history for the
handheld fluorometer was desired. To correct the readings of the handheld fluorometer,
the field and laboratory FLT results were compared. This comparison indicated that the
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field values could be corrected to the approximate laboratory values by multiplying the
field FLT concentration by 0.33 (Figure 2-13).

A second potential complication arose with the discovery that the strong fluorescence of
FLT produced a false indication of SRB dye detection as read by the field fluorometer.
Figures 2-8 and 2-10 show an apparent increase of fluorescence in the SRB wavelength.
Although we initially believed that SRB was being detected when this was first observed,
subsequent laboratory analysis found no SRB in the samples. It was noted that a good
correlation existed between the FLT and SRB concentrations (Figure 2-14). This
correlation and the disagreement between the field and laboratory fluorometry was
investigated when the field fluorometer was returned to UH for maintenance. The
response of the SRB channel to the FLT calibration solutions was measured with the
handheld fluorometer. These solutions were prepared using submarine spring water
collected prior to the FLT and SRB dye addition into the effluent stream. Therefore, FLT
that was added in the laboratory was the only dye in these solutions. This test showed
that the strong FLT fluorescence carried over into the wavelength monitored by the
Rhodamine channel, giving a false positive indication of SRB. Figure 2-15 shows the
results of this test and the linear response (r* = 1.000) of the SRB channel to solutions
containing only FLT. In the absence of the high FLT dye concentration, however, our
laboratory calibrations do indicate that when SRB calibration solutions are used the field
fluorometer responds faithfully to the detection of SRB, and is thus suitable for tracer
studies using Rhodamine dyes.

2.4 SUMMARY

The field portion of this study installed the sampling infrastructure, collected samples for
the geochemical survey, collected nearly 1,200 samples for field and tracer dye analysis,
and deployed and collected data from instruments for monitoring temperature and
salinity.

Submarine springs were sampled with a variable speed DC-battery-powered peristaltic
pump (Geotech Environmental Inc., Series 11, Denver, Colorado) fitted to a 50 m section
of polyethylene tubing that was temporarily attached to the piezometer with a quick-
connect fitting. The peristaltic pump flow rate ranged from 0.33 to 0.5 L/min. This
method of sampling the submarine springs was found to be a very effective method of
sampling the submarine springs. In most locations the salinity of the samples collected
was less than 5, indicating the water captured was representative of submarine
groundwater with little seawater influence. Water quality parameters of temperature, pH,
specific conductivity, and salinity were measured with a YSI Model 63. The sample
water was screened for the presence of the two tracer dyes (Fluorescein [FLT] and
Sulpho-Rhodamine-B [SRB]) using a Turner Designs 10AU Fluorometer.

Samples were collected at submarine springs in the North and South Seep Groups, and at
three control locations. The South Seep Group is located approximately 25 m offshore
and had three initial monitoring points (Seeps 3, 4, and 5). A fourth, Seep 11 was added
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on November 24™, 2011 due to high salinities being measured at SeeIPs 4 and 5. The
Seep 4 piezometer was relocated in the North Seep Group on April 24", 2012 to replace
piezometers in that area that were covered by migrating sand. To date a total of 573
submarine spring samples were collected from the South Seep Group. The North Seep
Group is located approximately 3 to 5 m offshore with three initial monitoring points
(Seep 1, 2, and 6). This location has been extremely problematic to maintain throughout
the duration of the project. The North Seep Groups’ close proximity to the shoreline
subjects these piezometers to the persistent littoral migration of sand from the beach onto
the seep group as a result of large north swells. By 11/24/2011 all of the original
piezometers had been buried by migrating sand. As a piezometer was buried it was
replace with a new one. All replacement piezometers were and are currently located
within 2 m of the original ones. To date a total of 557 submarine spring samples were
collected from the North Seep Group.

Control locations for the dye tracer portion of this study were Honokowai Beach Park,
Wahikuli Wayside Park, and Olowalu. Honokowai Beach Park served as a site of
possible dye emergence if the LWRF effluent flow path was to the north. Wahikuli
Wayside Park is south of the main study, but specifically targeted because of its
proximity to the submarine spring locations, and therefore served as a southern control
site with the possibility to detect the dye tracers. Olowalu is located ~13 km south of the
main study area and currently has no known major land-based pollution impacts due to
the minimal development and the termination of sugarcane operations in the late 1990’s.

A pre-dye tracer injection monitoring period that occurred from July 5t through July 28",
2011 was designed to measure the magnitude and variability of in situ fluorescence of the
submarine spring water at the selected monitoring sites. Following the dye tracer
injection of Fluorescein (FLT) into injection wells 3 and 4, the submarine spring water
sampling occurred two times per day, with one spring being sampled three times per day,
for ~40 days following the FLT addition to ensure that the dye transported by preferential
flow paths would not be missed. As time progressed, the sampling frequency was
decreased to the current tempo of two to three times per week.

Migrating sand in the North Seep Group buried the CTD diver four times during the
deployment. This is evident by the four large decreases in specific conductivity from ~50
mS/cm to ~5 mS/cm and accompanied increases in temperature to 28.0°C (Figure 2-4).
Other than these burials, the data show parameters close to oceanic levels of 50 to 55
mS/cm for specific conductivity, and diurnal temperature ranges from ~27.1°C during the
day to ~25.5°C at night (Figures 2-4 and 2-5).

The SRB and FLT fluorescence measured in the field remained indistinguishable from
background levels until late October, 2011. Subtle increases in field fluorometry
measurements of FLT started to occur in samples from the North Seep Group in late
October 2011 and provided the first indication that dye was emerging from the submarine
springs. This was followed in mid-November by increasing FLT fluorescence of samples
from the South Seep Group. However, no pronounced FLT fluorescence increase was
noted in the field data until January, 2012. An inverse correlation was noted between the
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FLT fluorescence and the salinity measured at the monitoring points. Increased salinity of
the submarine spring water is indicative of ocean water mixing with the submarine spring
water, which therefore dilutes the concentration of the dye tracer.

Field data indicated an apparent increase in SRB fluorescence. Subsequent testing
showed this was actually a response of the SRB channel the strong FLT fluorescence in
the samples being analyzed. As of May 2, 2012 there has been no confirmed detection of
SRB.
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Table 2-1: Submarine spring names and locations.

Locations were recorded with a handheld 76CS Plus Garmin GPS. It is important to note
that Seeps 4, 5, and 11 in the south and 1, 2, 6, 7, 9, 10, 12, 13, 14, 15, and 16 in the north
are all within 1 m of each other and therefore can only be represented by a single point

within the spatial resolution obtainable with a GPS.

Seep Number Latitude Longitude Geochemistry Sample
Numbers
South Seep Seep 3 20°56'19.61"N  156°41'35.19"W  June 2011: Seep 4 Piez-1
Group
Seep 4 20°56'19.36"N  156°41'35.14"W  June 2011:Seep 1 Piez-1, Seep
1 Piez 2
September 2011: Seep 1-2 Piez
Seep 5 20°56'19.36"N  156°41'35.14"W
Seep 11 20°56'19.36"N  156°41'35.14"W
North Seep Not used 20°56'23.28"N  156°41'34.08"W  June 2011: Seep 2 Piez-1
Group Seep 1 20°56'24.69"N  156°41'34.08"W
Seep 2 20°56"24.69"N  156°41'34.08"W
Seep 6 20°5624.69"N  156°41'34.08"W  June 2011: Seep 3 Piez-1
September 2011: Seep 3-2 Piez
Seep 7 20°5624.69"N  156°41'34.08"W
Seep 9 20°56"24.69"N  156°41'34.08"W
Seep 10 20°5624.69"N  156°41'34.08"W
Seep 12 20°5624.69"N  156°41'34.08"W
Seep 13 20°5624.69"N  156°41'34.08"W
Seep 14 20°5624.69"N  156°41'34.08"W
Seep 15 20°5624.69"N  156°41'34.08"W
Seep 16 20°5624.69"N  156°41'34.08"W
Seep 8 20°5624.69"N  156°41'34.18"W
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Table 2-2: North and South Seep Group water quality parameters.
Data (means + SD and range) were collected from 7/19/2011 through 5/2/2012 with a
handheld YSI Model 63.

South Temp. (°C) pH Spec. Cond. (mS/cm) Salinity
Seep 3 28.7+2.0 7.52+0.12 6.43 +£2.57 325+1.5
24.9 to 34.9 7.22 to 7.94 5.20t028.18 2.50to 16.1
Seep 4 28.6+2.0 7.50+0.12 8.98 +£6.57 4.77+4.0
24.5 to 34.6 7.20 to 7.90 5.63t0 37.70 2.80t022.5
Seep 5 28.4+2.0 7.53+0.20 9.24+6.59 4.94+40
24.9 to 34.9 7.32 to 7.90 5.29 to 34.75 2.90t021.8
Seep 11 26.8+2.5 7.61+0.20 6.48 +0.62 3.39+0.3
25.2t029.0 7.37 to 7.68 5.00 to 8.32 3.10to 4.5
North
Seep 1 29.1£2.0 7.45+0.09 8.33+1.04 425+0.5
24.8t0 34.4 7.18 to 7.76 7.32 to 14.80 390t07.3
Seep 2 28.9+2.3 7.46+0.11 8.47+1.41 435+0.7
24.0 to 34.9 7.13 t0 7.75 7.04 to 17.36 3.80t09.9
Seep 6 29.3+£2.2 7.41+0.14 8.33+0.90 425+04
23.8t035.9 6.90 to 7.94 7.00 to 13.54 3.80t07.0
Seep 7 27.5+1.7 7.51+0.19 8.19+1.32 431+0.8
22.4t030.3 7.26 to 7.81 7.24 t0 15.08 3.90to 8.2
Seep 8 274+1.7 7.35+0.18 9.36+5.98 5.01£3.6
24.7t031.0 7.09 to 7.90 7.47 to 37.88 4.00 t0 22.0
Seep 9 274+1.7 7.43+0.21 13.65+11.35 7.58+6.7
23.3 t0 30.5 6.75 to 7.80 7.21 t0 42.91 3.90t025.3
Seep 10 28.2+1.0 7.60+0.15 9.02+1.17 470+ 0.6
26.5t029.5 72610 7.76 7.99 to 11.85 4.10t0 6.2
Seep 12 282+ 1.1 7.60+0.11 8.37+0.50 435+0.2
26.6 t0 29.6 7.36 to 7.78 7.88 t0 9.55 4.10t0 4.9
Seep 13 28.0+1.9 7.69 +0.02 8.18+0.53 427+0.1
26.0 t0 29.7 7.67 to 7.71 7.69 to 8.74 420t04.4
Seep 14 27.1+2.1 7.67 +£0.05 7.91+0.21 4.17+0.1
24.7 t0 28.7 7.66 to 7.72 7.67 to 8.02 4.10t0 4.2
Seep 15 284+24 7.58 £0.10 9.99 £3.28 531+2.1
24.6 to 30.6 7.45107.72 7.86 to 16.54 4.20t09.3
Seep 16 30.1+0.6 7.63+0.12 8.85+0.09 447+0.1
29.4 t0 30.6 7.50t0 7.71 8.79 to 8.95 4.40t04.5
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Table 2-3: Control location water quality parameters.
Data (means + SD and range) were collected from 8/5/2011 to 5/2/2012 with a handheld

Y SI Model 63 from Honokowai Beach Park, Wahikuli Wayside Park, and Olowalu.

Spec. Cond.

Location Temp. (°C) pH (mS/cm) Salinity
Honokowai 27.5+1.3 8.06 £ 0.09 542+2.6 340+ 1.7
Beach Park 25.1t030.3 7.90t0 8.27  47.3to 58.0 29.9 to 35.7
Wabhikuli 26.5+1.2 8.06 +0.07 546+1.9 349+0.9
Wayside Park 24.9t029.7 7.89t08.16  50.4to57.7 32.7t036.4
Olowalu 28.1+£2.0 8.03 £0.07 55.5+2.5 343+1.7

24.8to 31.5 7.92t08.13  48.1to58.3 29.5t036.3
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Seep 6 lost on 11/24/2011 Replaced with Seep 9

Seep 8 lost on 1/19/2012 Replaced with Seep 10
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Seeps 7 & 10 lost on 3/10/2012 Replaced with Seeps 13 & 14
Seeps 12, 13, & 14 lost on 3/24/2012 Replaced with Seep 15
Seep 16 was installed on 4/24/2012

Figure 2-1: Schematics of submarine spring water sampling locations.

As specified in the North and South Seep Groups.
e = Seep location.
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Figure 2-2: Control and submarine spring sampling locations.
Control locations include: Honokowai Beach Park, Wahikuli Wayside Park, and
Olowalu. Also shown are the North and South Seep Groups.
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Figure 2-3: Schematic of CTD Diver and temperature logger deployment.

Deployment locations of temperature loggers and the CTD Divers in the North and South Seep Groups, also showing the quick

connect fitting and piezometer installation. X = Temperature logger
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Figure 2-4: North Seep 6 CTD Diver data.

Depth is represented as pressure, temperature in °C, and specific conductivity in mS/cm. The CTD Diver was deployed from
8/12/2011 to 9/14/2011. The flat portions of the temperature and specific conductivity readings represent times during the deployment
when the CTD Diver was completely buried by sand.
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Figure 2-5: South Seep 4 CTD Diver data.
Depth is represented as pressure, temperature in °C, and specific conductivity in mS/cm. The CTD Diver was deployed from
8/12/2011 to 9/14/2011.
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Figure 2-6: South Seep Group temperature data.
Loggers were deployed from 8/14/2011 to 9/4/2011 at the following locations: (a) in south Seep 4, (b) above south Seep 4, (¢) 1 meter

south of the South Seep Group, and (d) 5 meters offshore of the South Seep Group.
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Figure 2-7: North Seep Group temperature data.

Loggers were deployed from 8/14/2011 to 9/4/2011 at the following locations: (a) in north Seep 6, (b) above north Seep 6, (¢) 1 meter
south of the North Seep Group, and (d) 5 meters offshore of the North Seep Group (note that due to an error in launching this logger
the data only goes to 8/17/2011).
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Figure 2-8: South Seep Group salinity and fluorescence.

Field salinity (solid line) and fluorescence of S-Rhodamine-B (SRB; in open circles) and Fluorescein (FLT; in closed circles) of
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samples collected from Seeps 3, 4, 5, and 11 over time. Note the change in scale of the FLT fluorescence and salinity per seep.
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Figure 2-9: North Seep Group salinity and fluorescence (Seeps 1, 2, 6, 7).
Field salinity (solid line) and fluorescence of S-Rhodamine-B (SRB; in open circles) and Fluorescein (FLT; in closed circles) of
samples collected from Seeps 1, 2, 6, and 7 over time. Note the change in scale of the FLT fluorescence axis for Seep 7.
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Figure 2-10: North Seep Group salinity and fluorescence (Seeps 8, 9, 10, 12).
Field salinity (solid line) and fluorescence of S-Rhodamine-B (SRB; in open circles) and Fluorescein (FLT; in closed circles) of
samples collected from Seeps 8, 9, 10, and 12 over time. Note the change in scale of the FLT fluorescence and salinity axis per seep.
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Figure 2-11: North Seep Group salinity and fluorescence (Seeps 13, 14, 15, 16).
Field salinity (solid line) and fluorescence of S-Rhodamine-B (SRB; in open circles) and Fluorescein (FLT; in closed circles) of

samples collected from Seeps 13, 14, 15, and 16 over time.
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Figure 2-12: Control location salinity and fluorescence.

Field salinity (solid line) and fluorescence of S-Rhodamine-B (SRB; open circles) and
Fluorescein (FLT; closed circles) of samples collected at the control locations
Honokowai Beach Park, Wahikuli Wayside Park and Olowalu over time.
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SECTION 3: FLUORESCENT DYE
GROUNDWATER TRACER STUDY

3.1 Introduction

This section provides a status report of the ongoing fluorescent dye tracer test at the site
of the underground injection of treated municipal wastewater effluent at the Lahaina
Wastewater Reclamation Facility (LWRF), north of the town of Lahaina, Maui, Hawaii
(Figure 3-1). At the LWREF, treated wastewater effluent is injected into four wells,
designated Injection Wells 1 through 4. The fluorescent dye tracer test is aimed at
providing critical data about any hydrological connection between the wastewater
effluent injected and the coastal waters, confirming the locations where the injected
effluent discharges into the coastal waters, and determining a travel time from the
injection wells to the coastal waters. Fluorescent dye was added to the effluent prior to
injection followed by a robust surveillance program to monitor the dye arrival to the
nearshore marine environment. Figure 3-1 shows the location of the LWREF, the injection
wells, and the submarine springs where the dye is monitored. The map also displays
details of the monitoring point arrangement including the relative spacing between the
sampling points. Two tracer tests were conducted using fluorescent dyes. In the first
tracer test, Fluorescein (FLT) was added to Injection Wells 3 and 4. This was followed
two weeks later by an addition of Sulpho-Rhodamine-B (SRB) into Injection Well 2,
which has a significantly higher injection capacity than the other three wells. The second
tracer test was done to investigate whether the effluent from this well discharges into the
marine environment at the same location as Wells 3 and 4.

To date, the only confirmed detection by the tracer dye-monitoring program has been
FLT. This dye’s first arrival occurred about three months following its addition to the
LWRF’s effluent stream. The concentration of this dye at the submarine springs may
have peaked after 7 to 8 months following the initiation of the tracer test. There has been
no confirmed detection of SRB, although low-level elevated fluorescence in the SRB
wavelength range was observed in three samples collected in February, 2012. These
samples showed SRB fluorescence slightly above the method detection limit (MDL) of
0.05 ppb and a wavelength spectra consistent with SRB. The reason for the lack of
definitive detection of SRB at the submarine springs remains inconclusive. Factors such
as dye degradation, sorption onto the aquifer matrix, or plume displacement by the
discharge from Well 3 and Well 4 could account for the failure of this dye to reach the
monitored submarine springs. One process of SRB degradation is deaminoalkylation
(Késs, 1988) that causes the original SRB fluorescence to shift to a shorter wavelength.
Evaluating samples for deaminoalylated SRB (DA-SRB) has not yet been done by this
study. However, as described in Section 3.3.2.2 spectrophotometry can be used to detect
the presence of this altered SRB.
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3.1.1 Tracer Dye Selection

Many techniques exist for tracking the movement of groundwater using introduced or
natural tracers. As specified by Stanley et al. (1980), an ideal tracer should be non-toxic,
chemically stable over the duration of the tracer test, and detectable at very low
concentrations. In addition, the tracer should move with the flow of groundwater and not
be removed by natural filtration. Finally, and most importantly, it should not be naturally
present in concentrations that would make it difficult to discriminate the added dye from
the natural occurrence of the tracer.

There is no ideal tracer, but suitable candidates include ionic salts (Wood and Dykes,
2002; Levy and Chamber, 1987; Olsen and Tenbus, 2004), fluorescent dyes (Smart and
Laidlaw, 1977; Chua et al., 2007; Flury and Wai, 2004; Sabatini, 2000), dissolved gases
(Malcolm et al., 1980; Wilson and McKay, 1993), radionuclides, and spores and bacteria
(Davis et al., 1980; Harvey, 1997). Ionic salts are attractive because they can be detected
in low concentrations with ion specific probes. The most widely used are chloride and
bromide salts. In this study, interference from marine salts is a problem due to the
existence of seawater chloride. The bromide ion is present in Hawaii groundwaters at
concentrations of 0.06 milligrams per liter (mg/L) to 0.8 mg/L (Hunt, 2004) making this
an attractive secondary tracer. However, in this study, the tracer is monitored in
submarine springs where a mixture of freshwater and re-circulated seawater is
discharging. The seawater dissolved bromide-concentration measured by this study in
September, 2011 varied from 9.1 to 14 mg/L and that measured at the submarine springs
varied from 0.83 to 1.4 mg/L. The high tracer concentration required to overcome the
interference from seawater bromide made this option too expensive. The presences of
dissolved gas tracers can be monitored for on-site and in low concentrations (Davis et al.,
1980), but the equipment is bulky and expensive. Radionuclides have safety and
regulatory issues, while the special techniques needed to analyze for spores and bacteria
are not field friendly.

The tracer of choice for many studies is fluorescent dyes. They are non-toxic (Field et
al., 1995), detectable at parts per trillion concentrations with a fluorometer, many are
stable, and tend to remain in solution rather than sorbing to the aquifer matrix or
suspended particulate matter. Due to possessing the aforementioned desirable qualities,
the yellow-green dye FLT and the orange-red dye Rhodamine WT (RWT) are the most
widely used of this class of tracers. The tracer dyes considered for this study were FLT,
RWT, and SRB. SRB has an absorption/emission couple nearly identical to RWT, and
can be analyzed with existing equipment at UH or at the Hawaii Department of Health
laboratory. It has the advantage over RWT in that it occurs in a single isomer.

FLT is a yellow-green dye that has been used in tracer studies since the end of the 19"
century (Smart and Laidlaw, 1977). FLT is non-toxic to humans and the environment at
concentration ranges used in tracer tests (1 to 2 mg/L) (Field et al., 1995). This dye has
the advantage of being relatively economical and widely available. A disadvantage for
this study is that some constituents in wastewater have fluorescence characteristics that
may be similar to that of the tracer.
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During fluorescence analysis, a dye is bombarded with light energy of a specific
wavelength (the excitation wavelength - "ex"), and the energy state of the dye molecule is
elevated. The dye then emits light of another wavelength (the emission wavelength -
"em") (Brown, 2009; Guilbault, 1990). Literature reviews showed that the most common
values for ex/em couples for Fluorescein were 490/520 nm (Smart and Laidlaw, 1977,
Kasnavia et al., 1999, and Sabatini, 2000, for examples). In water, Késs (1998) lists the
excitation/emission (ex/em) wavelength couple for FLT as 491/512. Other constituents
in water, and particularly wastewater, emit light energy at similar wavelengths. Galapate
et al. (1998) found fluorescence peaks at 524 nm for gray water and 531 nm for sewage
effluent close to that of FLT. These findings necessitated a thorough background
fluorescence investigation and resulted in our using tracer dyes at concentrations high
enough to overcome such interference problems. In addition, FLT is unstable when
exposed to artificial or natural light, which alleviates problems with dye coloring the
nearshore waters, but necessitates the collection of samples in dark colored or opaque
bottles. Since the travel path for the tracer test is underground, no photodegradation will
occur prior to sample collection. Fluorescence of FLT also decreases at pH values less
than 6.5 (Smart and Laidlaw, 1977). The pH of the effluent sampled in this study varied
from 6.5 to 7.1, while the pH of the samples collected at the submarine springs varied
from 7.2 to 7.9 (See Section 2). Hence, for this study, the pH of the water sampled does
not adversely affect the fluorescence of FLT.

SRB is a red dye that is commonly used in wastewater investigations. Literature lists
various ex/em couples for SRB. For example, Smart and Laidlaw (1977) list values
565/590, Nikon
(http://www.microscopyu.com/articles/fluorescence/filtercubes/green/greenhome.html)
lists values of 565/586 nm, while Kass (1998) lists values as 560/584. This is
significantly longer than that of wastewater effluent reducing interference. It is stable in
waters with a pH higher than 5 (Smart and Laidlaw, 1977). SRB was selected over RWT
because RWT occurs in two isomers with differing sorption characteristics (Sutton et al.,
2001). As the travel time of the tracer dye increases, there would be a separation of the
two isomers resulting in double-peaked breakthrough curves with added difficulties for
interpretation.

3.2 Injection Wells 3 and 4 Tracer Test

The first dye addition was into the south well group (Injection Wells 3 and 4) using FLT
(see Figure 3-2 for a line diagram of the LWRF system) on July 28, 2011. The target dye
concentration in the effluent was approximately 12,500 ppb based on an assumed
injection rate of 2.5 million gallons per day (mgd) into this well group. The dye was
received from the vendor in a powder form that was 77 percent active ingredient by
weight. The dye was mixed on site in a utility shed by using ten pounds (Ibs) of powder
(one-half of a 20 1b bucket) and a sufficient amount of water to make 50 gallons (gal.) of
dye solution. The strength of this concentrate was 1.8 percent active ingredient by
weight. The powder was dissolved into the water using a heavy-duty paint/mortar mixer
with a helical mixing paddle (Figure 3-3). The shaft length was extended from 15 inches
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to 36 inches for use in the 55-gallon plastic drum. The mixing was done into two drums
at a time so the entire contents of one powder bucket could be used during a single
mixing iteration. Once mixed, the concentrate was transferred to 5 gal. pails using a
small utility pump (Figure 3-4). The pails had screw-on lids with a sealing gasket to
prevent spillage. The pails were then delivered from the mixing site to the injection wells
via pickup truck. The dye was added to the injection wells through a port on the top
flange of the well casing using a small submersible fountain pump (Figure 3-5). When
the level in the bucket got below the suction of the fountain pump, the remaining dye
concentrate was directly poured into the well port (Figure 3-6). A dose of dye was added
every 15 minutes at an appropriate rate to sustain the target concentration of 12,500 ppb.
Dye addition started at 07:00 on July 28" 2011 and continued uninterrupted until 02:00
on July 29" 2011 (Figures 3-7 and 3-8).

A total 262 lbs of active ingredient, or 340 lbs of total FLT powder weight, was
purchased for this event. The weight of dye added would be slightly less than this
amount due to minor spillage. At the planned mixing rate, this weight of powder should
produce 1,700 gal. of concentrate. A volume of 1,700 gal. of concentrate represents 34
drums and 340 buckets of liquid with expected measurement error. Based on records
kept at the wells, a total of 1,670 gal. of concentrate was added to the wells. The dye
addition was terminated one hour early because the dye was expended. It was
determined upon review of the mixing volumes and the rate at which the dye powder
buckets used that one drum was mixed to a concentration twice as much as the target
value. When this mixing error is taken into account, the planned volume added would be
1,650 gal. This leads to a difference of a little over 1 percent, well within the certainty of
measurement methods.

Figure 3-9 compares actual FLT concentration in the effluent to the rate of effluent
injection. The tracer injection started at the onset of the morning increase in effluent
discharge. The initial pulse addition of FLT was small giving a starting dye
concentration of about 4,400 ppb. However, by 08:00, the dye addition rate had been
increased to match the rise in effluent injection resulting in a dye concentration of about
12,500 ppb. There was slight variation in both the injection rate into these wells and dye
concentration during the hours from 09:00 on July 28™ 2011 through hour 00:00 on July
29" 2011. The injection rate was 3.2 +/- 0.25 mgd. The average dye concentration was
13,700, varying between 12,500 and 14,300 ppb. Just after midnight, the effluent
injection rate started to decrease resulting in a dye concentration of 17,400 ppb during the
final hour of dye addition.

3.2.1 Fluorescein Analysis

In fluorescence analysis, the sample is subjected to a beam of light with a wavelength
(excitation wavelength) specific to the species being analyzed. This excites the atoms of
the analyte which emits light at another wavelength (the emission wavelength). The FLT
concentration was measured using a Turner designs 10-AU Fluorometer (Turner Designs,
1999), which is capable of detecting FLT concentrations as low as 0.01 ppb. This
instrument is equipped with a 10-086R optical kit that includes a blue mercury vapor
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lamp, a 486 nm excitation filter, a 510-700 nm emission filter, and 485 nm and higher
reference filter. All samples, including the submarine spring water used for preparing the
calibration solutions for FLT and SRB, were filtered using a 0.45 micron paper pre-filter
prior to analysis. To hold the samples and calibration solutions during analysis, 13-mm
glass cuvettes were used. Following a half-hour warm-up period, the system baseline
was set with a distilled water blank. The fluorometer span was then set using a 10 ppb
FLT calibration solution. Linearity of the instrument response was verified with 0, 1, 10,
20, 50, and 100 ppb FLT solutions.

3.2.1.1 Sample Handling

Once received at UH, the samples are stored in an air-conditioned room until they are
filtered and analyzed. The Fluorescein analysis is done at UH in an air-conditioned room
separate from the building where the filtering is done. When filtering, a sample aliquot is
discharged into an opaque brown Nalgene bottle to prevent photo-degradation. After
filtering, the samples are taken to another building for analysis. Since the temperature of
analysis room is much colder (16 — 19 °C) than the filtering room, the samples were
stored in the analysis room overnight to allow the samples and calibration solutions to
become temperature equilibrated prior to analysis.

Upon completion of all analyses the samples were refrigerated. The time between sample
collection and completion of analysis can be up to 1.5 months. Delay in sample
refrigeration could result in faster biological degradation of the dye in the samples and in
the calibration solutions. To evaluate the stability of the dyes, we store the calibration
solutions on the shelf, and not in the refrigerator. As part of the calibration process, we
read the raw fluorescence of the standards (10 ppb only for Fluorescein and all solutions
for SRB) to document any change in fluorescence intensity with time. Thus, if
degradation during storage is a factor it would be detected by a decrease in the raw
fluorescence intensity of the unrefrigerated calibration solutions. We also routinely do
synchronous scans of selected solutions to document any change in the wavelength
spectrum of the solutions. To date, no sign of degradation has been found.

After consultation with the EPA, we have revised our sampling handling procedures to
minimize the time that samples are not refrigerated. Upon receipt of the samples at the
UH, they are immediately filtered or place in a refrigerator until they can be filtered.
Once the samples are filtered, they are delivered to the laboratory room where the
analysis is done. They are again stored overnight in this room where the temperature
varies between 16 to 19 °C, and are then analyzed the next day. The samples are also
stored in this laboratory room until taken to the HDOH laboratory for SRB analyses.
This typically occurs within a few days following the FLT analyses.
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3.2.1.2 Laboratory Analysis
3.2.1.2.1 Preparation of Calibration Solutions

FLT calibration solutions were mixed to establish a basis from which to convert the
measured fluorescence to a concentration of FLT. These calibration solutions were
prepared by diluting a 100,000 ppb stock solution with water. Initially, deionized (DI)
water was used, but this produced unstable solutions, possibly due to a low pH in the DI
water. Subsequent solutions were prepared using pre-collected submarine spring water
filtered with a 0.45-micron paper pre-filter.

An initial FLT stock solution with a concentration of 100,000 ppb was made by adding
133 milligrams (mg) of 75 percent active-ingredient FLT powder to a small glass beaker.
The dye powder was weighed using a precision scale. One liter (L) of distilled water was
measured in a volumetric flask that was filled to the 1 L mark. The majority of the water
in the volumetric flask was decanted into a 1 L amber bottle. The dye powder was then
added to the bottle. The water remaining in the volumetric flask was then used to rinse
remaining powder from the small beaker into the solution added to the amber bottle.
This stock solution was then used to prepare the calibration solutions. This was
accomplished by completing a series of dilutions of the 100,000 ppb stock solution.
These serial dilutions were limited to two to minimize the propagation error. A 100 ppb
calibration solution was made by diluting 1 milliliter (ml) the stock solution with 999 ml
of water using a precision pipette and volumetric flask. The remaining dye calibration
solutions were mixed using the 100 ppb calibration solution as shown in Table 3-1.

3.2.1.2.2 Calibration Solutions — Deionized (DI) Water vs. Submarine Spring Water

When mixing solutions for the Method Detection Limit (MDL) study (described below) it
was found that the indicated fluorescence was four times than expected. This increased
fluorescence was confirmed by mixing two FLT solutions using the same mass of dye in
each. One solution was mixed using DI water and the other solution was mixed using
dye-free submarine spring water (collected prior the addition of FLT to effluent stream).
The fluorescence of the submarine spring water was read with the fluorometer prior to
adding dye to ensure that its natural fluorescence was consistent with background values
measured by this study. FLT was added to DI water and submarine spring water
solutions to produce concentrations of 1, 10, 20, 50, and 100 ppb. The fluorometer span
was set using the 10 ppb submarine spring water based solution and the linearity was
verified with the remaining submarine spring water based solutions. The fluorescence of
both sets of solutions was then read with the fluorometer. Figure 3-10 shows that the
fluorescence of the submarine spring water solutions was indeed about four times greater
than that of the DI water based solutions. All subsequent calibration solutions have been
mixed using submarine spring water collected prior to the FLT addition. New SRB
calibration solutions were also mixed using submarine spring water to maintain
consistency between the methods used to analyze the two dyes. However, comparison of
the DI and submarine spring water based SRB solutions showed no difference.
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After recognizing the problem with the use of DI water to mix the calibration solutions, a
literature search that found this problem was not unique to this study. Brown (2009), for
example, found that the indicated fluorescence of an FLT solution mixed using distilled
water was about one-third of the indicated FLT fluorescence when natural spring water
was used. This quenching of the FLT fluorescence by DI may be due to the lower pH of
water with negligible dissolved ion content (i.e. the DI water used in the original
calibration solutions). Smart and Laidlaw (1977) show a nearly complete quenching of
FLT fluorescence at a pH of 3.0. Dever (1997) calculates the pH of pure water in
equilibrium the atmosphere to be 3.1. Taken together, these references strongly indicate
the problem encountered with the DI-based calibration solutions ion in the present study
was due to the low pH of pure water. This problem was resolved by using submarine
spring water to mix the calibration solutions, instead of DI water.

3.2.1.2.3 FLT Method Detection Limit (MDL)

The Method Detection Limit (MDL) is defined as: “the minimum concentration of a
substance that can be measured and reported with 99% confidence that the analyte
concentration is greater than zero, and is determined from analysis of a sample in a given
matrix containing the analyte.” (Wisconsin Dept. of Natural Resources, 1996). For this
study, two methods were used to assess the MDL. The first is that used by the U.S. EPA
and is codified in the U.S. Code of Federal Regulations (CFR), 40 CFR Appendix B to
Part 136 (USEPA, 2011). This approach is based on a single concentration design, which
assumes that variability at a certain concentration is equal to the variability at the true
MDL. With this method:

e [t is recommended that the candidate MDL sample have an analyte concentration
one to five times that of the estimated MDL

e The analyte concentration in the MDL sample should not exceed 10 times the
actual MDL

e At least seven aliquots at the candidate MDL concentration need to be analyzed to
document the analytical variance

e The concentration of the MDL candidate should be at least three times solution
deviation of the replicate analyses

e The signal to noise ratio should fall in the range between 2.5 to 5.

Details of this method are provided in Appendix B-1.

The second MDL assessment method was developed by Hubaux and Vos (1970) who
were the first to apply the theory of statistical prediction to estimating the MDL. They
defined the limit of detection as the point at which we can have 99% confidence that the
response signal is not the critical level, which was defined as the value of the prediction
limit for zero concentration (i.e. that no analyte is present in the sample). This method
involves the use of a calibration design and assumes that the variability is constant
throughout the range of concentrations used in the calibration design. Hubaux and Vos
(1970) suggest that the limit of detection can be obtained graphically by locating the
abscissa corresponding to critical level on the lower prediction limit. In order to
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determine the MDL, a series of samples is spiked at known concentrations in the range of
the hypothesized MDL. From these samples, the variability is determined by examining
the deviations of the actual response signal on known concentrations. In this case, it is
assumed that the distribution of these deviations from the fitted regression line is normal
with a constant variance across the range of concentrations used in the study. The details
of this method are elucidated in Appendix B-1.

To accommodate both MDL analysis methods, four sets of solutions were mixed. For
FLT, these included concentrations of 0.0, 0.1, 0.2, and 0.5 ppb. The dye, in the
appropriate volume, was added to 1 L of unfiltered submarine spring water. Each MDL
solution batch was processed in the same way the tracer samples were, including filtering
the sample with a 0.45-micron paper pre-filter into a 125 ml brown plastic bottle. This
resulted in eight aliquots at each concentration for the MDL analysis. The individual
aliquots were then analyzed in the same manner as the tracer samples and the results
entered into an MDL calculator spreadsheet that was downloaded from
http://www.chemiasoft.com/mdl_calc.html. The fluorescence values entered into the
spreadsheet were the total fluorescence as read on the fluorometer minus the average no-
dye fluorescence. Tables 3-2 and 3-3 summarize the results of the MDL calculations
using the methods by EPA and by Hubaux and Vos (1970), respectively. The MDL
calculated by the EPA method for the lowest concentration solution (0.1 ppb) was 0.011
ppb. However, this concentration is about one-tenth of the concentration of the lowest
solution tested. This resulted in a signal to noise of ratio of 28.6, which is greater than
the recommended range of 2.5 to 10.

The MDL calculated by the Hubaux and Vos (1970) method depends on the linearity of
multiple concentrations rather than on that of a single concentration and resulted in a
slightly higher MDL. For this method, the MDL calculator only allowed three samples
per concentration so the lowest, the highest, and the average concentrations for MDL
solution set was entered into the MDL calculator. The resulting MDL was 0.02 ppb
above background, slightly higher than that of the EPA method and was used as the
Fluorescein MDL for this study. The critical response concentration is the instrument
response (Fluorescein plus background) at which the analyte (Fluorescein) can be
distinguished from background and is considered detected. As described in the next
section, the background concentration of FLT was 0.11 ppb making the MDL 0.13 ppb as
read on the fluorometer. The critical concentration is the actual analyte concentration
when it is first detected. The MDL differs from the critical concentration in that the
former provides concentration values of the analyte detected with 95 percent certainty.

3.2.2 Background Fluorescence Assessment and First Detection

The fluorometer used in this study has a manufacturer specified detection limit of 0.01
ppb for FLT. But fluorescence variability in tracer samples collected in the field may
mask very low concentrations of dye. Quantifying the natural fluorescence of the study
area and the concentration at which the fluorometer can reliably discriminate between
natural and tracer fluorescence is critical in establishing the first arrival time of the dye.

60



Natural and anthropogenic compounds in the water mixture emerging from the submarine
springs have fluorescence characteristics that may mimic that of the dyes selected for this
study (Meus et al.,, 2006; and Smart and Karunaratne, 2002). For example, these
interferences can be caused by fabric brightener agents that fluoresce in the blue
wavelengths (Poiger et al., 1998). Although these agents are expected in the LWRF
wastewater effluent, the blue wavelengths are well below that of the dyes used in this
study. Other in situ sources of fluorescence, such as fluvic acids, also fall in wavelengths
significantly shorter than that of FLT (Baker et al., 2003). More problematic are
fluorescent peaks at about 520 nm that have been identified in a number of studies.
Smart and Karunaratne (2002) attributed this peak to antifreeze containing FLT. In a
study of the fluorescence of domestic wastes in the Kurose River in Japan, Galapate et al.
(1998) showed there was a 531 nm peak in sewage effluent; when effluent was mixed
with river water, this peak shifted to a wavelength of 524 nm, which is very close to that
of FLT.

Since organic matter may fluoresce in a manner similar to the tracer dyes (Mues et al.,
2006; and Smart and Karunaratne, 2002), this interference needed to be evaluated. This
process consisted of directly measuring the fluorescence of submarine spring water
tagged with tracer at various concentrations (see Method Detection Limit sub-section for
details) and measuring the fluorescence of the submarine spring samples collected for a
period before the dye arrival.

Our background assessment served two purposes. First, it characterized the background
or natural fluorescence in the FLT wavelength. This natural fluorescence can be
subtracted from the measured fluorescence to quantify that attributable to the dye only.
This is also important in estimating the percent of dye recovery where only low
concentrations of dye are detected. The second purpose is that knowing the background
fluorescence is important in estimating the time for dye's first arrival. Collection of
samples from the submarine springs began on July 5™ 2011, more than three weeks prior
to the first dye release to the LWRF injection wells. Since dye was not detected in the
marine submarine springs (seeps) until mid-October 2011, the samples collected prior to
October 1, 2011 were included in the background fluorescence assessment.

Table 3-4 and 3-5 provides a summary of the fluorescence in the FLT wavelength
measured during the background evaluation period.  The average background
fluorescence for both the North Seep Group (NSG) and the South Seep Group (SSG) was
equivalent to that 0.11 ppb FLT. There was minor variability except for Seep 4, where
the lowest background concentration measured was equivalent to 0.01 ppb of FLT. The
small number of samples included in the background analysis was due to problems with
the calibration solutions prepared using DI water (previously described). After the
fluorometer was calibrated with the submarine spring water calibration solutions, a
minimum of twelve background samples from each of the original submarine spring
locations were chosen at random and re-analyzed.

The background fluorescence in the FLT wavelength was much less than expected and
very small compared to the FLT concentrations measured except those at the very
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beginning of the tracer breakthrough curve. No adjustments were made to the measured
FLT concentrations, but the background fluorescence combined with the computed MDL
was used to establish the time of first dye detection. For this study, the time of first dye
arrival is defined as when the first measured concentration that equaled or exceeded 0.13
ppb (the computed MDL of 0.02 ppb plus a background fluorescence of 0.11 ppb) and
marked the start of an increasing trend in dye concentration. Using this definition, the
first detection of FLT occurred at the NSG on October 20, 2011. This date was the same
for all sampling points in this group. This gives an elapsed time between the dye addition
and the first detection at this location of about 84 days. The first detection of FLT at the
SSG occurred at Seep 3 on November 5, 2011. The last submarine spring in this group to
reveal a detectable concentration was Seep 4 on November 11, 2011. With an average
first detection date of November 8, 2011 at the SSG, the elapsed time between the dye
addition and this seep group was about 103 days. FLT was detected at the SSG 19 days
after it was detected at the NSG.

Grab samples were also collected to assess the marine water fluorescence just above each
seep group and from “control” locations not expected to be affected by the discharged
LWREF effluent (Section 2). These locations included Honokowai Beach Park, Wahikuli
Wayside Park, and the beach fronting Olowalu (Figure 3-11). Table 3-6 summarizes the
fluorescence of the marine samples collected prior to October 1, 2011. The average
fluorescence in the FLT wavelength at these locations was negligible and equivalent to
about 0.01 ppb of FLT.

3.2.3 The Breakthrough Curve - Fluorescein

A breakthrough curve (BTC) is a graph illustrating tracer concentration versus time. It is
used to evaluate the time of first dye arrival, dispersion characteristics of the aquifer,
average time of travel, and when combined with water flux, the mass of the tracer that
can be accounted for. Relative to the total mass injected, this mass can be used to
estimate the percent of tracer recovery.

3.2.3.1 North Seep Group

As described in the Section 2, sand moving off-shore (and likely along-shore) covered
some of the sampling piezometers installed in the submarine springs (seeps) during the
monitoring period. Heavy surf in early to mid-November buried all of the original
piezometers (Seeps 1, 2, and 6) in the NSG. This problem continued to plague the
project. As a piezometer was buried, a replacement was installed to maintain three
sampling points in this group. However, with the burying of Seep 12 on March 19",
2012 only Seep 15 was available until April 24", 2012. On that date, the Seep 4
piezometer in the SSG was moved to the NSG to provide a second sampling point.
Figure 3-12 shows the time intervals during which samples were collected from each
submarine spring. Figure 3-13 shows the BTC for the NSG. In spite of losing multiple
piezometers to the migrating sand, the data shows good fluorescence continuity between
sampling points. The exception is the FLT concentration at Seep 9, and one data point at
Seep 15. The low dye concentrations from these submarine springs correspond with high
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salinities when compared to the salinities other sampling locations. In any event, the
collective data set is sufficient, and once the leading edge of the BTC was established, the
dye concentration increased at a rate of about 0.2 ppb/d until February 27", 2012. On
this date, there was an abrupt flattening of the BTC. Following this inflection point in the
BTC, the dye concentration remained steady at about 21 ppb. Seep 15 showed a
significant decrease in dye concentration in the sample that was collected on April 2
2012. The salinity in this sample was 9.3, significantly greater than the average salinity
of 4.4 at this group.

3.2.3.2 South Seep Group

All of the piezometers installed at this site at the beginning of the project are still in
service except Seep 4 which, as mentioned earlier, was relocated April 24", 2012 to
provide a second sampling point for the NSG. Seep 11 was installed on January 21
2012 to augment the data collected at this site since the dye concentrations at Seep 4 and
Seep 5 had significant variability. Figure 3-14 illustrates the BTC for this seep group,
which displays much greater variability among the sampling points at this site than there
is at the NSG. Seep 3 consistently has the highest concentration and shows a near linear
increase of about 0.5 ppb/d during the majority of the rising limb of the BTC. Seep 4 has
the lowest and most variable dye concentration. As is discussed below, this sampling
point also has the greatest variability in salinity. Seep 5 also has significant variability in
the salinity and in the dye concentration. However, the dye concentration of Seep 5
usually falls between that of Seep 3 and of Seep 4. Seep 11, although installed after the
arrival of the dye, produces a good BTC very close to that of Seep 3. The FLT
concentration at the SSG has appeared to plateau at about 33 ppb starting in early April.
The delay between the plateau at the NSG and the SSG is about a month, which is
slightly longer than the delay between first detections noted above.

3.2.3.3 The Relationship Between Dye Concentrations and Salinity

As described previously, the sampling locations that showed the greatest variability in
FLT dye concentration also had the greatest variability in the salinity measured at the
time of sampling. Table 3-7 is a summary of the salinities measured at each submarine
spring from January 13" through May 2", 2012. The points with the greatest variability
in salinity and the respective FLT concentration are Seeps 9, 4, and 5. The NSG had little
variability in salinity except for Seep 9 and a single data point for Seep 15. With the
exception of Seep 9, the FLT concentrations at the submarine springs in NSG were nearly
identical across sampling points (Figure 3-13). In the SSG (Figure 3-14), the FLT
concentrations at Seep 4 and Seep 5 showed a significant variability when compared to
Seep 3. These submarine springs also had high solution deviations in their salinity.

The relationship between the FLT concentration variability and salinity variability was
tested graphically and statistically. Figure 3-15 shows the relationship between salinity
and dye concentration at Seep 4. Since the dye concentration varies with time, the data
presented actually compares ratios. The ratio on the x-axis is that for the salinity
measured at Seep 4 to that measured at Seep 3, while the ratio on the y-axis is that for the
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respective dye concentration measured at the two submarine springs. The low variability
in salinity at Seep 3 and the near linear increase in the dye concentration at this sampling
location made this data set a good reference. The r-squared linear regression for these
data was 0.85, indicating that variations in the salinity ratio can account for about 85
percent of the variability in the dye concentration ratio. There was one data point that
could be an outlier. When this data point was removed, the r-squared value increased to
0.94.

The inverse relationship between the dye concentration and the salinity is caused by
mixing of dye-tagged non-saline injected LWRF wastewater effluent with seawater that
is nearly void of dye. This is a volumetric dilution effect. The pre-mixing dye
concentration in the submarine spring water can be estimated by correcting the measured
dye concentration for the fraction of seawater in the submarine spring water sample. This
was done using the following formula.

FLTadj = FLTmeas/[ 1 ‘(Salseep 4= Salseep 3-avg)/(saISW - Salseep3-avg)] (3' 1)

Where:
FLT.q; = the dye concentration at Seep 4 adjusted for salinity (ppb)

FLTneas = the dye concentration measured at Seep 4
Salgeep 4 = the salinity measured at Seep 4
Salseep 3-avg = the average salinity measured at Seep 3 (salinity is 3.1)

Salgsw = the average salinity of seawater (salinity assumed to be 35)

Figure 3-16 provides a graph of the FLT concentrations at Seeps 3 and 4 versus time.
Also shown on this graph are the FLT concentrations from Seeps 4, 5, and 11 that would
be expected at the sampling locations if the salinities were the same as those of Seep 3.
Even when the dye concentration in Seep 4 is adjusted to remove the effect of the higher
salinity, the dye concentration at this location is still lower than that measured at Seep 3.
The relative difference increases as the magnitude of the dye concentration increases.
This indicates significant concentration differences over a small area, considering that the
distance between Seep 3 and Seep 4 is about 4 m. Hence, it seems that the spatial
variability of submarine spring concentration is significant and should not be overlooked.

In addition to collecting samples by drawing water from piezometers driven into the
seafloor, grab samples were collected. At each seep group, a grab sample was collected
by uncapping a submerged bottle just above a submarine spring discharge. Background
grab samples were also collected north of the submarine springs (Honokowai Beach
Park) and south of the submarine springs (Wahikuli Wayside Park and the beach fronting
Olowalu). Figure 3-17 shows that, with the expectation of one grab sample collected at
the SSG, the dye discharging from the submarine spring was diluted by a factor of one
order of magnitude or greater, signifying strong mixing between the submarine spring
and ocean water immediately adjacent to the submarine springs.
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3.2.3.4 NSG and SSG Breakthrough Curves

To compare the BTCs of the NSG and SSG, a single representative sample for each
group was graphed (provided in Figure 3-18). For the NSG the dye results from
successive sampling locations were plotted. Except in cases where there was no overlap
(i.e. between samples from Seep 12 and Seep 15), a two sample overlap was plotted to
show that there was no significant difference in concentration. In addition, the dye
concentration for Seep 15 was adjusted to correct for the higher salinity measured on
April 2™, 2012.  Figure 3-18 shows the dye arriving first at the NSG, but the
concentration at the SSG overtaking and exceeding that at the NSG in late February
2011. It also shows the abrupt change in the slope of the NSG BTC in late February
2011. Since Seep 12 was sampled from January 25 through March 19" 2012, this shift
in slope cannot be attributed to a change in sampling location. The history of the FLT
fluorescence measured at the NSG and SSG is provided in Appendix B-2, Table B-2.1
and Table B-2.2.

3.2.4 Green Coloration of the South Seep Group Discharge

Starting in late February, 2012, a green coloration was noted in the waters discharging
from the submarine springs in the SSG. This phenomenon was not observed prior to this,
and to date it has not been observed at the NSG. To date, the source of the green
coloration has not been conclusively resolved. While it might be assumed that this
coloration is due to the FLT itself, the measured FLT concentration from the SSG of 23
ppb in late February and the maximum of 34 ppb in mid-April are below the generally
accepted visual threshold for FLT, which is 100 ppb (Kingscote Chemical, 2010; and
Stuart et al., 2008). Possible sources being investigated include: (1) FLT is present in
visible concentrations, (2) iron containing minerals such as iron (II) hydroxides, (3) other
green minerals, and (4) reactions between chlorine and other dissolved constituents.

Efforts to identify the source of this coloration are on-going, but include:

e Performing a broad spectrum fluorescence scan to determine if any fluorophores
other than FLT are present;

e Analyzing these samples for dissolved iron and other metal content;

e Performing a light adsorption analysis on these samples to determine if the
intensity of the green coloration correlates to the FLT fluorescence intensity;

e (ollecting samples from deeper in the crevices to evaluate if the piezometers are
capturing the highest FLT concentration in the submarine spring discharge.

A laboratory solution prepared by mixing optically clear submarine spring water with a
35 ppb FLT concentration showed a distinct green coloration when placed in a 2 liter
beaker. This demonstrates that FLT is visible at concentrations less than 100 ppb. This
observation is consistent with those of Aley (2002), and Stokes and Griffiths (2000).
Also, the FLT concentration at the NSG has not reached 23 ppb, which was the FLT
concentration at the SSG when the green coloration started to appear. Thus, the absence
of the green coloration at the NSG where FLT is also discharging does not preclude this
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dye from being the source of the green coloration at the SSG. The samples that the UH
collects at the submarine springs are representative of the non-saline SGD. When UH
samples the submarine springs, pH, specific conductivity, and salinity are measured. The
salinity in the vast majority of the samples is less the 5, indicating that the samples are
capturing non-saline groundwater. This shows that the piezometer screens are not
clogged and are properly installed in the openings where groundwater is discharging, and
are thus truly capturing the submarine groundwater prior to its emergence and mixing
with marine bottom waters.

It is important to affirmatively state at this time that although the cause of the green
coloration is as yet to be fully determined and understood, it's presence does not weaken
our finding that FLT injected at the LWRF is being discharged from the submarine
springs into the nearshore waters near Kahekili Beach Park. To illustrate this, Figure 3-
19 shows the results of synchronous scans completed for two samples. A synchronous
scan is a sequential series of fluorescence measurements performed on a sample. This is
done by defining a starting and ending excitation wavelength, and designating an
increment by which to increase the excitation wavelength for each step. Also defined
when programming a synchronous scan is the emission wavelength monitored as a
function of the excitation wavelength. For the results shown in Figure 3-19, the
instrument was programmed to scan from 250 to 600 nm in increments of 0.2 nm. The
fluorescence intensity of the emission wavelength monitored was the excitation
wavelength plus 20 nm. The first sample was prepared in the laboratory, and contains 35
ppb of FLT and 0.1 ppb SRB. The second sample was collected from Seep 3 on June 7,
2012, and contains 33 ppb of FLT. The synchronous scans were thus completed to
confirm or negate that the fluorescence being measured at the submarine springs is
indeed FLT. The traces are identical, expect for a small peak at 580 nm, which is the
fluorescence of the SRB in the laboratory prepared solution. This test strongly indicates
that the FLT is the fluorophore in the samples collected at the submarine springs. Our
other efforts to identify the source of the green coloration are continuing.

3.3 Injection Well 2 Tracer Test

A second tracer test was performed at the LWRF Injection Well 2 to investigate whether
effluent from Well 2 discharges into the ocean at the same locations as that from Wells 3
and 4. The injection capacity of Well 2 is significantly greater than that of the other
wells, implying it may have a hydraulic connection with a preferential flow path. In the
second dye addition, Sulpho-Rhodamine-B (SRB) was added on August 11, 2011, two
weeks after the first FLT dye additions at Wells 3 and 4.

Despite its higher injection capacity, the effluent flow into Well 2 is significantly less
than that into Wells 3 and 4 because the wellhead elevation is higher, resulting in less
gravity flow to this well. The average injection rate into the Well 2 during the period of
August 31 through August 10™ 2011 was 0.76 mgd, in contrast to that into Well 3 and
Well 4 of 1.3 and 1.1 mgd, respectively. The flow into Well 2 generally occurred
between the hours of 10:00 to 20:00. Our assessment indicated that the flow rate and
duration into Well 2 was not sufficient to adequately assess the hydraulic connectivity
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between the well and the nearshore waters. Therefore, the plant operations were
modified to sustain an injection rate greater than 1 mgd. This was accomplished by
diverting all R1 water to injection and throttling down on the well-head valves for Well 3
and Well 4 at the start of dye injection.

The dye mixing process for this test was the same as described above for FLT, with a
mixing rate of 10 lbs per 50 gal. The active ingredient fraction of the SRB powder is
approximately 25 percent, which resulted in a solution that is 0.60 percent active
ingredient by weight. A total of 180 lbs of dye powder was used to provide a total of 900
gal. of SRB dye solution. The planned concentration of SRB mixed with the effluent in
Well 2 was 2,600 ppb. The dye was added at the Effluent Splitter Box (Figure 3-20) at
15-minute intervals starting at 07:00 and continuing through 00:45.

Figure 3-21 shows the well injection rates and the resulting dye concentration in Well 2
for this test. When the dye addition started at 07:15 on August 11" 2011, the flow into
Well 2 had not reached the desired magnitude, which produced a very high concentration
for the first hour at about 38,000 ppb. Throttling down of the valves at the wellhead of
Wells 3 and 4 resulted in increased flow to Well 2, which decreased the injection
concentration to about 1,500 ppb. For the period from 09:00 until 22:00, the flow into
Well 2 was less variable and the dye injection concentration varied from about 2,100 ppb
to about 3,500 ppb. At about 22:15, the flow into Well 2 started to decrease and less
amount of dye was added to keep the dye concentration range in the range between 2,000
to 2,500 ppb until about midnight. At that point, due to the falling effluent injection into
Well 2, the remaining dye concentrate (about 22.5 gal.) was added to the splitter box
between 00:00 and 00:45. This increased the dye injection concentration for the final
hour of dye addition to about 12,000 ppb. Dye addition was terminated at 00:45 on
August 12", For the 24-hour period from 07:00 August 11™ until 07:00 on August 12",
21022011, the flow into Well 2 was 2.1 million gal. and total flow to all wells was 5.1
million gal. The average SRB concentration in the Well 2 and all injected effluent was
2,500 and 1,000 ppb, respectively.

3.3.1 Sample Handling

All SRB analyses have been completed at the HDOH laboratories. Temperature can
affect the dye fluorescence, so for these analyses the samples and calibration solutions are
stored overnight at ambient temperature. Hawaii nighttime temperatures are similar to
that of an air-conditioned room. Early the next morning (prior to 7:30 am) the samples
are delivered to the HDOH laboratory for each analysis set. The warm-up time for the
spectrophotometer is about 30 minutes, so calibration solutions, samples, and instrument
are all located in same room for approximately one hour while we are setting up for
analyses and starting the equipment. An hour does not ensure complete temperature
equilibration with the instrument, but since the calibration solutions and the samples are
stored and transported together, they are temperature equilibrated.

The temperature effect on a dye's fluorescence varies depending on the dye analyzed.
The variation in the fluorescence intensity of a dye with a change in temperature is an
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exponential coefficient. The coefficient for SRB is -0.029, so that for every 1 °C increase
in the temperature, the fluorescence of this dye decreases the equivalent of approximately
0.7 ppb (Smart and Laidlaw, 1977). This deviation in fluorescence would not, however,
be reflected in the reported concentrations, since both instruments are calibrated with
solutions that are at the same temperature as the samples. Following SRB analysis, the
samples are place in a refrigerator for long term storage.

3.3.2 SRB Results

SRB analyses were completed using a Hitachi F4500 Fluorescence Spectrophotometer,
which is used to measure the fluorescence, phosphorescence, and luminescence in the
ultraviolet and in the visible regions of the spectrum. This instrument is programmable,
so that the fluorescence intensity of the wavelengths from 200 to 730 nm can be
measured. When analyzing a specific dye, an excitation/emission couple is programmed
into the instrument. For SRB, an excitation wavelength of 565 nm and an emission
wavelength of 586 nm were used based on spectrophotometry guidance from Nikon
Instruments
(http://www.microscopyu.com/articles/fluorescence/filtercubes/green/greenhome.html).
The bandwidth slit, which sets the bandwidth of the wavelengths, was set to 5 nm for
both excitation and emission.

This instrument is also used for performing synchronous scans, where a sequential series
of fluorescence measurements are performed on a sample. Synchronous scans were thus
also completed to verify that any elevated fluorescence in the SRB wavelength couple
was consistent with that of SRB and, further, to investigate any change in fluorescence
characteristics of the low concentration SRB solutions with time. The synchronous scans
were completed by defining a starting and ending excitation wavelength, and designating
an increment by which to increase the excitation wavelength for each step. Also defined
when programming a synchronous scan is the emission wavelength monitored as a
function of the excitation wavelength. For the synchronous scan, the instrument was
programmed to scan from 500 to 600 nm when evaluating the SRB spectrum and 400 to
600 nm when evaluating samples for FLT and DA-SRB. The spectrophotometer produces
a spectra graph and printout (the printout is excitation wavelength versus fluorescence
intensity in user defined increments, usually 2 nm) and an electronic file of fluorescent
intensity at 0.2 nm increments of excitation or emission wavelengths. The fluorescence
intensity of the emission wavelength monitored was measured at the excitation
wavelength plus 20 nm.

The fluorescence spectrophotometer was calibrated using 0.0, 1.0, 10, 20, 50, and 100
ppb calibration solutions. These were mixed in the same manner as the FLT calibration
solutions except for the 100,000 ppb stock solution. For formulating the SRB dye
concentrate, 400 mg of 25 percent active ingredient powder were added to a small glass
beaker. The dye powder was weighed using an analytical balance. The resultant
calibration consisted of a linear best curve fit between the indicated fluorescence intensity
and the actual dye concentration.
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3.3.2.1 SRB Method Detection Limit (MDL) Assessment

As with FLT, the EPA and Hubaux and Vos (1970) method were used to assess the MDL
for this dye. Solutions were prepared using submarine spring water and spiked to
concentrations of 0.01, 0.02, and 0.05 ppb. In addition, a solution with no SRB was
analyzed in the same manner as the MDL samples to establish background fluorescence
for this assessment. The MDL samples were prepared in 1 L volumes that were then
filtered and otherwise processed in the same manner as the field samples. Tables 3-8 and
3-9 list the results of the two MDL assessment methods.

For the EPA method, the average no-dye fluorescence of 0.046 ppb was subtracted from
the fluorescence measured in the MDL samples. This was done so the percent recovery
could be computed correctly. The sampled spiked to a concentration of 0.02 ppb was the
only sample that met all of the requirements for MDL analysis. The associated
computations gave a MDL of 0.013 ppb and a limit of quantification of 0.044 ppb. For
sample analysis, the instrument response is the sum of the dye and background
fluorescence. The average background fluorescence of samples collected in August and
September was 0.03 ppb. This gives a MDL and limit of quantification of 0.043 and
0.071 ppb, respectively, as read directly from the spectrophotometer.

The Hubaux and Vos (1970) method gave a much lower MDL of 0.005 ppb. The aliquot
spiked to 0.01 ppb was excluded because the percent error was greater than the
recommended value of 20 percent. To more definitively evaluate the MDL, a
synchronous scan was run on a dye free and MDL aliquot and aliquots spiked to 0.01 and
0.02 ppb. Figure 3-22 shows the results of the synchronous scan, which indicate that the
sample spiked to a SRB concentration of 0.01 was not discernible from a sample with no
dye. However, the sample spiked to a SRB concentration of 0.02 ppb had a marked
increase in fluorescence at about 580 nm. Based on this analysis, the MDL for SRB is
estimated to be 0.02 ppb. This is consistent with that estimated by the EPA method.
Rounding the background fluorescence to the nearest tenth of a ppb, the MDL as read
directly from the spectrophotometer is 0.05 ppb and the limit of quantification is 0.08

ppb.

3.3.2.2 Measured Fluorescence in the SRB Wavelength

To date, there has been no confirmed detection of SRB from the submarine springs.
Figure 3-23 is a time series of the NSG analysis for SRB. The fluorescence measured by
the spectrophotometer is that of background plus that of any dye that may be present.
The average concentration for all submarine springs for the period from August 1%, 2011
through September 30™ 2011 was 0.03 ppb. The July, 2011 samples were excluded from
background analysis due to the large number of outliers in the SSG, attributed to factors
such as not having the sample properly seated in the spectrophotometer carousel. As
proficiency developed in the use of this instrument, errors such as these decreased. Also
plotted on this graph is the MDL of 0.05 ppb. Only nine samples collected at the NSG
after the SRB addition on August 11", 2011 had fluorescence greater the MDL of 0.05
ppb. Due to the isolated occurrence of this elevated fluorescence, it seems that these rises
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were in most cases due to factors other than the presence of SRB. A sample collected at
Seep 12 on February 20" 2012 did show slightly elevated fluorescence at 580 nm
consistent with SRB, but samples collected after that date showed no elevated
fluorescence. Figure 3-24 illustrates a time series of the SRB analysis for samples
collected at the SSG. At this site, twelve samples collected following the LWRF SRB
addition had fluorescence greater than the MDL. Again, these points were isolated,
indicating causes other than the presence of SRB. However, two samples collected at
Seep 3, one on February 12" 2012 and the other on February 20" 2012 did show
elevated fluorescence at 580 nm when evaluated by a synchronous scan. Figure 3-25
compares the synchronous scan of the sample collected from Seep 3 on February 20
with various solutions prepared for this study. The first two traces are samples that
contained no FLT. One was also free of SRB, while the other was spiked to a SRB
concentration of 0.05 ppb. The other two solutions were spiked to a FLT concentration
of 35 ppb. Of these solutions, one contained no SRB, and the other was spiked to a SRB
concentration of 0.1 ppb. This graph shows that the sample collected at Seep 3 had
fluorescence characteristics very similar to sample spiked with 35 ppb FLT and 0.1 ppb
SRB. However, this is only considered as a "possible" SRB detection, since there have
been no subsequent samples collected with similar fluorescence characteristics. Figure 3-
25 further shows that the trailing edge of the FLT trace slightly elevates the fluorescence
in the SRB wavelength, and that this trailing edge needs to be considered when
evaluating very low concentrations of SRB. The history of the SRB fluorescence
measured at the NSG and SSG is provided in Appendix B-2, Table B-2.3.

The sub-ppb detection limit for the SRB dye, the significant amount of time that has
elapsed since the dye addition, and the large amount of SRB added suggest the effluent
from Well 2 may not be discharging into the nearshore waters monitored by this study.
In addition, still to be evaluated are the role that dye degradation, sorption onto the
aquifer matrix, and alternate flow paths might play in the failure to detect this dye. For
example, Injection Wells 3 and 4 inject the majority of the effluent and are located
between Injection Well 2 and the submarine springs where the FLT emergence is being
monitored. The dominant flow from Wells 3 and 4 may thus likely displace the injected
wastewater effluent from Well 2 around the Well 3 and 4 flow fields. If so, the probable
result is that the flow from Well 2 takes a different path other than that directed towards
the known submarine spring discharge points. This does not, however, preclude the
possibility that the injected effluent into Well 2 would assume the same underground
flow path as that of Wells 3 and 4 if it were Well 2 were to become the primary injection
well.

The lack of detection of SRB may additionally be related to matrix sorption within the
aquifer. Sorption of SRB onto the solid media of the aquifer would slow the transport
velocity and decrease the concentration of SGD at points of emergence. Sorption could
decrease the concentration to values less than the MDL, resulting in a non-detection even
though the fluids injected into Well 2 are discharging at the monitored locations. The
role of sorption will be evaluated in our future modeling efforts, as described in Section
7. To investigate SRB emergent locations other than the primary sample points, periodic
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samples will be taken from accessible areas north and south of currently monitored
locations.

The degradation of SRB through the process known as deaminoalkylation could result the
failure of the primary SRB analysis methods (described above) to detect this dye.
Deaminoalkylated SRB (DA-SRB) should fluoresce at wavelengths of 535 to 540 nm that
is at wavelengths shorter than that of unaltered SRB (Késs, 1988). If the fluorescence
intensity of DA-SRB relative to the concentration is similar to that of SRB, the
fluorescence of either SRB or DA-SRB as indicated by the Rhodamine channel of the
AquaFluor Handheld Fluorometer would show up clearly in synchronous scans. Figure
3-26, for example, compares synchronous scans done on a laboratory-prepared aliquot
containing 35 ppb of Fluorescein and 0.1 ppb of SRB (shown as a red line) with a sample
collected at Seep 3 on June 7, 2012 (shown as a green line). Both Fluorescein traces
show symmetrical curves that extend from about 470 to 560 nm. The 0.1 ppb SRB in the
laboratory prepared sample is clearly visible by the elevated fluorescence from about 562
to 605 nm. The Seep 3 apparent SRB concentration as read in the field on the AquaFluor
Handheld Fluorometer was 3.3 ppb. Fluorescence from fluorophores tends to be additive
(Meus et al., 2006). Since the fluorescence of Fluorescein extends beyond the 535 to 540
nm wavelengths identified by the (Kiss (1998) as the zone of peak fluorescence for DA-
SRB, then DA-SRB should be manifest as an asymmetrical Fluorescein trace with the
descending limb showing a bulge. The third trace on Figure 3-26 (shown as a blue line)
is a hypothetical computer-generated sample containing both Fluorescein and DA-SRB.
This trace was generated by multiplying fluorescence of the portion of the 0.1 ppb SRB
trace that extends above background by 33 to upscale it to 3.3 ppb. This trace was then
shifted to the shorter wavelengths so the peak was centered over 538 nm, the approximate
peak fluorescence of DA-SRB. Finally, the fluorescence of this hypothetical DA-SRB
trace was added to the fluorescence of the Seep 3 sample to superimpose the DA-SRB
fluorescence on the Fluorescein curve. The result is an easily observable bulge on the
descending limb of the Fluorescein curve. All 25 of the synchronous scans completed to
date were reviewed, and all show symmetrical Fluorescein curves. We will continue to
complete analytical synchronous scans of selected samples to screen for DA-SRB.

3.4 Summary and Conclusions

Two tracer tests were conducted during this study to assess the hydraulic connectivity
between the effluent injection wells at the LWRF and the coastal nearshore waters.
During the first tracer test, FLT was added to Wells 3 and 4. The dye from this tracer test
started discharging at the nearshore submarine springs in late October, 2011, after about
84 days. The FLT concentration increased to about 21 ppb then plateaued in late
February, 2012 at the North Seep Group (NSG). At the South Seep Group (SSG), the
FLT concentration increased to about 33 parts per billion (ppb) then plateaued in early
April, 2012. The natural background fluorescence at the monitoring sites was assessed
by analyzing the samples taken prior to the arrival of the dye. It was found that
background fluorescence was very small, about 0.11 ppb, when compared to the
magnitude of the FLT fluorescence detected. The background and Method Detection
Limit (MDL) assessments were important in establishing the first arrival time of this dye.
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The maximum dye concentrations to date have been higher at the SSG than at the NSG.
This could be due to spatial variability, or that the SSG may be closer to the center of the
groundwater plume than the NSG. If it is the latter case, then there is a probability of
effluent discharging points existing to the south of the SSG. However, the elevated
nitrogen-15 ratios in algal bioassay deployments indicate that the effluent discharge in the
shallow waters assessable by this study are at locations already being monitored (Dailer
et al., 2012), which would support the case for spatial variability. This issue will be
investigated in the next phase of the study.

The second tracer test was conducted to evaluate whether the effluent from Injection
Well 2 discharges at the same locations as that from Injection Wells 3 and 4. Well 2 has
a significantly higher injection capacity than the other wells indicating that it may have a
hydraulic connection to a preferential flow path. For this tracer test, Sulpho-Rhodamine-
B (SRB) was added to the effluent on August 11" 2011. To date there has been no
confirmed detection of this dye. There were three samples that synchronous scans
indicated may contain very low concentrations of SRB, but since no subsequent samples
have been analyzed with similar fluorescent characteristics, these are only evaluated as
possible detections.

Tracer test data collected to date do show a definite hydraulic connection between
Injection Wells 3 and 4 and the nearshore waters near Kahekili Beach Park. The peak of
a breakthrough curve can be used to estimate average tracer time of travel from the point
of injection to the point of sample collection. The apparent plateauing of the BTC
indicates the average time of travel from the injection wells to the submarine springs may
be roughly seven months. At this point in the study, it is not yet known if the peak of the
BTC has been reached. This proven hydraulic connection does not preclude other
discharge points, including at deeper water depths In addition, the data collected to date
are not yet sufficient to estimate percent of dye mass injected that can be accounted for
by the discharge at the submarine springs monitored by this study. It is expected that the
FLT concentration will start decreasing in the near future. When the declining limb of
the BTC is confirmed, analysis of this tracer test can be completed. This will include a
better estimate of the average time of travel between Wells 3 and 4 and the submarine
springs, and an estimation of the mass of FLT that has been discharged at these springs.

The fate of the effluent injected into Well 2 remains unresolved. However, it may be
instructive to re-evaluate a past tracer study done at the LWRF in light of the new
findings of the current study. In 1993, the dye Rhodamine WT was added to Injection
Well 2 at a concentration of approximately 100 parts per billion for 58 days (Tetra Tech,
1994). A marine survey was done from a boat in an attempt to identify areas where the
LWRF wastewater effluent might be discharging into the marine environment. They
used a pump with a hose attached that was lowered to seafloor for each sample collection.
The discharge of the pump was connected to a fluorometer with a flow cell. The
background fluorescence in the Tetra Tech study varied between 0.04 and 0.06 similar to
that of this study. Elevated levels of fluorescence of about 0.18 ppb were detected 55 and
61 days after the start of injection at survey points adjacent to each other. Although scant,
the location of the elevated fluorescence detections was very close to the area monitored
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by this study, but deeper (about 30 m) and farther offshore (about 300 m) than the
submarines springs monitored by this study. According to that report (Tetra Tech, 1994),
the dye emergence was not expected at this location and the elevated fluorescence was
evaluated as being from another fluorophore such as dissolved organic matter. It is not
possible to confirm whether or not the Tetra Tech study did actually detect the dye, but
our study indicates the effluent from Well 2 may not be discharging into the nearshore
waters and a discharge point deeper and further from shore needs to be considered. In
addition, the present and past nitrogen isotope data (see Section 6) and the thermal
imaging data (see Section 4) suggest that significant submarine discharge of effluent to
north is not occurring.

The lack of SRB detection by this study and the possible detection by the 1993 Tetra
Tech (1994) tracer test indicate that the effluent from Well 2 may be discharging deeper
and further out to sea than that from Wells 3 and 4. A study similar to that done by Tetra
Tech would be needed to confirm this. However, since not all relevant processes have
been evaluated, the nearshore discharge of effluent from Injection Well 2 cannot be ruled
out.
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Table 3-1. Mixing Schedule for the FLT Calibration Solutions

Desired Volume of 100 Volume of Comments
Concentration ppb Calibration =~ Submarine
(ppb) Solution (ml) spring Water
(ml)
1 2.5 247.5
10 50 450 Note 1
20 50 200
50 125 125

Note 1. An extra volume of the 10 ppb solution was mixed since it was used to
calibrate the instrument and verify accuracy at the end of each analysis session

Table 3-2. The MDL Results for FLT Using the EPA Method

Spiked Solution Average  Sjgnal to Limit of

Conc.  Mean Deviation MDL Recovery Npise Quantification

(ppb)  (ppb) (ppb) (ppb) (%) Ratio (ppb) Remarks
0 0.111 0.004 NA NA NA NA Note 1
0.1 0.101 0.004 0.011 101.25 28.6 0.035

0.2 0.192  0.005 0.014 96.24 41.6 0.046

0.5 0.479 0.006 0.019 95.7 74.7 0.064 Note 2

Red indicates a value outside of acceptable limits

Table 3-3. The MDL Results for FLT Using the Hubaux and Vos Method

Calculated
Conc. Mean Concentration Percent Included in
(ppb) (ppb) (ppb) Error Analysis
0.00 0.12 -0.006 NA Yes
0.10 0.22 0.10 4.5 Yes
0.20 0.31 0.20 2.1 Yes
0.50 0.57 0.50 0.5 Yes
MDL (ppb) 0.02
Critical Response (ppb) 0.13
Critical Concentration (ppb) 0.008
r’ 0.9994
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Table 3-4. Summary of Background Fluorescence for the NSG

Seep 1 Seep 2 Seep 6 Average
Number of
Samples 15 15 13 14
Minimum 0.09 0.08 0.11 0.09
Average 0.11 0.11 0.11 0.11
Maximum 0.13 0.12 0.12 0.12
Solution
Deviation 0.01 0.01 0.00 0.01
First Detection ~ 10/20/11 10/20/11 10/20/11 10/20/11

Table 3-5. Summary of Background Fluorescence for the SSG

Seep 3 Seep 4 Seep 5 Average
Number of
Samples 13 18 13 15
Minimum 0.09 0.01 0.08 0.06
Average 0.12 0.10 0.11 0.11
Maximum 0.13 0.14 0.12 0.13
Solution
Deviation 0.01 0.03 0.01 0.02
First Detection ~ 11/05/11 11/11/11 11/07/11 11/08/11

Table 3-6. Background Fluorescence for the Marine Waters

North Seep South Seep Other
Grab Grab Locations
Number of
Samples 27 27 26
Minimum -0.01 -0.01 0.001
Average 0.01 0.01 0.01
Maximum 0.04 0.06 0.05
Solution
Deviation 0.02 0.02 0.02
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Table 3-7. Summary of Salinity Measured at the Monitoring Points

Sampling No. of Standard
Point Group Samples Minimum Average Maximum Deviation
Seep 7 NSG 13 4.1 4.2 4.3 0.08
Seep 8 NSG 3 4.1 4.2 4.2 0.07
Seep 9 NSG 5 5.3 18.0 253 8.06
Seep 10 NSG 12 4.1 4.7 6.2 0.62
Seep 12 NSG 13 4.1 4.3 4.9 0.24
Seep 13 NSG 6 4.2 4.3 4.4 0.12
Seep 14 NSG 3 4.1 4.2 4.2 0.06
Seep 15  NSG 3 4.2 6.1 93 2.79
Seep 3 SSG 23 2.8 3.1 4.3 0.34
Seep 4 SSG 24 3.0 10.6 22.5 7.39
Seep 5 SSG 23 5.5 11.7 19.7 4.47
Seep 11  SSG 21 3.1 3.4 4.5 0.39

76



Table 3-8. The MDL Results for SRB Using the EPA Method

. S' 1 . .

gplked Mean [S)tan.da.rd MDL ﬁverage tolgna Limit off .

onc. eviation ecovery Noice Quantification po oo

(ppb)  (ppb) (ppb) (ppb) (%) Ratio  (PPb)

0.00 0.005 0.006 NA NA NA NA Note 1
Average
recovery and

0.01 0.004 0.003 0.01 45 1.4 0.03 SNR ot
acceptable

002 0017 0004 0013 85 39 0.044 Met all
requirements

0.05 0054 0018 0058 108 24 018 SNR not
acceptable

Note 1. The mean dye-free aliquot concentration 0.03ppb was subtracted from the
fluorescence for the MDL samples

Red indicates a value outside of acceptable limits

Table 3-9. The MDL Results for SRB Using the Hubaux and Vos Method

Spiked Mean Calculated

Conc. Conc.note Concentration  Percent  Included in
(ppb) 1 (ppb) Note 2 (Ppb) Error Analysis
0.00 0.043 0.0015 NA Yes

0.01 0.050 0.007 26.8 NO Note 3
0.02 0.062 0.017 12.8 Yes

0.05 0.10 0.051 2.0 Yes

MDL (ppb) 0.005
Critical Response (ppb) 0.044
Critical Concentration (ppb) 0.0025

r 0.9922

Note 1: Mean concentration is the background (about 0.03 ppb)
plus the dye fluorescence.

Note 2: Calculated concentration is based on best fit line through
the MDL data.

Note 3: The 0.01 ppb aliquot excluded from the analysis due to
the high percent error. Allowable error is 20 percent or less
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Figure 3-4: Transferring fluorescein concentrate to 5 gal. buckets for delivery to wells.
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Figure 3-6: Residual dy was ﬁoured directly into thewell.
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Figure 3-7: Fluorescein concentrate mixing continued until midnight.
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Figure 3-8: Fluorescein addition continued until about 02:00.
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Figure 3-9: Effluent injection rates and resulting FLT concentrations for the first tracer
test.
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The fluorometer was calibrated using the submarine spring water based FLT solutions.
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Figure 3-12: Periods of sample collection from each monitoring point at the NSG.

—~ 25.0

=

2 20.0

S’

S 15.0

=

© 100

£

§ 5.0

£ 0.0 e

=

— N\ N\ N Q Q ) e 9 N e

= o7 8 \Q\"v \\\"J ,OS"; \\’b qu n)\'\w b@’ 4)\%
—+—seep 1 ——seep 2 ——seep 6 ——seep 7
—+—seep 8 ——seep 9 —=Seep 10 —o—Seep 12
——Seep 13 ——Seep 14 ~m-Seep 15 —+—Seep 16

Figure 3-13: Fluorescein breakthrough curve at the NSG.
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Figure 3-14: Fluorescein breakthrough curve for the SSG.
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Figure 3-16: FLT concentration as measured and corrected for salinity at the SSG.

8.0

7.0

6.0

5.0

4.0

3.0

*

*
2.0 .i |

1.0 L 2 : - o
O LS O
0.0 M# L I |

10/14/11 11/13/11 12/13/11 1/12/12 2/11/12 3/12/12 4/11/12

Fluorescein Conc. (ppb)

¢ south grab mNorth Grab

Figure 3-17: FLT concentrations in the grab samples collected at submarine springs.
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Figure 3-18: Comparison of NSG and SSG FLT breakthrough curves.
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Figure 3-19: Two-dimension synchronous scans of a submarine spring sample and a
laboratory sample.

The laboratory sample prepared with submarine spring water (Lab. FLT + SRB Sol’n)
contains 35 ppb of FLT and 0.1 ppb of SRB. The submarine spring sample (Seep 3
6/7/12) has a fluorescence intensity spectrum nearly identical to that of the laboratory

sample with the exception of the SRB peak at 580 nm.
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Figure 3-21: Effluent injection rates and resulting SRB concentration for SRB.
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Figure 3-22: Synchronous Scans of SRB calibration solutions.
Solutions were mixed using submarine spring water containing no dye, and spiked to
0.01 and 0.02 ppb with SRB.

0.30
0.25
0.20 .

0.15 —~T
0.10

(ppb)

S-Rhodamine-B plus Background

—e—Seep 1
Seep 8
e Average

—a— Seep 2
Seep 9
= «MDL

—4— Seep 6
= Seep 10

—@— Seep 7
== Seep 12

Figure 3-23: Fluorescence in the SRB Wavelength Measured at the NSG.
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Figure 3-25: Synchronous scans of submarine spring water and solutions spiked with
SRB.

Samples spiked with FLT and SRB are Compared to the fluorescence of the sample
collected at Seep 3 on February 20" 2012.
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Figure 3-26. Graphed are three synchronous scans to show the spectra of Fluorescein,
SRB, and Fluorescein, plus a hypothetical DA-SRB trace.

The first trace (red) is a laboratory-prepared sample containing about 35 ppb of
Fluorescein and about 0.1 ppb of SRB. The second trace (green) is a scan of a sample
collected at Seep 3 on June 7, 2012. The Fluorescein concentration in this sample was 32
ppb, but there is no indication this sample contains SRB. The AFHF indicated this
sample contained 3.3 ppb of SRB. The third trace (blue) is the emission spectra of the
Seep 3 sample might look like if it contained 3.3 ppb of DA-SRB. This degraded SRB
results in an asymmetrical Fluorescein fluorescence trace with a "bulge" on the
descending limb.
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SECTION 4: AERIAL INFRARED SEA SURFACE
TEMPERATURE MAPPING AND POTENTIAL
HEAT SOURCES

4.1 INTRODUCTION

Recent scientific investigations (Tetra Tech Inc., 1994; Brown, 1995; Bourke, 1996;
Hunt, 2006; Hunt and Rosa, 2009; Dailer et al., 2010, 2012; this report) near the Kahekili
Beach Park area of Lahaina, Maui (Figure 4-1), conclude that effluent injectate from the
nearby, and upslope Lahaina Wastewater Reclamation Facility (LWRF) flows toward the
coast and discharges into the nearshore waters southwest of the facility via submarine
springs. The LWRF produces treated wastewater and R1 effluent. Solar heating of the
effluent during sludge pond settling and exothermic reactions during wastewater
decomposition make the effluent warm (26 to 31°C; 78.8 to 87.8°F). Treated wastewater
effluent is injected to depths between 70 and 45 m (229 to 150 ft) below mean sea level,
approximately 600 m (0.37 mi) upslope of Kahekili Beach Park. Although the effluent is
injected deep, Wheatcraft (1976), Burnham (1977), Tetra Tech Inc. (1993), and Hunt
(2006) have all demonstrated through modeling that injectate plumes generally ascend
within more saline coastal aquifers because effluent has positive buoyancy relative to the
saline water in the aquifer. Once injectate waters are near the surface of the basal
groundwater lens, the water likely disperses laterally as it flows toward the coast,
whereupon it may discharge through submarine springs that are "noticeably" warm (Hunt
and Rosa, 2009; Dailer et al., 2010, 2012).

The objective of this portion of the present study was to determine the locations of warm
emerging fluids to the coastal waters near the LWRF. For this work, a high-resolution
(2.3 m) aerial infrared remote sensing technique was used to produce sea surface
temperature (SST) maps of the warm (~26.5°C), buoyant, emerging fluids relative to
coastal waters (25.5°C) and natural submarine groundwater discharge (20-22°C). This
work also discuss potential heat sources that may have caused the thermal anomaly
observed in the coastal waters, including warm effluent, geothermal activity, and/or
organic matter decomposition.

4.2 METHODS

4.2.1 Aerial Infrared Thermography

We used a FLIR Systems Inc. (Portland, Oregon) Photon 320 uncooled microbolometer
array camera to collect thermal infrared (TIR) data. This camera has a 320 X 240 pixel
detector array and operates in the 8.5-13.5 um region of the electromagnetic spectrum, a
range that reduces sensitivity to atmospheric water and carbon dioxide. The measured
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sensitivity of this camera is 20 mK, well below environmental variables. This camera is
not sensitive near the water absorption or emission area of the electromagnetic spectrum.

A temperature-adjustable blackbody with a flat-panel design, accurate to within 0.1°C,
was used to calibrate the infrared data to 15 and 30°C during the flight. These calibration
temperatures were chosen to bracket the temperatures of the waters of interest (cold SGD,
ambient ocean, and warm discharge).

A combined inertial navigational system and global positioning system (INS/GPS)
monitored aircraft velocity, roll, pitch, heading, and the three-dimensional position of the
aircraft during the flight. This system (C-MIGITS; BEI Systron Donner Inertial Division,
Concord, California; operated in standard positioning service mode) has rated
performances of 78 m three-dimensional position accuracy, 45 m circular error probable
horizontal position accuracy, and 52 m vertical error probable vertical position accuracy.
Horizontal velocity accuracy is 0.5 m/s, vertical velocity accuracy is 1.0 m/s, roll and
pitch accuracy is 2.5 mrad, and heading accuracy is 3 mrad.

The infrared system (camera, blackbody, INS/GPS, and data collection computer) was
operated in a twin engine Piper Navajo aircraft. We designed and custom built a camera
mount that fit into the aircraft’s hull. The camera was affixed to the top of the mount
with a nadir (looking directly down) view. The top and bottom of the mount were
separated by vibration isolators that dampened aircraft vibrations and resonant
frequencies. Except for vibration isolation, the camera was not otherwise stabilized. The
blackbody calibration plate was incorporated into the camera mount directly below the
camera. The plate was affixed on roller bars allowing manual movement out of the
camera’s field of view during data acquisition and movement into the camera’s field of
view for calibration. This integrated arrangement allowed blackbody calibration before
and after the flight track.

Since water is almost opaque in the thermal infrared region of the electromagnetic
spectrum (8-14 pum), the camera cannot view objects through clouds. We therefore
collected all data during clear-sky conditions. We also collected data during calm water
conditions, because rough water surfaces experience diffusing effects that direct high
atmospheric radiance from the horizon toward the sensor. Furthermore, turbulent water
and large waves can also mask SGD by mixing the water column. We collected all data
at night to avoid temperature anomalies created from solar insolation that unevenly heats
water or suspended matter in shallow water columns.

The Hawaiian Islands experience semi-diurnal tidal conditions. The tide during the flight
mission was down-going to the lowest-low tide of the day. This tidal stage was
specifically targeted because groundwater flow from the land to the ocean is greatest
when the head difference between the ocean and aquifer is largest (see Section 5 for more
discussion of this effect within the study area).
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Thermal infrared data were collected on May 26™, 2011 between 00:45 and 01:21 a.m.,
Hawaii Standard Time (HST) at a frame rate of 30 Hz. All infrared data were collected at
a flight altitude of 2134 m (7000 ft).

Post-flight data processing was accomplished following the exact protocol in Kelly et al.
(submitted, and available upon request). Briefly, data were inspected for quality control,
calibrated to in flight blackbody measurements, mosaicked, georeferenced, annotated
(digitized) to retain only water, corrected to in situ temperatures measured by thermistors,
false colored, and draped over 0.5 m-resolution georectified visible-light images available
from DigitalGlobe Inc. (Longmont, Colorado).

Three thermistors (HOBO pendant UA-001-08; Onset, Cape Cod, Massachusetts) were
deployed in the coastal area within the flight track prior to the flight and retrieved from
the coastal area after the flight. Thermistors (accurate to 0.5°C) were deployed near
Honokowai (20.95467 °N, 156.68715 °W), Kahekili Beach Park (20.93863 °N,
156.69321 °W), and Black Rock (20.92374 °N, 156.69568 °W). These thermistors
recorded data every 7 minutes and were deployed to float at the water's surface. SSTs
from the thermistors were used to calibrate all infrared maps, thereby correcting the data
for atmospheric interferences (signal absorption by aerosols, water vapor, and carbon
dioxide) between the camera detector and the water’s surface.

4.2.2. Chloride and Magnesium lons

Chlorine and magnesium dissolved anions were collected from water supply wells, a
monitoring well, submarine springs, marine surface water, terrestrial surface water, and
effluent in June and September, 2011. Samples were collected in 500 mL high-density
polyethylene (HDPE) bottles that were pre-cleaned with 10% v/v hydrochloric acid (HCI;
1.2 N) and triple-rinsed with distilled, deionized (DI) water. During sample collection,
HDPE bottles were triple-rinsed with sample water, filled, stored in a chilled cooler while
in the field, and chilled in a refrigerator upon returning from the field. Dissolved anions
were sub-sampled from the 500 mL bottles the evening of collection by filtering through
45 um surfactant-free cellulose acetate filters (Nalgene, Thermo Scientific part number
190-9945) into 60 mL HDPE bottles that were triple-rinsed with filtered water. Prior to
use, the 60 mL HDPE bottles were pre-cleaned with 10%0 v/v HCI (1.2 N) and triple-
rinsed with distilled, DI water. Table 4-1 lists the locations of the submarine springs that
the samples were collected from as well as the sample names.

Groundwater from seven water supply wells was collected in both June and September
using in situ pumps and sample connections. A reducing adapter with a Tygon tube was
affixed to existing connections to facilitate sampling.  All pre-existing pump
infrastructure was purged for a minimum of ten minutes prior to sample collection.
Sample connections were purged for a minimum of two minutes to ensure adequate
flushing of the water delivery line. At least three volumes of water were flushed through
the delivery line.
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Lahaina Deep Monitor Well (a monitor well with no in situ pumping apparatus) was
sampled by lowering bailer bags down the borehole to immediately below the water
table. Once immersed, bailer bags were opened, filled with water, and then returned to
the surface, where the sample water was transferred directly to the sample bottle.

Four 15.24 cm (6 in) stainless steel drive point piezometers with 0.64 cm (0.25 in)
compression fittings (Solinst Canada Limited, Georgetown, Ontario, Canada, part
number 103160) were installed in the ocean floor at spring locations. Piezometers were
attached to 20-30 m of plastic tubing with a quick-connect fitting. Spring water from the
piezometers was collected at flow rates ranging from 0.33 to 0.50 L/min using a
peristaltic geopump (geotech, Denver, Colorado). Prior to sampling, the entire tube and
all fittings were purged for a minimum of two minutes to ensure that at least three
volumes of water flushed through the water delivery line.

Eight marine samples of surface waters were collected in September, 2011 by directly
filling sample bottles with water while stationed on a small boat. Four terrestrial water
samples were collected in June and an additional three were collected in September. All
terrestrial water samples were collected at the water’s edge by directly filling sample
bottles with surface water.

LWREF effluent was collected via dipping cup from the effluent stream just prior to
injection and transferred to sample bottles using a 20 L collapsible, low density
polyethylene (LDPE) container. R1 water was sampled directly from an on-site spigot
using a reducing adapter with Tygon tubing to transfer water to sample bottles.

Concentrations of dissolved anions were measured at the University of Hawaii Water
Resources Research Center Lab using a DX-120 ion chromatograph (Dionex
Corporation, Sunnyvale, California). Check standards for each dissolved species were
analyzed prior to and after sample analysis. Standard deviations (expressed as a
percentage of the accepted values) for the check standard analyses (n = 2) were 28.9% for
Mg*" and 1.0 % for CI".

4.3 RESULTS

4.3.1 Aerial Infrared Thermography

At the flight altitude of 2134 m (7000 ft), the camera configuration gave a swath width of
1038 m (3405 ft) and 2.3 m (7.5 ft) spatial resolution. The average aircraft ground speed
was 58.76+9.59 m/s (131.44+21.45 mph), making consecutive images advance by 1.96 m
(6.4 ft) on the ground.

SSTs from the three thermistors varied from ~23.0 to 26.3°C (Figure 4-2). Water cooled

after sunset and stabilized in temperature between midnight and sunrise to within 0.4°C
at both Kahekili and Black Rock and to within 0.9°C at Honokowai.
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Figure 4-3 shows the location of the LWREF, the deeply incised topography of the field
site, the relative proximity of the mountainous terrain to the coast, and the coastal SST
map of the area. SSTs on the left (roughly north) and right (roughly south) sides of
Figure 4-3 are similar to the average coastal SST for the month of May 2011
(25.5£0.5°C) determined at the Kahului tide station (1615680; Center for Operational
Oceanographic Products and Services). The warmest area of Figure 4-3 occurs near the
center of the mapped coastal zone.

The surface expressions of five marine spring locations are shown on the infrared image
in Figure 4-4. These surface expressions are also visible in the gray-scale SST map in
Figure 4-5. These springs exist in addition to the larger thermal anomaly (outlined in
Figure 4-4) located to the southwest of the spring locations. Figure 4-4 also shows that
the Black Rock Lagoon (near the Kaanapali Golf Course) was a source of cold
groundwater to the area (also see Sections 5 and 6).

The plume boundary in Figure 4-4 was determined by the plume-boundary temperature
inflection-point technique (Johnson, 2008), whereby the outer edge of the plume was
established by averaging the maximum change in temperature, or inflection point, from
five transects (ten inflection points) drawn laterally across the plume. The average plume
boundary temperature was 26.50°C (79.69°F). The plume extends beyond the edge of
the flight track, which is greater than 575 m (1886 ft) from the shoreline. The plume area
estimate of 673,900 m? (166.5 acres; Table 4-2) is, therefore, a minimum estimate of the
surface expression of the plume. The average plume boundary temperatures and surface
areas for the five spring locations shown in Figures 4-4 and 4-5 are given in Table 4-2.

Temperatures inside the thermal anomaly were uniformly warm (0.6°C variation inside
the plume) and were ~1°C warmer than the average coastal water temperature of
25.5+¢0.5°C (77.7+£0.5°F).  These temperatures contrast from natural submarine
groundwater discharge (SGD), which ranges from 20 to 22°C (68 to 72 °F; Mink, 1964).

4.3.2 Chloride and Magnesium Ions

In June, chloride ion concentrations ([C1']) from water supply wells varied from 121.0 to
277.4 mg/L (Table 4-3) and averaged 203.1+59.9 mg/L (n=7) while magnesium ion
concentrations ([Mg2+]) varied from 11.7 to 21.3 mg/L (Table 4-3) and averaged
17.3£3.8 mg/L (n=7). The exact same wells were sampled in September and yielded
similar results. Measured chloride concentrations in September varied from 91.0 to 365.0
mg/L (Table 4-3) and averaged 208.6+102.0 mg/L (n=7) while [Mg%] varied from 7.0 to
23.6 mg/L (Table 4-3) and averaged 15.0+5.4 mg/L (n=7). Ratios of Cl:Mg for these
supply wells varied from 9.6 to 13.4 in June and 9.6 to 15.9 in September (Figure 4-6).

The Lahaina Deep Monitor Well had fairly similar chloride ion concentrations for the
two sampling events (327.4 and 452.0 mg/L; Table 4-3). Likewise, magnesium ion
concentrations were similar for June and September (27.4 and 26.1 mg/L; Table 4-3).
The Cl:Mg ratio of the monitoring well was 12.0 in June and 17.3 in September (Figure
4-6).
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The four submarine springs sampled in June had [CI'] that varied from 1,468.9 to §,584.9
mg/L with an average value of 4,565.8+338.26 mg/L. The concentrations of magnesium
varied from 69.2 to 164.2 mg/L (Table 4-3) and averaged 115.2+39.5 mg/L. Two
submarine springs were sampled in September and had [CI'] that varied from 1711.0 to
2,792.0 mg/L (Table 4-3) and averaged 114.5+40.6 mg/L, while [Mg*'] varied from 85.8
to 143.2 mg/L (Table 4-3) and averaged 114.5£40.6 mg/L. The Cl:Mg ratios in June
were variable (19.9 to 52.3) while the September data shows more consistent ratios (19.5
to 19.9; Figure 4-6).

No marine samples were collected in June. Eight samples from September had [CI'] that
varied from 20,450.0 to 35,745.0 mg/L (Table 4-3) and averaged 24,671.1+5,964.0 mg/L.
Magnesium ion concentrations varied from 1,259.0 to 2,033.0 mg/L (Table 4-3) and
averaged 1,493.6+309.2 mg/L. Cl:Mg ratios were consistent, varying from 16.0 to 17.6
(Figure 4-6) with an average value of 16.4+0.5 mg/L. These values are slightly larger
than average seawater Cl:Mg ratios of 15:1 (Cox and Thomas, 1979b).

Terrestrial samples of surface water were variable, ranging from 5.8 to 5,970.1 mg/L for
chloride and 2.8 to 192.5 mg/L for magnesium in June (Table 4-3). Although from
different sampling locations, samples from September were also variable, ranging from
94.0 to 13,275.0 mg/L for chloride and 34.0 to 853.0 mg/L for magnesium (Table 4-3).
Cl:Mg ratios of samples collected in June ranged from 2.1 to 31.0, while ratios ranged
from 15.6 to 18.7 in September (Figure 4-6).

Treated effluent was sampled in both June and September. Chloride ion concentrations
were similar (567.8 and 582.0 mg/L) for both samples (Table 4-3). Magnesium
concentrations were also similar (39.3 and 32.8 mg/L; Table 4-3). R1 effluent was
sampled in September and had similar chloride and magnesium concentrations as treated
effluent, 571.0 and 32.2 mg/L, respectively (Table 4-3). The Cl:Mg ratio of treated
effluent in June was 14.4 (Table 4-3). Both September samples had a Cl:Mg ratio of 17.7
(Figure 4-6).

4.4 DISCUSSION

4.4.1 Aerial Infrared Thermography

Since the camera perceived an opaque nature for water, emission sensed by the detector
was derived from a thin skin (submillimeter) at the water’s surface. This is called the
"sea surface effect” (Schluessel et al., 1990; Banks et al., 1996; Fisher and Mustard,
2004). Bulk water temperatures are, therefore, not strictly determined by TIR remote
sensing (Brown et al., 2005) since temperature micro-gradients between surface and bulk
water exist (Fisher and Mustard, 2004). Skin temperatures at the water's surface are
colder than bulk water because of evaporative cooling (Handcock et al., 2006); however,
temperature differences between skin and bulk water are usually between 0.3 and 0.5°C
(Schluessel et al., 1990; Emery et al., 1994; Donlon et al., 1998; Emery et al., 2001).
Evaporative cooling did not obscure the underlying signal as thermal anomalies were
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apparent in our data. Furthermore, relative temperature differences in the scene are more
important than absolute temperatures assigned to each pixel for locating thermal
anomalies.

Thermal infrared images represent a snapshot of the coastal SST distribution at the exact
moment the airplane flew over the area. In our experience, the SST map will look
different under varied seasonal, tidal, wind, and wave conditions.

Since the image was collected approximately five hours after sunset, the warming effects
of the previous day’s solar insolation were minimally or no longer present in the data as
indicated by relatively stabilized SSTs (Figure 4-2). Thus, the thermal anomaly was a
real feature of the coastal zone, not artificial warming by solar insolation.

The streams in the region are ephemeral and only flow after precipitation events. No
precipitation was recorded in Lahaina in the days prior to the flight (National Oceanic
and Atmospheric Administration (NOAA) climatological data station 22552 available at:
http://cdo.ncdc.noaa.gov/qcled/QCLCD?prior=N), so stream beds should not have
contributed any water discharge signal to the coastal ocean during data collection.

Diurnal variations in wind speed occur rapidly in the field area and result in a thin (<1 m,
3.3 ft) wind-driven oceanic surface layer that is trade-wind controlled (Storlazzi and
Field, 2008). The rate and direction of this surface layer can be significantly different
than the rest of the water column (Storlazzi and Field, 2008). Known spring locations
correspond to the locations of the springs in the SST map (Figures 4-4 and 4-5). Since
the springs in the imagery correspond to the known and persistent locations of warm
water discharge, currents, winds, and waves were likely not influencing or pushing the
thermal signature of the plume in any predominant direction along the coastline during
data collection.

The warmest area of the entire coastline mapped (Figures 4-3 and 4-4) corresponds to the
geographic location where effluent enters the ocean through submarine springs, (see
Sections 3 and 6; Hunt and Rosa, 2009; Dailer et al., 2010, 2012). The spatial boundaries
of this plume, as suggested by Hunt and Rosa (2009) and which are based primarily on
8N values of macroalgae (Dailer et al., 2010), bracket the southern perimeter of the
thermal anomaly and extend at least 400 m (1,312 ft) north of the northern boundary of
the thermal anomaly. The thermal anomaly is, therefore, located in an area consistent
with groundwater flow emanating from the LWRF.

The northern portion of the SST map is colder than the area near the thermal anomaly
(Figure 4-3), consistent with depth-integrated temperatures from conductivity-
temperature-depth (CTD) casts collected in February and June 2003 by Storlazzi et al.
(2003). This temperature distribution is, therefore, likely a consistent occurrence for the
field area. Offshore CTD casts collected near the Kahekili Park area (Storlazzi et al.,
2003) show warm water, also consistent with the TIR data.
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Storlazzi et al. (2003) attribute the area’s cooler to warmer temperature gradient from
north to south to higher precipitation and likelihood for greater cold temperature SGD
contributions from the coastal zone in the northern portion of the area. This is a plausible
explanation for the colder water observed to the north, but does not adequately describe
the localized nature of the warm thermal anomaly southwest of the wastewater
reclamation facility.

4.4.2 Nature of the Thermal Anomaly

Both Dailer et al. (2010) and (2012) found the highest 8'°N values of macroalgae near the
submarine springs. To detail this comparison, the 8'°N (macroalgae) data from Dailer et
al. (2010) are overlain on the SST map as shown in Figure 4-7. The match is excellent:
as approaching the locus of submarine springs from the north, surface-water warming
increases (~24.5 to 26.8°C) with increasing 8'°N(macroalgae) values (+4.8 to +48.8 %o).
Dailer et al. (2012) found that discharge from the spring locations rises to the surface due
to its positive buoyancy relative to the seawater column. Once on the surface, the
buoyant waters flow toward the south with the most predominant current in the area
(Storlazzi and Field, 2008; Dailer et al., 2012). During calm conditions, Dailer et al.
(2012), have determined that the water column is stratified with respect to macroalgal
8'°N values. Macroalgal bioassays deployed at four depths in the water column along
~500 m (1,640 ft) of shoreline and extending ~100 m (328 ft) offshore show that
macroalgae deployed in the surface waters had higher 8"°N values than those at the
benthos (Dailer et al., 2012). Dailer et al. (2012) attribute this pattern to greater effluent
in the surface waters than near the benthos. This finding is consistent with positive
buoyancy of the submarine spring discharge. The water column is also stratified with
respect to radon (Section 5). In contrast, the water column has been found to be well-
mixed with respect to temperature and salinity (Figure 4-8; Tetra Tech Inc., 1993;
Storlazzi et al., 2003). At the most-seaward boundary of the plume (575 m, 1886 ft from
shore), the water depth is ~15 m (50 ft). Since the water column is well-mixed with
respect to temperature, and our infrared camera detected the warm signal from the top
skin of the water, potential sources of heat necessary to generate the large thermal
anomaly must be considered.

4.4.3 Potential Heat Sources

We have evidence to support three potential heat sources to the area including warm
effluent, geothermal activity, and exothermic reactions from organic matter
decomposition. We can neither implicate or exclude any one particular heat source to the
area and therefore consider all three possibilities with equal discretion.

4.4.3.1 Warm Effluent
The injection waters are a potential source of heat to the coastal zone. The effluent is
naturally warm with injection waters ranging from 26-31°C (79-88°F), the lower end of

which is consistent with water temperatures observed in the thermal anomaly. The
constant supply of warm effluent through concentrated subsurface pathways may create
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the conditions conducive the fairly conservative heat transport through the aquifer’s
subsurface, despite the ca. 3 month minimum travel time (Section 3) of the warm effluent
water from its input to its discharge in the coastal zone. Warm effluent cannot be ruled-
out as a heat source, given the connection found between the warm waters emanating
from the springs shown in Figure 4-4, the dye-tracer study (Section 3), the isotopic
groundwater study (Section 6), and many other studies that have demonstrated that
LWREF effluent emerges from the springs (Hunt and Rosa, 2009; Dailer et al., 2010,
2012).

4.4.3.2 Geothermal Activity

Cox and Thomas (1979a) found SiO, anomalies and temperature anomalies in excess of
30°C (86°F) in the Lahaina area (current Kaanapali Golf Courses to south of Lahaina
proper) and noted that the area displayed definite indications of anomalous subsurface
thermal conditions. The fact that no thermal springs exist on the land's surface does not
preclude the existence of subsurface thermal activity (Cox and Thomas, 1979a).
Furthermore, the most recent volcanism on West Maui occurred near Lahaina (Cox and
Thomas, 1979b). We therefore consider geothermal activity as a possible contributing
heat source.

The ratio of chloride to magnesium is a qualitative geothermometer that utilizes
differences in reactivity between chloride and magnesium ions in thermally-impacted and
non-thermally-impacted groundwater. Chloride in Hawaiian groundwater is essentially
all of marine origin with minimal inputs from basaltic-rock weathering (only at
temperatures in excess of 300°C; Ellis and Mahon, 1964; MacDonald et al., 1973).
Chloride is virtually stable in groundwater. It does not undergo chemical reactions or
anionic exchange with sediments (Schofield, 1956; Mink, 1961; Swain, 1973), ion
exchange reactions when seawater infiltrates the aquifers, or during subsurface
groundwater migration (Cox and Thomas, 1979a). Magnesium, on the other hand, is
subjected to a wide variety of reactions at both low- and high-temperatures in aquifers.
At low temperatures, magnesium primarily undergoes ion exchange reactions within
sediments, during typical chemical weathering of basalts, and during seawater
intrusion/mixing (Cox and Thomas, 1979b). Magnesium ion concentrations during low-
temperature processes are significantly increased relative to chloride ion concentrations
giving Cl:Mg ratios of between 1 and 6 for most non-thermally-impacted groundwater in
Hawaii (Cox and Thomas, 1979b). During high-temperature reactions, magnesium can
be effectively removed from solution by formation of high-temperature rock-alteration
products such as chlorite and illite (Ellis and Mahon, 1964), minerals that have both been
found in extinct hydrothermal systems in the Hawaiian Islands (Fujishima and Fan,
1977). Significant subsurface heat therefore lowers magnesium ion concentrations in
relatively shallow groundwaters in the Hawaiian Islands (Cox and Thomas, 1979b).

Cox and Thomas (1979a, b) proposed that Cl:Mg values > 15 are significantly anomalous
and are indicative of geothermally-altered groundwater, while Cl:Mg values between
12.0 and 14.9 are marginally anomalous. Cox and Thomas (1979a, b) measured
significantly anomalous Cl:Mg values from well-water samples that were in excess of 15
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from the Lahaina area. As Figures 4-9A and 4-9B show, the Cl:Mg values of spring
water (19.93 to 52.88 in June and 19.50 to 19.94 in September, Table 4-3) measured
during this study are larger than effluent (14.44 to 14.74), water supply wells (9.6 to
15.9), and average seawater for the area (16.42+0.51, n=8). Since the Cl:Mg values of
waters extracted from the submarine springs are larger than all other end members in the
area, magnesium must have been removed from these waters prior to their discharging
from the springs.

4.4.3.3 Exothermic Reactions Related to Organic Decomposition by Bacteria

A third conceivable source of heat contribution to the area is exothermic reactions related
to the bacterial consumption of organic matter (Hellstrom, 1997, 1999; Gallert and
Winter, 2003, also see Section 6). The 8'"°N of nitrate dissolved in the spring waters and
other geochemical considerations discussed in Section 6 are consistent with extensive
microbial nitrate reduction during organic matter degradation in these waters. Nitrogen
bubbles were commonly seen emanating between the shoreline and the north spring
group (Section 6). The nitrogen bubbles were enriched in nitrogen (91-98% nitrogen)
relative to the atmosphere (79%; see Section 6). These results are consistent with nitrate
reduction. Furthermore, manganese oxide crusts (indicative of suboxic conditions) have
been found coating coral cobbles at the south spring group (Section 6).

4.5 SUMMARY

The aerial thermal infrared technique successfully identified a 673,900 m” (166.5 acre)
thermal anomaly extending from the shoreline to at least 575 m (1,886 ft) offshore. The
thermal anomaly is located southwest of the LWRF. Previously identified submarine
spring locations were confirmed by the infrared technique, and reside at the northeast
corner of the large thermal anomaly directly over the spring locations. These thermal
plumes varied from 140 to 315 m? (1,507 to 3,391 ftz). The plume discharge, therefore,
buoyantly rose to the water's surface where it was detected by the TIR camera. Aside
from the large thermal anomaly, no new spring locations were identifiable by infrared
thermography. This study does not preclude the possibility that other submarine springs,
in deeper offshore water, contributed to this anomaly.

The thermal anomaly may result from one or a combination of three heat sources. These
sources include warm wastewater effluent, geothermal heating of groundwater and
possibly heating of the water column from below the surface expression of the thermal
anomaly, and exothermic reactions related to organic matter decomposition. Further
assessments of the source(s) of heat generating the thermal anomaly are required to
determine the relative contributions from each.
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Table 4-1: Submarine spring locations and the names of samples

Location Seep Group  Latitude Longitude Sample No. Date Time
Seep 3 South 20.93864 -156.69312 Seep 4 Piez-1  6/23/2011  17:00
Seep 4 South 20.93860 -156.69321 Seep 1 Piez-1 ~ 6/19/2011  15:00
Seep 1 Piez2  6/20/2011  15:33
Seep 1-2 Piez ~ 9/24/2011  16:40
NSG-a  North 20.93980 -156.69298 Seep 2 Piez-1  6/20/2011  16:15
Seep 6 North 20.94011 -156.69287 Seep 3 Piez-1  6/22/2011  12:58
Seep 3-2 Piez  9/23/2011  16:40

Table 4-2: Plume boundary temperatures and plume areas of submarine springs.
Boundary temperatures and plume areas were calculated from this Project’s sea-surface
temperature map. Springs and anomalies are described in a north to south direction and

are identified in Figures 4-4 and 4-5.

about the specific submarine springs.

The plume boundary of the thermal anomaly
includes the plume areas from Seeps 1-4 and 6. See Table 2-1 for more information

Plume Plume Plume

Description Boundary Boundary Area Plume2

Temperature Temperature (m?) Area (ft°)

(°C) CF)

Seep 5 26.32+0.02  79.38+0.02 315 3390
Seeps 2 and 3 26.41+£0.03  79.54+0.03 175 1880
Seep 6 26.44+0.03  79.59+0.03 210 2260
Seeps 1 and 4 26.65+0.02  79.97+0.02 140 1505
Thermal Anomaly 26.50+0.22  79.70+0.22 673,900 7,253,800
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Table 4-3: Chloride and magnesium ion data.

Sample Names Latitude® Longitude® Type® (mE}L) (nll\/gf/gL) Cl:Mg
Jun-11

Lahaina Deep Monitor 20.94944  -156.65778  Monitor Well 327.4 27.4 12
Kaanapali P4 20.94917  -156.65028 Water Well 258.3 21.2 12.2
Kaanapali P5 20.95361  -156.64694 Water Well 132.4 11.7 11.3
Kaanapali P6 20.95639  -156.64750 Water Well 277.4 21.3 13
Honokowai B 20.93722  -156.64389 Water Well 221.3 18.9 11.7
Kaanapali P1 20.92694  -156.65556 Water Well 121 12.6 9.6
Kaanapali P2 20.92944  -156.65306 Water Well 226.9 16.9 13.4
Hahakea 2 2091472  -156.66889 Water Well 184.6 18.2 10.2
Seep1Piez-1 20.93860  -156.69321 Spring 2085 104.6 19.9
Seep2Piez-1 20.93980  -156.69298 Spring 8584.9 164.2 52.3
Seep3Piez-1 20.94011  -156.69287 Spring 61242  122.7 49.9
Seep4Piez-1 20.93864  -156.69312 Spring 1468.9 69.2 21.2
Honolua Ditch 20.94957  -156.65773 Terrestrial 5.8 2.8 2.1
Kaanapali GC 1 2091771  -156.69188 Terrestrial 19222 140.2 13.7
Kaanapali GC 2 2091712  -156.69200 Terrestrial 196.5 15.9 12.4
LWRF Treated Treated

Effluent 20.94652  -156.68660 Effluent 567.8 39.3 14.4
Kahana Stream 20.97703  -156.67772 Terrestrial 5970.1  192.5 31

Sep-11

Lahaina Deep Monitor 20.94944  -156.65778  Monitor Well 452 26.1 17.3
Kaanapali P4 20.94917  -156.65028 Water Well 265 18.1 14.6
Kaanapali P5 20.95361  -156.64694 Water Well 201 13.9 14.5
Kaanapali P6 20.95639  -156.64750 Water Well 91 7 13
Honokowai B 20.93722  -156.64389 Water Well 365 23.6 15.5
Kaanapali P1 20.92694  -156.65556 Water Well 107 11.1 9.6
Kaanapali P2 20.92944  -156.65306 Water Well 288 18.1 15.9
Hahakea 2 2091472  -156.66889 Water Well 143 13.2 10.8
Seep 3-2 Piez 20.94011 -156.69286 Spring 2792 1432 19.5
Seep 1-2 Piez 20.93862 -156.69318 Spring 1711 85.8 19.9
LWRF-R1 20.94580  -156.68756 g;ﬁ?f;i 571 322 177
LWREF Treated Treated

Effluent 20.94652 -156.68660 Effluent 582 32.8 17.7
Kaanapali GC-R1 20.92041 -156.68698 Terrestrial 594 34 17.5
Black Rock 1 20.92854  -156.69490 Terrestrial 1732 92.8 18.7
Black Rock 2 20.92882 -156.69543 Terrestrial 13275 853 15.6
Maui DP 3 20.94025 -156.69370 Marine 23290 1438 16.2
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Table 4-3 (Continued)

b

Cl

Mg

Sample Names Latitude® Longitude® Type (mg/L) (mglL) Cl:Mg
Maui DP12 20.93237 -156.69478 Marine 32466 1936 16.8
Maui DP 14 20.92957 -156.69492 Marine 35745 2033 17.6
Maui 19 20.90451 -156.68701 Marine 20450 1259 16.2
Maui 23 20.92867 -156.69582 Marine 21017 1296 16.2
Maui 25 2093715 -156.69345 Marine 22482 1381 16.3
Maui 28 20.95494 -156.68814 Marine 20669 1292 16
Maui 32 20.93907 -156.70074 Marine 21250 1314 16.2

“Latitude and longitude coordinates are relative to WGS 84 (World Geodetic Survey 1984).

°All water wells except for the Lahaina Deep Monitor were water supply wells. All springs were
submarine springs. All terrestrial and marine samples were collected from surface water.
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Figure 4-1: Study area.
The wastewater reclamation facility (LWRF) is shown relative to the island of Maui. The
boxed area encompasses the study area.
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Figure 4-2: In situ sea-surface temperatures.

Data are from three thermistors deployed within the flight track and are displayed as five-
point moving averages. The area inside the double vertical bars represents when the TIR
data were collected. Sunset and sunrise are noted on the x-axis.
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Figure 4-3: Sea-surface temperature map of Lahaina.

The map is in perspective view, so the left side of the figure is looking roughly to the
north while the right side of the figure is looking roughly to the south. The tidal stage
was down-going to the lowest-low tide of the day (+0.241 to +0.252 m; +0.791 to +0.827
ft, relative to mean lowerlow water; NOAA tide station 22552). Shallow reef is outlined
in black. Boats are labeled with (B). Elevation data for the perspective view were
obtained online from the national elevation data set (http://seamless.usgs.gov/).

108



156°42°0"W 156°41°30"W

<X 7
M A
_:eters_ Reef /4 4
0 250 500
1:10,000

N“O&9SOOZ

0.95.0C

24.8 252 25.6 26.0 264 268 |
Temperature (°C)
Streams

Figure 4-4: Sea-surface temperature map of the thermal anomaly.

The color ramp is exactly the same as Figure 4-3. The plume is greater than 575 m (1886
ft) in width (from the shoreline to the edge of the flight line). There is less than 0.6°C
temperature variation within the plume area. The lagoon emptying into the ocean at the
southern end of the figure is fed by cold groundwater. Previously identified spring
locations are shown on the map and correspond to small-scale and semi-isolated thermal
anomalies.
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Figure 4-5: Submarine spring locations.
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Figure 4-6: Log-Log plot of magnesium versus chloride ion concentrations.

Data from June are plotted in the left panel and data from September are plotted on the
right panel. Samples to the right of the Cl:Mg=15 line are significantly anomalous and
are indicative of geothermal alteration. All waters from submarine springs plot in the
anomalous area of the diagram. The diagram is based on a similar diagram from Cox and

Thomas (1979a).
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Figure 4-7: 8'°N(macroalgae) overlain on the sea-surface temperature map.
Nitrogen isotopic data of macroalgae from Dailer et al. (2010); the highest 8'°N values of
macroalgae occur near submarine spring locations and within the thermal anomaly.
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Figure 4-8: Temperature and salinity depth-profile measurements.

Data are reported on horizontal bars for the northernmost and southernmost transects
collected in September, 2011. Scales for the temperatures and salinities in the horizontal
bars are provided in the adjacent vertical bars. Note that the depth, distance, temperature,
and salinity scales are different for the two transects. Data for all transects are given in
Table D-1.

113



o )
> 2
o S
& Q
v
= o
w)
S
s 8|S
3 O oWV
= SN
o of —
> b
S
o
2 o
p—
=
ot
z s £ »
o L 8=
— Qg'g
N B x o
o
s N
p—
)
= _ 99
L'-—)'@.q-o«
p— p— p—
b"To'_o'
o9 awn
Ec\-—t—
%. o e
= R
- g
o G @
o 3 2
\o o
v &
2 .
= o O
< oL, I
©° 2 <
¥
2 E =
bl
3 <
)
= g N
2 I o
ao d O vy
— g (q\]
S € ~
o = IYe)
\n wn S\
p— 1
S %
<
= W
£ -
- S o A
5t = - 3%
& o1
© [<] 0o T AN wn
— S O v e
1 I 1 1 1 ] 1 1 1 "2. o .
N..0€.85,0C N.0€:.LS0T N..0€.95,0C N.0€.55,0C N.0E.¥So0CT

Figure 4-9: Map of the Cl:Mg ratios.

A) June and B) September, 2011. Ratios are plotted for submarine springs, marine
waters, effluent, water-supply wells, and one monitoring well. Ratios below 12 are not
considered anomalous. Ratios between 12.0 and 14.9 are marginally anomalous and
ratios > 15 are significantly anomalous. Ratios >15 can be indicative of geothermal
activity.
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SECTION 5: SUBMARINE GROUNDWATER
DISCHARGE

5.1 INTRODUCTION

5.1.1 Radon and Radium as Geochemical Groundwater Tracers

Radon and radium isotopes are highly enriched in groundwater and depleted in ocean
water, and in the absence of other sources, their detection in coastal waters is an
indication of submarine groundwater discharge (SGD). A mass balance of these tracers
can be used to estimate the amount of groundwater discharge required to supply the
observed inventory of these tracers in the coastal zone. Radon can be used to measure
groundwater discharge at targeted areas and is therefore applicable for the determination
of discharge from targeted submarine spring clusters.

Radon is a naturally occurring radiogenic isotope that enters subterranean groundwater
aquifers as a dissolved and chemically inert noble gas after being released in predictable
quantities from all rocks, including basalt. Thus, groundwater is accordingly enriched in
*22Rn, with activities often 3 to 4 orders of magnitude higher in groundwater than in
coastal seawater, making it a superior tracer of coastal SGD (Burnett et al., 2006).
Owing to its short half-life (3.8 days) and the fact that ocean water has very low levels of
radon, this gas has now almost universally become the routinely measured tracer for SGD
flow rates, as the decay rate of ***Rn is comparable to the time scales of many coastal
circulation processes (Burnett et al., 2006). The dynamics of groundwater inputs as well
as estimates of groundwater discharges may therefore be examined via radon monitoring
of coastal waters (Burnett and Dulaiova, 2003). Assessment of possible temporal trends
is important because groundwater flow is known to be extremely variable on short (tidal)
and long (seasonal change in hydraulic head) time scales. In addition, there is a large
spatial variability in SGD that can also be assessed by coastal radon surveys where above
background (excess above that produced from its parent “*°Ra) radon values in the
surface water indicate groundwater inputs.

Radium isotopes are also enriched in groundwater relative to surface waters, especially
where saltwater comes in contact with surfaces formerly bathed only in freshwaters.
There are four naturally occurring radium isotopes: “**Ra: T1,=11.4 days (d), ***Ra: 3.6 d,
*Ra: 1600 years (y), and ***Ra: 5.8 y. These isotopes are produced in the natural
uranium and thorium radioactive decay chains in rocks and sediments. The chemical
composition of rocks and the amount of time the water spends underground results in
variable radium isotope ratios. The ratio of short-lived *Ra and ***Ra can be used to
identify water that has not spent more than 5 half-lives of **’Ra, or about 60 days in the
subsurface as “’Ra will be in disequilibrium with the uranium bearing rocks. This
signature can be used to identify groundwater travel time through a substrate as
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*»Ra/***Ra ratios of newly infiltrated water will be low in comparison to waters that had
spent >60 days in contact with the aquifer material.

5.1.2 Acoustic Doppler Current Profiler (ADCP) Measurements

An ADCP measures water velocity profiles in 3 dimensions by transmitting short pulse
pairs into the water, and calculating the phase shift between the two acoustic return
signals. In a profiler the Doppler effect is used to measure current velocities along three
beams, which are sorted into several bins. The High Resolution ADCP allows
measurements of small-scale phenomena with a 0.7 cm resolution and high frequency
sampling (I Hz). The High Resolution ADCP has velocity range of 10 m/s and an
accuracy of 0.005 m/s. This instrument should be capable of resolving the vertical fluxes
from individual submarine springs in the study site (see below), which are <1-20 c¢cm in
diameter and discharge water at rates observable with a naked eye. The flux
measurements (vertical velocity multiplied by the cross-section of the submarine spring)
from individual submarine springs can be summed to estimate groundwater flux from the
major submarine springs. The instrument can be deployed for extended time periods to
record changes in groundwater flux over time.

Both the radon mass-balance method and ADCP measurements provide groundwater
discharge but cannot identify if and what fraction of the groundwater is tertiary treated
wastewater. It is however possible to calculate the fraction of fresh groundwater and, in
combination with other geochemical information also the fraction of injected tertiary
treated wastewater (see Section 6). The relevance of these methods to the overall
objectives of the project is to provide groundwater flux from the submarine springs to
help determine the dye recovery.

5.1.3 Study Area

The focus area for the radon assessments in this project was along ~5 km of the
Kaanapali coastline and is bounded by the intermittent Honokowai Stream in the north
and by Hanakao'o Beach Park in the south. Located in the center of the study area are
submarine springs that discharge warm, brackish groundwater. Radon surface water
surveys were conducted along the 5-km stretch of the coastline while radon and ADCP
time series measurements were conducted only at the submarine spring sites (Figure 5-1).

5.2 METHODS

SGD flow rates of the selected study sites were determined via coastal water “*’Rn
monitoring and mapping surveys. In addition, radon and radium isotopes were measured
in piezometers inserted into the submarine springs and groundwater wells located
upstream of the discharge site.
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5.2.1 Radon Sampling

22Rn was measured continuously in 15-minute intervals for 8-24 hours at the three focus
submarine springs and in the surface water, and in 5-minute cycles during two surface
water radon/temperature coastline surveys. Time series measurements were established
on an inflatable zodiac boat equipped with the following instrumentation: 1) two
autonomous radon-in-air detectors (Rad7-Aqua manufactured by Durridge, Inc.; Lane-
Smith et al., 2002), one measured submarine spring water and the other surface water
radon (Figure 5-2a), 2) a YSI6920 V2-2 multiparameter probe measured temperature and
salinity at the surface, and 3) a pressure, temperature and salinity sensor (Schlumberger
diver CTD) close to the submarine spring. Water from the submarine springs was
pumped using a peristaltic pump and high-density polyethylene (HDPE) tubing attached
to each piezometer (Solinst Model 615 6" Drive-point piezometer, Figure 5-2b). Surface
water above each submarine spring was pumped using a 12-volt bilge pump. Both pumps
transported water to two air-water exchangers, which were attached to the radon-in-air
monitors (Figure 5-2a). A radon-in-air monitor measures the radioactive decay rate of
218po, a daughter of *’Rn by alpha-spectrometry. The instrument reports the detected
*8po in air, which is then converted to radon in water concentration using factory-
calibrated conversion factors (Lane-Smith et al., 2002). The instrument is calibrated
yearly against the industry standard at the manufacturer’s facility (Durridge, Inc).

*’Rn in groundwater was collected from seven groundwater wells within the watershed
using 250 ml glass bottles. These were measured the same day as collection in our field
laboratory using a Rad-H,O instrument (Durridge, Inc.). The detection limit of this
method is significantly higher (20,000 dpm/m’) than that of the Rad7-Aqua (100
dpm/m’). Submarine spring water was sampled and analyzed using the RAD7-H,0
method repeatedly on February 20, 27 and March 11, 14, 27, 2012. All groundwater well
and submarine spring samples were accompanied by salinity measurements.

Radon surveys of coastal surface water were conducted along the length of the
Ka'anapali coastline (~5 km) on June 21% 2011, during low tide from 10:00 a.m. to 2:30
p.m. and on September 22" 2011 during high tide from 9:00 a.m. to 2:30 p.m. The two
surveys were complimentary in order to capture radon activities as close to the coastline
as possible. The low-tide survey allowed us to capture higher radon activities but
prevented a close approach to the coastline, while in the deeper water at high-tide it was
possible to survey closer to the coastline. Radon surveys were conducted using a set-up
similar to that used for the submarine spring site monitoring. A RAD7-Aqua was
installed on a Boston Whaler, which moved at about 5 km/h speed. A bilge pump towed
in the surface water continuously provided water to the air-water exchanger along the
surveyed path. Water quality parameters were logged simultaneously with radon
measurements during these surveys by a YSI XLLM 6000. A Garmin GPSMAP 420s was
used to reconstruct the trajectory of the survey and record water depth.
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5.2.2 Radon Groundwater Discharge Mass Balance of Submarine
Spring Site Time Series Measurements

Groundwater discharge from the time series stationary radon measurements was
calculated by a radon mass-balance of surface coastal waters based on Burnett and
Dulaiova (2003), where submarine spring radon values were used as radon concentration
of the discharging groundwater. Groundwater-derived “**Rn fluxes into the coastal ocean
were determined by evaluating the change in inventories between 15-minute
measurements of radon in the surface water after correcting for tidal fluctuations, radon
losses by atmospheric evasion and mixing with marine waters, which is explained in
detail below (Burnett and Dulaiova, 2003):

1. We first performed continuous measurements of **’Rn activities (dpm/m’) in the
coastal water column and in the submarine springs using the RAD7-Aqua instrument as
described above, along with continuous measurements of water depth, and water and air
temperatures. Wind speed was obtained from a nearby weather station (NOAA station
WBAN ID #22552 located at Kapalua, HI) and atmospheric ***Rn concentrations were
estimated at 100 dpm/m’ based on previous radon in air measurements on Maui
(Dulaiova, unpublished data).

2. We then calculated excess (unsupported by **°Ra) Ex**’Rn inventories for each
measurement interval, i.e.,

I (dpm/m*)=Ex***Rn (dpm/m’)*water depth (m) (5-1)
Ex***Rn (dpm/m’) = total ***Rn-**°Ra (dpm/m’) (5-2)

where excess “**Rn activities in the water column were estimated from measurements of
*Ra. We used a **°Ra value of 82 dprn/rn3 measured in offshore ocean water near
Hawaii by Street et al. (2008).

3. The calculated inventories were next normalized to mean tidal height to remove the
effect of changing inventory due simply to tidal height variations. This normalization
was done for each measurement interval by multiplying the unit change in water depth
(m) over the measurement interval by the **’Rn activity offshore (dpm/m’) during the
flood tide and by concentrations in nearshore waters for the ebb tide. The flood tide
corrections were negative (since the inventory would be increasing due simply to an
increase in water depth) and the ebb tide corrections were positive.

4. We next corrected the tide-normalized inventories for atmospheric evasion losses
during each measurement interval. The total flux across the air-water interface depends
on the molecular diffusion produced by the concentration gradient across this interface
and turbulent transfer, which is dependent on physical processes, primarily governed by
wind speed. We used the equations presented by Macintyre et al. (1995) that relate gas
exchange across the sea-air interface to the gradient in the trace gas concentration,
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temperature, and wind speed. After these calculations, the radon water column
inventories were corrected for supported “**Rn (from **°Ra), changes in water level, and
atmospheric losses. We call these corrected inventories I*(dpm/m?).

5. “Net” **’Rn fluxes (Fnet) were then estimated by evaluating the change in corrected
inventories (AI*dpm/m?) over each time interval (At=15 min.), i.e.,

Fre(dpm/m’s)= AV*(dpm/m?)/ At(s) (5-3)

6. These fluxes represented the observed fluxes of “**Rn into the coastal water column

with all necessary corrections except loss via mixing with lower concentration waters
offshore. Minimum mixing losses were estimated from inspection of the F,¢ over time.
We based these values on the maximum negative fluxes that were invariably present.
Since greater mixing losses could be compensated by higher benthic radon fluxes, our
estimates must be conservative. The estimated mixing losses were added to the net fluxes
in order to derive “total” Rn fluxes (Fiotal), 1.€.,

Frowa(dpm/m®s) = Fye(dpm/m’s) + F(dpm/m’s) (5-4)

*2’Rn fluxes were then converted to water fluxes, specifically advection rates (o, m/s) by

Ce g 222 . . . . .
dividing Fio by the measured “““Rn concentration in the submarine springs, i.e.,

(m/5) = Frowa(dpm/m’s)/"* Ritgee,, (dpm/m’) (5-5)

The calculated advection rates represented water flux per area (m*/m*/d) for the area of
the water plume in which radon was measured. In order to convert the advection rate to
volumetric flux (m*/d), the advection rate was multiplied by the area of the radon plume
originating from the submarine spring site. We determined this area based on the radon
survey results, where the area of elevated radon signature above the submarine spring site
was used.

5.2.3 Radon Groundwater Discharge Mass Balance of the Coastal
Survey

While the time series measurements allows for the creation of a radon mass balance over
time, the radon data collected during the coastal surveys provides a ‘snapshot’
measurements. However, the latter covers a larger length of the coastline. The surface
water radon survey can reveal areas with elevated radon levels at which SGD can be
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evaluated. Radon measurements from the surveys can be converted into SGD fluxes
based on the following equation (Dulaiova et al., 2010):

Qs6Dp; = % (5-6)
where Qsgp,,, 1 total (fresh and saline) submarine groundwater discharge (m’/d), A Rn_cw
is the radon activity in the coastal water corrected for non-SGD sources and losses,
Agn_gw 1 the radon activity of the groundwater (dpm/m’). V is the volume of the coastal
water box that the measurement represents (m’) and 7 is the flushing rate of the volume
of water considered in the calculation.

Based on equation (5-6), the conversion of surveyed radon activity to groundwater fluxes
into the coastal zone may be summarized by the following calculations:

1. Radon activity in the coastal water (Arn cw) Was the average radon activity along a
selected segment of the coastline. We selected several areas for evaluations and averaged
the measured radon for each area individually. This activity was corrected for the
following non-SGD related sources and sinks of radon in the water column:
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a. In situ production from dissolved ““"Ra by calculating excess radon as:

Excess “*Rn = total **’Rn - **°Ra (5-7)

b. The amount of radon diffusing from the sand and corals was calculated from Tribble et
al. (1992) who estimated that in the absence of groundwater advection 10,500 dpm of
radon would be deliberated by its production from **°Ra in the coral body per day per 1
m® of coral. They also showed that the surface 1 m of coral effectively exchanges water
and radon on these time scales, we assume therefore a radon flux of 10,500 dpm/ms/d,
which is distributed within the whole depth of the water column for each m?.

c. Radon brought to the coast by incoming tides or upstream locations was eliminated
from the radon balance by subtracting offshore or upstream radon activities from in situ
radon. This influence was minimized or even neglected when the mapping survey
occurred at low tide and when the study site was well flushed with low-radon offshore
waters at high tide.

d. Radon losses due to radioactive decay were calculated using the coastal water
residence time (t defined below). Due to the short time scale of coastal mixing (here
assumed to be tidal), the radioactive decay of radon represented a loss of only 9% over
the tidal cycle.

e. Atmospheric losses were calculated from measured wind speeds (NOAA station
WBAN ID #22552 located at Kapalua, HI), water temperature and tracer concentration
gradients between water and air (Burnett and Dulaiova, 2003):

Fatm:k(cw' 0(Catm) (5 '8)
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where C,, and C,yy, are the radon activities in water and air, respectively; a is Ostwald’s
solubility coefficient; and k is the gas transfer velocity, a function of kinematic viscosity,
molecular diffusion, and turbulence.

2. For each measurement, the volume of the coastal water box (V) was calculated as
LxDxW where L was the length of the coastal segment, D was the average actual water
depth for nearshore locations with depths <2m, and it was set as 0.5 m for deeper parts of
the transect where the SGD plumes thinned out, and W was the width of the seepage face.
The length of the coastal segment was the distance represented by the elevated radon
activity. The width of the seepage face was considered the width of the surveyed coastal
segment. SGD can also be expressed as discharge per meter of coastline (m*/m/d), in
which case the volume of the coastal box in Eq. (5-6) is divided by the coastline length.

3. The flushing rate (t) of the coastal box was variable depending on currents and tides.
The radon time series measurements indicated that radon concentrations drop to the
offshore level at each high tide, which allowed the surface radon to build up by
groundwater discharge during low tide. We therefore considered t as one tidal cycle
(12.25 hours). We assumed the same t for the whole segment of our survey, which was
an oversimplified but realistic assumption.

4. Naturally occurring groundwater Radon (Ar, gw) Was represented by the groundwater
end-member radon activity that was measured in groundwater wells in West Maui (Table
5-1). These radon concentrations were significantly lower (3,000-47,000 dpm/m®) than
those observed in the submarine springs (30,000-80,000 dpm/m?).

5.2.4 Radium Sampling

Radium isotopes are typically at such low levels in natural waters, especially in
groundwater, that their measurement requires pre-concentration from very large samples.
Moore (1976) developed a method where radium can be collected from >100 liters of
seawater or fresh water by passing the water through manganese-oxide coated (MnO,-
coated) acrylic fiber. At near neutral pH and under a controlled flow-rate, the fiber
quantitatively adsorbs Ra, Pb, Th, Ac and other elements. The MnO;-coated acrylic fiber
is prepared by immersing raw acrylic fiber for about 20 minutes in saturated KMnOg4
solution heated to 75°C. When the fiber turns jet black, it is removed from the bath and
rinsed thoroughly (Moore, 1976). For applications, approximately 150 cm® (~10 grams
dry weight) of fiber is packed into a cylindrical cartridge. We used this technique to
collect radium isotope samples in 7 groundwater wells and 4 submarine springs. 35-50 L
of water was collected for “’Ra and “**Ra analyses into 25 L HDPE “cubitainers.” These
samples were passed through cartridges with 10 g dry-weight of manganese-coated
acrylic fibers to quantitatively remove radium from the water sample (Moore and Reid,
1973). Fibers were triple-rinsed with Ra-free, deionized water in the laboratory and the
moisture of the fiber was adjusted to have a water-to-fiber weight ratio in a range from
0.7 to 2.5 (Sun and Torgersen, 1998). The short-lived isotopes **Ra (T, = 11.4 days)
and *'Ra (T;, = 3.6 days) were measured by a delayed coincidence counter system
developed by Moore and Arnold (1996). For this measurement, the partially dried fiber
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was placed in a helium-circulation system in which the short-lived radon daughters of
*Ra and ***Ra, "’Rn and *°Rn, were swept into a scintillation detector and a delayed
coincidence circuit discriminated the alpha decays of the different radium daughters by
the timing of the alpha-decay events. The system was calibrated using **Th and **’Ac
standards that are known to have their daughters in radioactive equilibrium and are
adsorbed onto a MnQO;-coated fiber. Data were processed using procedures described in
Garcia-Solsona et al. (2008). Table 5-2 lists the locations of the submarine springs that
the samples were collected from as well as the sample names.

5.2.5 Determination of Seep Discharge Velocity via the Acoustic Doppler
Current Profiler

We used a High Resolution (HR) Aquadopp profiler (manufactured by Nortek-USA) to
measure vertical velocities of the water by orienting the Aquadopp in an upward-looking
position so that its beams measured water discharging from one submarine spring at a
time. We applied two different settings, for Seep 6 we measured the velocity as an
average over a distance of 0.3 m above the seafloor with a blanking distance of 0.2 m,
while for Seep 4 we divided the 0.3 m distance into fifteen 2-cm bins, so the vertical
velocities were averaged into 15 bins. Additional details of the settings are provided in
Table 5-3. At Seep 6, the HR Aquadopp profiler was deployed for 6 hours between 10:40
to 16:40 on September 23, 2011 and at Seep 4 the profiler was deployed for 22 hours
between 9:20 am on September 24 until 7:40 am on September 25, 2011.

5.3 RESULTS

5.3.1 Coastal Radon Time Series

Field observations, thermal infrared imaging (TIR) of surface water (see Section 4) and
the radon surveys indicated that the submarine springs focus into two clusters to which
we refer to as northern and southern clusters. We used Seep NSG-1 and Seep 6 for the
two major submarine springs in the northern cluster and Seep 4 in the southern cluster
(see Table 2-1). While the submarine springs were benthic point sources, at the surface
of the water column they manifested as plumes of warmer, radon-enriched water.

*Rn in Seeps 4. 6, and NSG-a was measured during the June field excursion for a
complete tidal cycle (24 hours). Overnight deployment of equipment was impossible for
security reasons in September, these time series were deployed for daytime intervals only
and covered only one north (Seep 6) and one south (Seep 4) submarine spring. Figure 5-
3 shows that for all three submarine springs and during both June and September, ***Rn
measured directly from the submarine springs at the seafloor (~20,000-80,000 dpm/m®)
was enriched ten to forty times that which reaches the surface waters (~2,000 dpm/m3).
This suggests intense mixing of groundwater with seawater at a rate of 10-40 times as the
submarine springs mix into the coastal zone. Still, the ~2,000 dpm/m3 measured in
surface waters is an order of magnitude above ambient ocean water radon levels (<100
dpm/m3 , Street et al., 2008), so despite the intense mixing, surface waters above the
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submarine springs were enriched tenfold the magnitude of background levels. The June
time series measurements showed radon activities varying with the tides where higher
activities were at low tide, however, this general trend was not distinguishable during
September time series measurements. Our findings were in very good agreement with
the results of Swarzenski et al. (USGS report, 2012) who measured a range of 15,000-
25,000 dpm/m” in Seep 4 and 500 -3,500 dpm/m” in the surface water in July 2010.

We sampled the submarine springs again in February and March, 2012 and the results
showed little variation in radon activities and salinity in the submarine springs. In the
south seep group, the average radon from these measurements was 25,000%=10,000
dpm/m’® with an average salinity of 3.1#0.1 (n=5). In the north seep group, radon
averaged at 39,000%5,000 dpm/m’ with an average salinity of 4.620.4 (n=4).

5.3.2 Groundwater Fluxes
5.3.2.1 Radon Mass Balance from Time Series Measurements

We used the radon mass balance method described in Burnett and Dulaiova (2003) which
uses surface water radon activities/inventories to derive groundwater fluxes. Losses due
to radon mixing and atmospheric evasion during the sampling period were lower in June
(~1400-1600 dpm/m*/hour), than in September (~1850-2700 dpm/m*/hour). Radon fluxes
by groundwater discharge ranged from 0 to 10,000 dpm/m*/hour in June and 0 to 11,500
dpm/m*hour in September. Radon fluxes averaged 1,781%158 and 2,533+180
dpm/m?/hour for June and September, 2011, respectively. Lower radon fluxes occurred
at high tide while maximum values were observed at low tide. This indicates that the
discharge from the submarine springs is tidally modulated; at high tide the hydraulic
gradient between the aquifer and ocean is smaller and more seawater is pushed against
the discharging water. At low tide, the hydraulic gradient is larger allowing more
groundwater to discharge. Radon fluxes were divided by the seep radon activities to
calculate groundwater advection rates. The average “*’Rn activity of the submarine
springs was 54,900 + 2,100 dpm/m’ in June and 42,800 + 1,950 dpm/m’ in September
(Table 5-1).

In June 2011, the average advection rates per full tidal cycle were 0.84 m/d from the
southern seep group measured above Seep 4, and 0.70 and 0.82 m/d above NSG-a and
Seep 6, respectively (Table 5-4). NSG-a and Seep 6 are part of the same northern cluster,
so the average advection rate at that site was 0.76 m/d. In September 2011, the average
advection rates were 1.32 and 1.06 m/d for the southern and northern submarine spring
plumes, respectively.

Advection rates (m/d) can be expressed as a discharge of m*>/m*/d and can be converted
to m’/d if the area of the groundwater plume is known. Areas for the two submarine
spring clusters were derived from the radon surveys, as the area of the plume with surface
radon concentrations within 100 dpm/m® of the mean radon concentration for each site.
Based on the radon survey, the plume area for the southern submarine spring cluster is 70
m x 100 m and northern cluster (Submarine springs 2 and 3) is 60 m x 53 m. Based on
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these areas the northern submarine spring cluster had a discharge of 2,400 m*/d in June
and 3,400 m’/d in September, 2011. The southern submarine spring cluster discharge
was 5,900 m’/d in June and 9,200 m’/d in September.

5.3.2.2 Radon Mass Balance from Radon Surveys

While the submarine springs were obvious groundwater discharge points, we also
surveyed the surrounding coastline to see how significant the submarine springs were for
the water balance with respect to other discharge locations. Results from the radon
surveys showed several areas of high radon concentrations (at least four to five times
ambient marine concentrations) in the surface waters bounding Honokowai Stream,
around the north and south submarine springs, around Black Rock, and in the south near
Hanakao'o Beach Park (Figure 5-4).

Areas where elevated radon activities were observed in June and September were
selected for detailed analysis (Figure 5-5) and are summarized in Table 5-5. At each
location, the size of the elevated radon plume was determined as the average distance
from the coast where the radon measurements were taken times the length of survey track
with surface radon concentrations within 100 dpm/m’ of the mean radon concentration
for each site. We also calculated the average radon activity and evasion and diffusion
terms as described in the “Methods” section 5.2.3.

The resulting groundwater discharge rates are total groundwater discharge, i.e. mixtures
of fresh terrestrial groundwater and recirculated seawater. For example, in the south
cluster, the submarine springs had an average salinity of 3, so not all of 6,300 m*/d was
terrestrial freshwater. The freshwater fraction based on the submarine spring salinity (3)
was ~90%, which provides a freshwater discharge of 5,700 m’/d out of the total of 6,300
m’/d. We did not have information about the salinity of discharging groundwater at other
locations, so only total discharge is reported for those.

5.3.3 Radium Isotope Results

Radium was analyzed in groundwater well and submarine spring waters to determine if
disequilibrium between **Ra to ***Ra and their parents exists in the submarine spring
samples. Lower “*Ra to ***Ra activity ratios would indicate waters younger than ~60
days, which is 5 half-lives of *PRa (Typ=11.4 days). In general, submarine springs had
higher radium concentrations than the groundwater wells (Table 5-6).

5.3.4 Determination of Seep Discharge Velocity via the ADCP

During our September 2011 field deployment, we performed two time series
measurements, one at Seep 4 in the south submarine spring cluster and one in the
northern submarine spring cluster at Seep 6. At Seep 4, the HR Aquadopp profiler was
deployed for 6 hours on September 23, 2011 and recorded from high tide to near low tide
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(Figure 5-6). Significant wave action produced a turbulent water column resulting in
significant upward and downward velocities with an absolute range of 0.03-0.04 m/s.
Despite this noise, we believe that the net upward flux is a good approximation for seep
discharge velocities. At high tide, the net upward velocity was much smaller (0.01 m/s)
than at low tide (0.05 m/s). The average upward velocity for the 6-hour deployment
period was 0.02 m/s.

At Seep 6, the HR Aquadopp profiler was deployed for 22 hours on September 24-25,
2011 covering almost a full tidal cycle. At high tide the upward vertical velocities were
minimal (0 m/s) and at low tide the observed velocities were 0.025 m/s. The average
upward velocity for the 22-hour deployment period was 0.0036 m/s.

5.4 DISCUSSION

5.4.1 Coastal Radon Time Series

Surface water radon activities above the submarine springs were elevated above the
natural background levels expected from the decay of dissolved **°Ra as well as that
diffusing from the corals and sediments. In the absence of other sources it is safe to
assume that the elevated radon originates from the submarine springs. Seep water radon
activities exceed those observed in ambient groundwater well waters (average 16,000 =
14,000 dpm/m3, n=13), indicating that the water and/or rock chemistry at the submarine
springs was different with higher levels of **°Ra on/in the rocks and sediments along the
groundwater flow-path, which resulted in higher production of radon. This may be due to
differences in the geology along the flow-path of groundwater discharging at the
submarine springs (consisting of alluvium) in comparison to higher elevation
groundwater wells located in basalt. Another reason may be that redox conditions in the
aquifer allowed the precipitation of manganese and iron (oxy)hydroxides that then sorb
226Ra from the groundwater, which released radon. These findings, however, have no
influence on the groundwater flux calculations.

5.4.2 Groundwater Fluxes

Radon measured at the surface of the water column above the submarine spring clusters,
and therefore the advection rates derived from radon, represented not just one submarine
spring, but the whole cluster and also any diffuse seepage that contributed to the radon-
enriched buoyant plume. The radon mass-balance method therefore has the advantage
that one does not have to quantify the number of discharge points and that all these
sources, regardless of their size, are included in the radon mass balance.

The estimated SGD rates based on advection rates derived from the time series radon
measurements showed an increase in discharge rates between June and September, 2011
at both locations. The northern seep group had a discharge of 2,400 m’/d in June vs.
3,400 m*/d in September, while the southern seep group discharge increased from 5,900
m’/d to 9,200 m’/d. Combining the discharges from the northern and southern seep
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group, the total flux of water at the study site was 8,300 and 12,600 m*/d in June and
September, respectively (Table 5-4). The largest uncertainty in these estimates is
contributed by the errors in the definition of the plume areas. The coastal survey was
conducted on a different day than the time series analysis and mixing conditions may
have been different between these two time intervals. Other sources of uncertainty are
errors on atmospheric evasion and mixing fluxes and resulted in, at most, 60% error on
the advection rate estimates (Dulaiova et al., 2010).

Groundwater discharge at the two seep groups is not the only coastal outcrop of
groundwater in this area. We surveyed the coastline in the larger vicinity of the
submarine springs to look for other possible discharge sites. From the survey, it became
obvious that groundwater discharge commonly occurs along this ~5-km stretch of
coastline with fluxes at individual locations ranging from ~2,000 to 28,000 m*/d (Table
5-5). There is significant discharge at locations both south and north of the submarine
springs and two of those, Honokowai and Wahikuli Wayside Park which is within the
Hanakao o Beach area defined here (Figure 5-5), were selected as additional tracer dye
sampling points (see Section 3).

The discharge determined from the radon survey includes recirculated seawater fluxes
and cannot be directly compared to recharge estimates from hydrological models that
represent fresh groundwater only (i.e. Gingerich and Engott, 2012). The fraction of
recirculated seawater can be calculated if the salinity of the discharging groundwater is
known. Except for the submarine springs, we did not identify the individual groundwater
sources at each discharge point, so we are not able to calculate freshwater discharges.
However, Street et al. (2008) showed that brackish to saline groundwater is the major
contributor to total SGD in West Maui. These authors studied Kahana, Mahinahina,
Honokowai and Honolua Bay, where 49-77% of SGD occurred as saline discharge.

Another caveat for these fluxes is that they may include stream water. Groundwater fed
streams are enriched in radon, and while radon readily escapes from streams by evasion,
there may be remaining radon in the water after it discharges to the coastline. There was
no observable discharge from any of the streams during our surveys, however, only the
drainage canal of the Kaanapali Golf Course was directly connected with the ocean and
contributed groundwater and radon to the radon inventory at Black Rock. Fluxes at the
other locations represent total groundwater discharge.

Hawaii water quality regulations (Hawaii Department of Health, 2009) governing the
discharges to the coastal waters depend on the magnitude of fresh groundwater fraction
of SGD per mile of shoreline to set contaminant limits. Although regulatory compliance
is beyond the scope of this study, we measured SGD and provide the data.

Two approaches were used to estimate the SGD near the shore in the study area. The
first was a water balance approach. For the shoreline of the Honokowai Aquifer System
a reasonable estimate of the freshwater component of SGD can made by using the
recharge estimate of Engott and Vana (2007) and the rate of groundwater extraction and
treated wastewater injection into this groundwater aquifer. The recharge to the
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Honokowai Aquifer System estimated by Engott and Varna (2007) varied from 100,100
m’/d (26.4 mgd) to 101,000 m’/d (26.7 mgd) with an average recharge estimate of
100,300 m*/d (26.5 mgd). The estimated recharge varies based on the geology near the
coast. The lower range of the estimates excluded areas of coastal sediments or where the
top of the Wailuku Basalts was at or below sea level. However, the difference between
the high and the low recharge estimates is small, and the average value was used for these
calculations. According to the Hawaii Water Plan — Water Resources Protection Plan
(Wilson Okomato Corporation, 2008) the pumpage from the Honokowai Aquifer System
in 2005 was about 11,500 m*/d (3.04 mgd). Pumping and SGD represent a significant
majority of fresh groundwater losses from the Honokowai Aquifer Sector. The
difference between the calculated average rate of recharge and pumpage is about 88,800
m’/d (23.5 mgd), which, with no other loss terms apparent, should equal the total fresh
water fraction of SDG loss to the ocean within the Honokowai Aquifer system. For a
shoreline-specific SGD comparison, this value was normalized over the shoreline length
of the Honokowai Aquifer Sector. The linear length of the shoreline of the Honokowai
Aquifer System is 11,800 m (7.33 mi). Thus, as based on the water balance budget, the
shoreline integrated fresh water fraction groundwater SGD for this aquifer is about 7.53
m’/m/d (3.20 mgd/mi) (Table 5-7).

This recharge is also augmented by injection of treated wastewater at the LWRF. The
amount of total recharge plus the annual daily injection rate of injection at the LWRF (ca.
13,200 m*/d or 3.5 mg/d) is thus 113,500 m’/d (30.0 mgd). The difference between the
calculated average rate of recharge plus injection and the pumpage is therefore about
102,000 m*/d (27.0 mgd), which, with no other loss terms apparent, should equal the total
non-saline water fraction of SDG loss to the ocean within the Honokowai Aquifer
system. For a shoreline-specific SGD comparison, this value was normalized over the
shoreline length of the Honokowai Aquifer Sector. Thus, as based on a water balance
budget that includes the LWRF injection, the shoreline integrated non-saline water
fraction of SGD for this groundwater body is about 8.65 m*/m/d (3.68 mgd/mi) (Table 5-
7).

The second approach used the nearshore-marine radon survey to estimate the coastal
SGD from North Honokowai to south of Hanakao’o Beach (Figure 5-5). The SGD
calculations do not represent the entire shoreline, but rather the areas of the highest
discharge rates shown by the boxes in Figure 5-5. Tables 5-4 and 5-5 list these SGD
estimates. The summed total SGD for the areas was 54,000 m’/d (14.3 mgd). The
shoreline length from North Honokowai to south of Hanakao’o Beach is 7,250 m (4.50
mi). This gives a total (marine + non-saline) SGD of 7.45 m’/m/d (3.17 mgd/mi), as
integrated over the shoreline (Table 5-7). It is important to note that caution must be
exercised in comparing the radon survey calculated total SGD to a fresh groundwater
SGD, because: (1) only the areas in the boxes were used in the calculations, which
excludes a significant length of shoreline where SGD is also occurring between the boxes
in Figure 5-5, and including these areas would increase the total SGD estimate; (2) radon
calculated SGD is total SGD and it includes non-saline SGD water (including injected
wastewater effluent) and marine SGD. This method cannot discriminate between these
sources, and thus fresh groundwater is only a fraction of the total SGD. Stable isotope
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mixing analyses (Section 6) indicates that the discharge from the submarine springs that
are the focus of this study is primarily (>50%) treated wastewater effluent. Applicable to
other areas, Street et al. (2008), estimated that 49 to 77 percent of the SGD may be saline
groundwater. Here, however, salinity of the water sampled at the submarine springs is on
average about 4.5, indicating it is only moderately brackish. It is interesting to note the
close agreement in the water balance and the radon survey specific SGD estimates; but as
stated above a direct comparison between the two is not valid due to the limited amount
of data available.

5.4.3 Radium Isotopes

There was a large scatter in radium values, which resulted from the variability of the salt
content of the sampled water and the geology of the aquifer. Salinity greatly affects
dissolved radium concentrations; the higher the salinity the more radium desorbs from
particles. This trend was observed in the wells and in the submarine springs, where the
submarine springs had significantly higher salinity and radium activities. Because of the
difference in geological settings between the upland wells and the submarine springs we
expected “’Ra and ***Ra to be produced at a different ratio.

The surficial geology of the coastal area is different (alluvium) than that of the upland
groundwater wells (screened in the basalt) and if the alluvium produced a different
*2*Ra/**Ra activity ratio, all seep ratios should be offset from the groundwater well
values. The average “**Ra/**’Ra activity ratio in the groundwater wells was ~12 (Figure
5-7). The wells that had ***Ra below the detection limit did not fit the trend because they
had measurable “**Ra. The trendline was forced through the origin because the two
isotopes behave chemically identically and if zero **’Ra is desorbed, there should also be
zero “*'Ra activity in the water. There were submarine spring measurements that were
significantly different from the groundwater well ratios and plot on the far right: Seep 4
(sample Seep 1 Piez-1), Seep 6 (sample Seep 3 Piez-1) and Seep 3 (sample Seep 4 Piez-
1) all had ***Ra/***Ra activity ratios of 5.4 in June, 2011. NSG-a (sample Seep 2 Piez-1),
which seems to behave geochemically differently from the other submarine springs (also
a salinity of 14.7 indicates the installation of the sampling piezometer was problematic)
had a ratio of 26. In September, 2011, however, the submarine spring ratios are much
closer to those of the groundwater well ratios, 10 for Seep 4 (sample Seep 1-2 Piez) and
11 for Seep 6 (sample Seep 3-2 Piez). Assuming that the activities of these short-lived
isotopes were negligible in the recharging water, the difference between the June and
September ratios was due to the change in the groundwater flow regime. Indeed,
salinities were much fresher in September when the radon mass balance predicted
significantly higher groundwater discharge from the submarine springs. One scenario
that could explain this would be the dilution of submarine spring water with groundwater
recharged upstream from the injection wells in September. Another consideration is that
the June sampling period was unfortunately subject to a large swell event that increased
the salinity in the submarine spring samples and likely diluted the actual geochemical
properties of the submarine spring water. However, other scenarios are possible and the
understanding of the shift in radium ratios in the submarine springs between the June and
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September flow regimes requires further investigation which is beyond the scope of this
project.

While in other coastal aquifers radium isotopes provided valuable information on water
ages, we must conclude that in this setting, the radium data cannot be used to determine
ages of the recharged water. This is because it is longer than 60 days and is therefore
beyond the sensitivity of the radium method.

5.4.4 Determination of Seep Discharge Velocity via ADCP

The ADCP record (Figure 5-6) indicated that the discharge from individual submarine
springs was tidally influenced, probably due to the smaller hydraulic gradient between
the aquifer and the ocean at high tide than at low tide. At high tide the velocities were
smaller than at low tide. The same trend was also observed from the radon
measurements. These submarine springs were the same (Seeps 4 and 6) as the ones later
sampled for radon. The ADCP was deployed before the piezometers were inserted into
the submarine springs. The average upward vertical velocity of the Seep 4 deployment
was 0.02 m/s. Assuming a 0.2 x 0.2 m submarine spring geometry, this velocity
corresponds to a groundwater discharge of 70 m*/d. The average upward vertical velocity
for Seep 6 was 0.0036 m/s. Assuming the same 0.2 x 0.2 m submarine spring geometry,
the water flux from Seep 6 would be 12 m’/d. The 0.2 x 0.2 m submarine spring
geometry is just an approximation because the exact geometry of the submarine springs is
hard to define due to their irregularity. Exact submarine spring geometries including vent
dimensions and water cone diameters will be measured and the number of submarine
springs will be quantified in the next phase of the project. We will also perform more
measurements and improve water velocity measurements by changing the deployment
geometry and we will target calmer days with smaller swells.

5.5 SUMMARY

Groundwater discharge from two seep groups described in Table 2-1 were measured
directly using a current meter and indirectly via geochemical tracers. As an indirect
method we used radon, a naturally occurring radioactive tracer. We constructed a radon
mass balance model to estimate discharge from time series radon measurements in the
surface water. We found that the groundwater discharge from the submarine springs is
tidally modulated with minimal discharge at high tide and increased fluxes at low tide.
Due to this variability we expressed discharge in this report as a 24-hour average. The
total (fresh + saline) groundwater discharge including the submarine springs and diffuse
flow was 8,300 and 12,600 m*/d in June and September, respectively (Table 5-4). Out of
this, fresh groundwater discharge amounted to 6,100 and 10,900 m’/d in June and
September, 2011, respectively. Coastal radon surveys showed that there is significant
groundwater discharge along the coastline north and south of the submarine springs. We
found several sites with groundwater discharge ranging from 2,000 to 28,000 m’/d, the
highest flux at 28,000 m°/d was at Hanakao'o Beach Park, the second largest at 15,000
m’/d was at Honokowai Beach Park. We can also express this flux as volume of water
discharged per meter shoreline. For a conservative estimate, we can assume that
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groundwater only discharges at the 6 sites indicated in Table 5-4 and on Figure 5-5 along
this 5 km coastline. The sum of the fluxes is 54,000 m’/d, resulting in a groundwater
discharge of 10.8 m’ per m of coastline per day.

Hawaii water quality regulations (Hawaii Department of Health, 2009) governing the
discharges to the coastal waters depend on the magnitude of fresh groundwater fraction
of SGD per mile of shoreline to set contaminant limits. Two approaches were used to
estimate the SGD near the shore in the study area. The first was a water balance
approach. For the shoreline of the Honokowai Aquifer System a reasonable estimate of
the freshwater component of SGD can made by using the recharge estimate of Engott and
Vana (2007) and the rate of groundwater extraction (Wilson Okamoto, 2008). The
shoreline integrated fresh water fraction of SGD for this aquifer is about 7.53 m?*/m/d
(3.20 mgd/mi) if the LWRF treated wastewater is not considered. If the injection of
13,200 m*/d (3.5 mgd) of treated wastewater is considered the SGD increases. The
shoreline integrated non-saline water fraction of SGD increased to about 8.65 m’/m/d
(3.68 mgd/mi).

The second approach used the nearshore-marine radon survey to estimate the coastal
SGD from North Honokowai to south of Hanakao’o Beach (Figure 5-5). The SGD
calculations do not represent the entire shoreline, but rather the areas of the highest
discharge rates shown by the boxes in Figure 5-5. The summed total SGD for the areas
of highest SGD was 54,000 m’/d (14.3 mgd). This represents a total (marine + non-
saline) SGD of 7.45 m’/m/d (3.17 mgd/mi), as integrated over the shoreline. It is
important to note that caution must be exercised in comparing the radon survey
calculated total SGD to a fresh groundwater SGD, because: (1) only the areas in the
boxes were used in the calculations, which excludes a significant length of shoreline
where SGD is also occurring between the boxes in Figure 5-5, and including these areas
would increase the total SGD estimate; (2) radon calculated SGD represents total SGD
and includes non-saline SGD water (including injected wastewater effluent) and marine
SGD. This method cannot discriminate between these sources, and thus fresh
groundwater is only a fraction of the total SGD.

An Acoustic Doppler Current Profiler (ADCP) was deployed at a major submarine spring
in each seep group. Despite the large swell event that produced noise in the data, the net
vertical flux was positive indicating that the instrument recorded the upward flux from
the submarine spring. The ADCP record showed that the discharge from the submarine
springs was tidally influenced, with lows at high tide and larger fluxes at low tide. At
Seep 4 located in the south submarine spring group, the average vertical velocity during
the 6-hour deployment was 0.02 m/s. At Seep 6 located in the north submarine spring
group the upward vertical velocity averaged at 0.0036 m/s. These water velocities
translate to a discharge from the individual submarine springs of approximately 70 and
12 m’/d from Seep 4 and Seep 6, respectively. Additional ADCP measurements are
ongoing, the results of which will be reported in this project’s final supplemental report.
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Table 5-1: Summary of **’Rn groundwater measurements in the Kaanapali region with average “*?Rn from seep time series.
Well samples are 250 ml grab samples. Seep samples are the averages of continuously measured activities.

TE€T

Well Name Latitude Longitude Elevation *’Radon and Error (dpm/m3)
(m) June September
Kaanapali P1 20.92694 -156.65556 286 7,800 + 26,000 11,400 = 31,000
Kaanapali P2 20.92944 -156.65306 280 13,000 + 29,300 12,900 + 31,700
Kaanapali P4 20.94917 -156.65028 266 2,600 + 23,100 2,900 £ 25,200
Kaanapali P5 20.95361 -156.64694 288 na 4,300 £+ 26,200
Kaanapali P6 20.95639 -156.64750 290 24,800 + 35,100 10,000 £ 30,000
Honokowai B 20.93722 -156.64389 266 7,800 + 26,000 37,100 + 42,000
Hahakea 2 20.91472 -156.66889 150 29,800 + 37,200 47,200 + 45,900
Seep 4 Ave. 20.93860 -156.69321 0 52,100 £+ 1,950 30,200 = 1,680
NSG-a Ave. 20.93980 -156.69298 0 40,300 + 1,740 na
Seep 6 Ave. 20.94011 -156.69287 0 72,500 + 2,560 55,400 £ 2,210
Seep Ave. 54,900 + 2,100 42,800 + 1,950

na — not available

Table 5-2: Submarine spring locations and the names of samples collected from those locations

Location Seep Group  Latitude  Longitude Sample No. Date Time
Seep 3 South 20.93864 -156.69312  Seep 4 Piez-1  6/23/2011  17:00
Seep 4 South 20.93860 -156.69321 Seep 1 Piez-1  6/19/2011  15:00

Seep 1 Piez2  6/20/2011  15:33

Seep 1-2 Piez  9/24/2011  16:40
NSG-a  North 20.93980 -156.69298 Seep 2 Piez-1  6/20/2011  16:15
Seep 6 North 20.94011  -156.69287 Seep 3 Piez-1  6/22/2011  12:58

Seep 3-2 Piez  9/23/2011  16:40
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Table 5-3: Settings of the Aquadopp HR profiler applied for submarine spring water vertical velocity measurements.
Measurements were done at Seeps 4 and Seep 6.

Time of first measurement
Time of last measurement

User setup

Measurement/Burst interval

Cell size

Orientation

Profile range
Horizontal velocity range
Vertical velocity range
Number of cells
Average interval
Blanking distance
Number of beams
Software version
Deployment name
Deployment time
Heading

Pitch

Roll
Latitude/Longitude

Seep 4
9/23/2011 10:42:12 AM
9/23/2011 4:38:36 PM

1 sec
300 mm

UPLOOKING SHALLOW WATER

0.30 m

0.61 m/s

0.26 m/s

1

1 sec

0.198 m

3

1.08

NSEEP

9/23/2011 10:42:12 AM
284.5

1.5

03
20.93860N/156.69321W

Seep 6
9/24/2011 9:20:41 AM
9/25/2011 7:43:07 AM

1 sec

20 mm

UPLOOKING SHALLOW WATER
0.30 m

1.15 m/s

0.48 m/s

15

1 sec

0.200 m

3

1.08

Seep3

9/24/2011 9:20:41 AM
342.8

-2.6

-0.6

20.94011N /56.69287W
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Table 5-4: Advection rate estimates at the two submarine spring clusters derived from radon time-series measurements.

\ June, 2011 \ September, 2011
Plume Average . Fresh Average . Fresh
. Advection Discharge .. . Advection Discharge .. .
Location Area 3 Salinity Discharge 3 Salinity Discharge
(mz) Rate (m’/d) (m3 /d) Rate (m°/d) (m3 /d)
(m/d) (m/d)

Seep4  70x 100 0.84 5,900 7.5 4,600 1.32 9,200 2.9 7,800

NSG-a 60 x 53 0.70 2,200 14.5 1,250 na na na
Seep 6 60 x 53 0.82 2,600 10.6 1,800 1.06 3,400 4.8 3,100

na — not available

Table 5-5: Groundwater fluxes derived from radon inventory and mass balance at sites with elevated surface radon activities in

June and September, 2011.

The surface area was defined as the average distance from coast where the radon measurements were taken times the length of

survey track with surface radon concentrations within 100 dpm/m3 of the mean radon concentration for each site.

Total Fresh Total Groundwater
Groundwater Groundwater Discharge per
Plume Surface Discharge Discharge Meter Coastline

Site Name 22Rn (dpm/m3) Area (m) (m’/d) (m*/d) (m*/m/d)
Black Rock 800 36 x 370 2,250 na 6
South Cluster 410 70 x 100 6,300 4,900 63
North Cluster 410 60 x 53 2,500 1,800 47
S. Honokowai 1,380 200x 110 7,100 na 64
N. Honokowai 1,380 150x 170 7,900 na 46
Hanakao'o Beach 1,200 200 x 1200 28,000 na 23

na — not available



Table 5-6: Radium isotope concentrations and salinities in groundwater wells (June 2011) and submarine springs (June and
September 2011).

i 3
Name Latitude Longitude Radium Isotopes (dpm/m”)

23Ra 229Ra Salinity
Kaanapali P1 20.92694  -156.65556 <DL 4.7 0.27
Kaanapali P2 20.92944  -156.65306 <DL 5.3 0.45
Kaanapali P4 20.94917  -156.65028 <DL 7.2 0.51
Kaanapali P5 20.95361  -156.64694 <DL 4.8 0.55
Kaanapali P6 20.95639  -156.64750 0.51 8.1 0.55
Honokowai B 2093722 -156.64389 1.04 10.8 0.44
Hahakea 2 2091472 -156.66889 0.30 5.9 0.41
Seep 1 Piez-1 (June) 20.93860  -156.69321 3.06 16.1 7.5
Seep 2 Piez-1 (June) 20.93980  -156.69298 0.58 15.4 14.7
Seep 3 Piez-1 (June) 20.94011  -156.69287 3.24 17.7 10.6
Seep 1-2 Piez (Sept.) 20.93860  -156.69321 1.40 13.6 2.9
Seep 3-2 Piez (Sept.) 20.94011  -156.69287 1.92 21.0 4.8
Seep 4 Piez-1 (June) 20.93860  -156.69310 3.14 16.9 3.5
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<DL indicate results below detection limit of 0.1 dpm/m’
Average 1-sigma measurement uncertainties for **’Ra are 30% while for ***Ra <10%.



Table 5-7: Shoreline SGD Estimations

Water Balance SGD Estimate

Parameter Value Units Value Units
Honokowai Shoreline 11,800 m 7.33 mi
Honokowai Recharge 100,300 m’/d 26.5 mgd
Honokowai Pumpage 11,500 m/d 3.04 med
Honokowai SGD 88,800 m’/d 23.5 mgd
Honokowai Spec SGD 7.53 m’/m/d 3.20 mgd/mi
Water Balance Augmented with LWREF Injectate

Parameter Value Units Value Units
LWREF Treated

Wastewater Injection 13,200 m’/d 3.50 mgd
Recharge + Injection 113,500 m’/d 30.0 mgd
Non-saline SGD

(Recharge + injection -

pumpage) 102,000 m’/d 27.0 mgd
SGD per Unit of

Shoreline 8.65 m’/m/d 3.68 mgd/mi

Radon Survey SGD Estimate

Parameter Value Units Value Units
Rn Shoreline 7,250 m 4.50 mi
Sum Rn Discharge 54,000 m’/d 14.3 mgd
Rn Spec Discharge 7.45 m’/m/d 3.17 mgd/mi
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Figure 5-1: Geologic map of the Kaanapali coast with locations of the three focus

submarine springs and the LWRF.
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Figure 5-2: Photographs of the (a) time series zodiac and (b) piezometer with a hose
connector installed in a submarine spring.

Two air-water exchangers on the time series platform are sampling radon from water
sampled at the surface (near side with green hose) and from the piezometer directly (far

side of zodiac and close-up photograph). Photos by Joseph Kennedy and Meghan Dailer,
2011.

137



Figure 5-3: **Rn time series measurements in dpm/L for Seeps 4, NSG-a, and Seep 6,

shown with water level.
Data are thirty-second measurements averaged over twenty-five minute intervals to
smooth the large scatter due to swell) measured by Diver CTD, during the June and

September, 2011 study periods. Error bars show the 1o error of measured activity over
five minute measurement periods.
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Figure 5-4: Results of radon surveys conducted in June and September, 2011.

The maximum activity during both surveys was 1.9 dpm/L. In the absence of other
sources of radon, areas of elevated radon indicate groundwater discharge or groundwater-
fed stream discharge.
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Figure 5-5: Radon activities measured during coastal surveys in June and September,
2011.

The radon color scale is same as for Figure 5-4. Sites with elevated surface radon
activities are outlined with a black box. The lengths of the boxes are the approximate
lengths of coastline that was within 100 dpm/m” of the mean radon concentration for each
site and the widths are the distance of the radon survey from the coastline. The latter
assumes that groundwater emanates at the coastline. Coastal groundwater fluxes were
estimated from these areas.
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Figure 5-6: HR Aquadopp profiler record from Seep 4 showing water level and vertical
water velocity, both recorded at 1 Hz.

The figure shows 1-minute running average of water level (blue) and of vertical water
velocity (green).
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The trendline is forced through the origin to reflect the same chemical behavior of the
two isotopes.
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SECTION 6: AQUEOUS GEOCHEMISTRY AND
STABLE ISOTOPES

6.1 INTRODUCTION

The occurrence of large scale algal blooms in the Kaanapali area (Figure 6-1) during the
late 1980s raised concerns regarding the impacts of land use practices on the coastal
environment (Tetra Tech, 1993; Dollar and Andrews, 1997). These practices included
intensively fertilized and irrigated sugarcane and pineapple agriculture, resort and golf
course development, the domestic use of cesspools and septic tanks, and underground
treated wastewater effluent injection at the Lahaina Wastewater Reclamation Facility
(LWRF), which had been opened in 1975 and newly expanded in 1985. In the following
years, several studies, including an inconclusive dye tracer injection test at the LWRF
injection wells (Tetra Tech, 1994) were conducted to examine the extent of nutrient
loading in the coastal ocean as well as the contribution of various land use practices to
this loading. Tetra Tech (1993), Soicher (M.S. Thesis, 1996), and Soicher and Peterson
(1997) used various modeling approaches combined with in-situ measurements to assess
the contributions of various land use activities to coastal nutrient loading from both
ground and surface waters. Dollar and Andrews (1997) and Laws (2004) examined the
area’s coastal water quality in terms of nutrient loading. Dollar and Andrews (1997) also
used stable isotopic tracers in algal tissue to attempt to discern the presence of
terrestrially derived N.  More recently, Hunt and Rosa (2009), Dailer et al. (2010, 2012),
and Swarzenski et al. (USGS report 2012) have used a wide array of approaches to
ascertain pathways of nutrient delivery to coastal waters. These approaches include the
analysis of wastewater indicator chemicals, nutrient species, and stable isotopes of water
and dissolved NOs™ (Hunt and Rosa, 2009), analysis of stable isotopes of N in algal tissue
(Dailer et al., 2010, 2012), and analysis of trace metals, radon, nutrient species, and
subsurface electrical resistivity (Swarzenski et al., USGS report 2012).

An understanding of the terrestrial origin and delivery mechanisms of dissolved species
(and particularly bio-active nutrient species) to the ocean is vital to establishing a
relationship between land-use practices and their impact on the coastal environment.
Submarine groundwater discharge (SGD; see Section 5), which is typically enriched in
nutrients relative to surface waters, can serve as the primary vehicle for the transport of
land-derived nutrients to coastal waters even in areas with significant surface water
discharge (Moore, 2006). On large tropical islands like Maui, which are characterized by
high rainfall, high relief, and high permeability fractured rock aquifers, SGD comprises a
much greater fraction of freshwater coastal discharge than on continents (Zektser, 2000).
On the dry leeward sides of these islands, where surface water discharge is nearly non-
existent, SGD may comprise nearly all of the land-derived freshwater flux to the coastal
ocean (Johnson et al. 2008). Data from hydrogeological budgets and models (Shade,
1996; Engott and Vana, 2007; Gingerich and Engott, 2012) of the Kaanapali area, located
on the dry leeward portion of the West Maui Volcano, indicate that SGD contributes
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significantly more freshwater to the coastal ocean than the area’s streams, which
discharge to the ocean only intermittently in response to large rainfall events (Tetra Tech,
1993; Soicher and Peterson, 1997).  As discussed in Section 5, SGD is the primary
delivery mechanism of freshwater to the coastal ocean in the Kaanapali area.

The purpose of our approach has been to (1) determine the origins of nutrients in the
area’s groundwater, (2) evaluate the down-gradient geochemical evolution of the area’s
groundwater prior to its discharge to the ocean, and (3) identify the impact of land-
derived nutrient fluxes on the geochemistry of coastal marine waters. Special emphasis
was placed on determining the geochemical evolution and ultimate fate of the treated
LWRF wastewater effluent after its injection (see Section 3), as this source has been
identified by several studies (most recently Hunt and Rosa, 2009 and Dailer et al. 2010,
2012) as one of the largest potential contributors to coastal nutrient loading in this area.
Field data was for this portion of the study was collected June 19-30, 2011 and
September 19-25, 2011. In situ temperature, conductivity, salinity, and pH were
collected in the field and Cl concentrations, nutrient concentrations, and the stable
isotope ratios of H and O in water and N and O in dissolved NO3; were measured in the
laboratory in order to characterize the geochemistry of the study area’s groundwater,
surface waters, treated wastewater, and coastal waters. Samples of gas emanating from
the submarine springs and the distinctive black mineral coatings and impregnations found
on rocks surrounding the submarine springs were also geochemically analyzed.
Generally conservative tracers such as the isotopic ratios of H and O in water and CI’
concentrations were used to evaluate mixing between potential end-members, while N
loading was considered together with the isotopic ratios of N and O in dissolved NOj to
evaluate origin, evolution, and mixing of N species.

6.2 METHODS

6.2.1 Sample Collection Methods

Groundwater from production wells (PW) was collected using in situ pumps and
sampling connections. Groundwater production well pumps were run for a minimum of
ten minutes prior to sample collection to purge the well of stagnant water. The ten
minute purge time resulted in purging volumes ranging from 21-43 times the calculated
well volumes for all wells except for Hahakea 2, for which pump flow rate data was not
available. Following well purging, sample collection connections were purged with
running sample water for a minimum of two minutes prior to sample collection to ensure
adequate flushing of the water delivery line. A reducing adapter with a Tygon tube
attached was affixed to the installed sample connections to facilitate sampling.

Grab samples were collected from the Lahaina Deep Monitor Well (a monitor well (MW)
with no in-situ pumping apparatus). This well was sampled by lowering bailer bags
down the borehole to below the bottom of the solid casing that extended about eight
meters below the water table. Once immersed, the bailer bags were opened by pulling up
sharply on the retrieval line and filled with water. The bailer bags were then returned to
the surface and the water was transferred directly to sample containers. This sampling
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method precluded performing an adequate well purge. Submarine spring (SS) water was
transferred to sample containers via a battery operated peristaltic pump from piezometers
installed in the ocean floor. Each piezometer was attached to 20 to 30 meters of LDPE
tubing with a quick-connect fitting. The tubing was purged for a minimum of two
minutes prior to sampling to ensure adequate flushing of ocean water. The peristaltic
pump flow rate ranged from 0.33 to 0.50 liters per minute. Table 6-1 lists the naming
convention used for the geochemical sampling of the submarine springs. Treated
wastewater (TW) at LWRF was transferred to sample containers via dipping cup from the
effluent stream just prior to injection (see Section 3 for the LWRF plant diagram). R1
(irrigation quality) TW produced by LWRF was sampled directly from an on-site spigot
using a reducing adapter with a Tygon tube attached. Accessible marine and terrestrial
surface (MS and TS) waters were collected by directly filling sample containers with
sample water while stationed on a small boat (for marine waters) or from the water’s
edge (for terrestrial waters). These samples were collected within 5 cm of the water’s
surface in all instances.

Temperature, specific conductivity, salinity, and pH were measured via YSI Multi-
parameter sonde (600XLM, 6600V2-2, and 6600V2-4 models) using the sonde cap as a
continuously overflowing flow-through cell for all PW samples, as well as, the R1 LWRF
TW. These parameters were measured for the Lahaina Deep Monitor Well by
transferring water collected via bailer bag to the sonde cap for measurement.
Temperature, specific conductivity, salinity, and pH of submarine springs waters were
measured in conjunction with the dye tracer field monitoring portion of this study (see
Section 2). Temperature, specific conductivity, salinity, and pH of MS and TS waters
and secondary LWRF TW were measured by immersing the sonde in the water body at
the sample location immediately prior to collection.

Nutrient, CI', and NOs" isotope samples were collected in acid-cleaned 500 mL HDPE
bottles, transferred to a chilled cooler upon collection, and chilled in a refrigerator as
soon as practical. PO,> , SiO44', NOs", NO,", and NH," samples were sub-sampled from
the collection bottles and filtered through 45 micron surfactant-free cellulose acetate
filters into acid-cleaned 60 ml HDPE bottles the evening of collection. Total N (TN) and
TP (TP) (150 ml) and NOs isotope (60 ml) samples were sub-sampled unfiltered from
the collection bottle. Dissolved NO;3™ isotope samples were subsequently frozen for
transport and storage and thawed immediately prior to analysis. All other samples were
kept in a chilled cooler or refrigerated during transport and storage, respectively.
Discrete salinity samples were collected in acid-cleaned 250 mL HDPE bottles. Water
isotope samples were collected with no headspace in 20 ml borosilicate glass vials crimp-
sealed with butyl rubber septa.

Samples of gas escaping from the ocean bottom near the submarine springs were
collected underwater by inverting open 20 ml borosilicate glass vials over the gas vents,
allowing the emanating gas to displace the water in the vial, and finally crimp-sealing the
vial with a butyl rubber septa. This sampling method resulted in approximately 4-8 mL
of water included with the collected gas. Several coral rubble/rock samples displaying a
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distinctive black coating were manually collected from near the submarine spring
discharge points and packed in plastic wrap for transport and analysis.

6.2.2 Analytical Methods

All PO ', SiO44', NO;", NOy", and NH4', TN, and TP samples were shipped chilled to the
University of  Washington School of Oceanography Technical Services
(http://www.ocean.washington.edu/services/techservices.html) for analysis. TN and TP
concentrations were measured using the methods described in Valderrama (1981). PO,
SiO44', NO;", NO5", and NHy4 ' concentrations were measured using procedures established
by UNESCO (1994). Results for these parameters are reported in both micromoles per
liter (uM) and in micrograms per liter (ug/L) in the data tables of this Section. When
cited in this section’s text, values are expressed in both units. Discrete salinity samples
were also shipped to this laboratory for analysis, with results reported in dimensionless
(UNSECO, 1985) Practical Salinity Units. Seven samples chosen at random were sent to
the University of Washington analytical lab as blind duplicates for all nutrient analyses to
ensure data quality and consistency. R-squared values for linear regressions performed
on plots of the sample-blind duplicate paired results ranged from 0.966 to 0.999 with
slopes ranging from 0.85 to 1.00 (Figures 6-4 to 6-10). Total N analyses were the least
reproducible, with the lowest R-squared value (0.966) and the slope farthest from 1
(0.85). All other analyses had R-squared values of 0.990 or greater and slopes between
0.964 and 1.00. Reported minimum detection limits (Table 6-2) for all analyses were
generally below values measured in this study. However, for several MS samples,
reported NO3;", NO, and NH," concentrations were close to and occasionally below
detection limits.

Concentrations of the dissolved cation CI" were measured at the University of Hawaii
Water Resources Research Center Lab using a Dionex DX-120 ion chromatograph.
Results for these analyses are reported in milligrams per liter (mg/L). Cl” check standards
were run prior to and after sample analysis. Standard deviation (expressed as a
percentage of the check standard accepted values) of the check standard runs (n = 2) was
0.97%.

We measured the isotope ratios of N and O in dissolved NOs;™ were measured by the
University of Hawaii Stable Isotope Biogeochemistry Lab using the denitrifier method
(Sigman et al., 2001) coupled with the sulfamic acid method of NO, removal during
sample preparation (Granger et al., 2006). Samples were analyzed on Thermo Finnigan
MAT 252 and 253 Mass Spectrometers using a continuous flow GC-interface. All results
are expressed in per mil (%o) notation relative to AIR (primary stable isotope standard for
N) or VSMOW (primary stable isotope standard for O). Isotope ratios for N and O were
calibrated using the internationally recognized IAEA-N3 NO5 standard assigned 8'°N of
4.7%o versus AIR (Bohlke and Coplen, 1995) and a reported §'O values ranging from
22.7 to 25.6%0 versus VSMOW (Revesz et al., 1997; Bohlke et al, 2003), as well as, an
internal lab standard. The IAEA-N3 §'*0 value of 22.7%o versus VSMOW was used for
the purposes of this study. All NO;™ stable isotope samples were analyzed and corrected
in batches of twenty runs (including samples, standards, and blanks). Each batch

146



included at least four standard runs (three runs of NIST-3 and at least one run of an
internal lab standard) and two duplicate samples. The average standard deviation of
standard and duplicate sample values for each batch were calculated and ranged from
0.23 to 2.26%o for 5'°N and 0.19 to 4.30%o for '*0. Note that samples with the identical
standard deviation values were run in the same batch.

Stable isotope ratios of H and O in water were measured by the University of Hawaii
Stable Isotope Biogeochemistry Lab using a Picarro Cavity Ringdown Mass
Spectrometer. All results are expressed in per mil (%o) notation relative to VSMOW, the
internationally recognized stable isotopic benchmark for water. Isotope ratios were
calibrated using internal lab standards. Water isotope samples collected in June, 2011
were analyzed coeval with and corrected using four internal lab standards run four times
each. The average standard deviation for internal lab standards run with the June, 2011
samples was 0.04%o for 8'°0 and 0.62%. for 8D. Water isotope samples collected in
September, 2011 were analyzed coeval with and corrected using the same four internal
lab standards, this time with three of the standards run three times each and the remaining
standard run twice. The average standard deviation for internal lab standards run with the
September, 2011 samples was 0.06%o for 8'*0 and 0.52%o for 8D.

Gas samples were shipped to Isotech Laboratories (http://www.isotechlabs.com) for
compositional analysis of O, + Ar, CO,, and N, via gas chromatography. Rock samples
were analyzed for molecular surficial composition at selected points using a JEOL
Hyperprobe JXA-8500F ion microprobe at the University of Hawaii SOEST Ion
Microprobe facility.

6.3 RESULTS

6.3.1 Sample Locations and Nomenclature

Samples were collected during the periods of June 19-30 and September 19-25, 2011.
Sample names, types, times, and locations are listed in Tables 6-3 (June) and 6-4
(September). Individual samples will be referred to in the text by their collection month
and sample name (i.e. June sample Kaanapali P-1). In this Section, groups of samples are
generally referred to by sample type (i.e. PW). Figures 6-2 (June, 2011) and 6-3
(September, 2011) show sample locations differentiated by sample type. A summary of
the water quality and stable isotope results are provided in Table ES-1 through ES-3 and
ES-4 through ES-6,

6.3.2 Temperature, Specific Conductivity, Salinity, CI', and pH

Temperature results (Tables 6-5 and 6-6; Figures E-3 and E-17) indicate distinctions
between MW and PW samples (19.13-22.66°C), MS samples (25.08-26.69°C), and the
LWRF treated wastewater effluent samples (30.80°C and 29.33°C in June and
September, 2011 respectively). It is important to note that the MS and TS samples as
well as the June and September, 2011 LWREF treated wastewater effluent samples were
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directly exposed to daytime sunlight and consequently may be affected by diurnal
temperature variations. PW samples may also be slightly affected by solar heating of the
above-ground piping and sampling connections during the day. Temperatures for the
submarine spring samples were not measured directly in this portion of the study but
were measured during the field monitoring and are reported in Section 2.

Specific conductivity and salinity values (Tables 6-5 and 6-6; Figures E-5 and E-19)
show a consistent and coherent positive relationship. This is necessarily the case for the
field salinity values, which were calculated from specific conductivity values by the YSI
instrument using a standard algorithm. The lab salinity values, which were determined
independently of the YSI-determined specific conductivity values, closely match the field
salinity values. Salinity results indicate distinctions between monitor well (MW) and
production well (PW) samples (0.21 - 0.81), LWRF treated wastewater effluent (TW)
samples (1.09 - 1.10), and marine surface water (MS) samples (33.64 - 34.66). Salinities
measured in terrestrial (TS) samples in the Black Rock lagoon (June samples Kaanapali 1
and 2; September samples Black Rock 1 and 2) ranged from 1.22 near its landward extent
to 23.12 near its mouth. Salinities measured for the submarine spring samples ranged
from 7.46 - 14.72 in June, 2011 and 2.92 - 4.80 in September, 2011. All salinities
reported for the submarine spring samples represent lab determined values, as physical
difficulties in accessing the discharge points combined with rapid mixing of the water
column in this area (discussed in Section 4) prevented accurate in situ measurement of
these parameters via YSI probe. Additional submarine spring salinity values were
measured during the field monitoring portion of this study and are reported in Section 2.

The CI" concentrations measured for selected samples to support end member mixing
calculations were generally consistent with salinity results. pH values (Tables 6-5 and 6-
6; Figures E-7 and E-21) ranged from 7.85-8.07 in the MW and PW samples, 8.03 - 8.16
in the MS samples, and 6.45 and 7.13, respectively, in the June and September LWRF
treated wastewater effluent samples. pH values for the submarine spring samples were
not measured directly in this portion of the study but were measured during the field
monitoring portion of this study and are reported in Section 2.

6.3.3 Nutrients

6.3.3.1 TP and PO/

TP concentrations across the study area ranged from 0.36 to 15.10 uM (11.1 to 467.6
pg/L as P) (Tables 6-7 (6-8) and 6-9 (6-10); Figures E-1 and E-15). MS samples had
values ranging from 0.36 to 1.09 uM (11.1 to 33.8 pg/L as P). MW and PW samples had
a relatively wide range of values from 1.93 to 9.96 uM (59.8 to 308.5 ug/L as P) . TP
concentrations in the LWRF treated wastewater effluent samples ranged from 5.29 uM to
6.66 UM (16 to 206.3 pg/L as P). TP of TS samples collected in the Black Rock lagoon
(June samples Kaanapali 1 and 2; September samples Black Rock 1 and 2) ranged from
3.98 to 8.42 uM (123.3 to 260.8 pg/L as P). The submarine spring samples had higher
TP concentrations than any other samples collected in the study area, ranging from 11.3
to 15.1 uM (350.0 to 467.6 ng/L as P).
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PO,’" concentrations (Tables 6-7 (6-8) and 6-9 (6-10), Figures E-6 and E-20) display
trends consistent with to TP concentrations across the study area. MS samples generally
had the lowest values measured in the study area, ranging from 0.08 to 0.84 uM (2.5 to
26.0 pg/L as P), while the monitor and production well samples displayed a range of
values from 1.54 to 8.19 uM (47.7 to 253.6 pug/L as P). PO,> concentrations in the
LWREF treated wastewater effluent samples ranged from 2.27 to 3.43 uM (70.2 to 106.2
ug/L as P). TS samples collected in the Black Rock lagoon (June samples Kaanapali 1
and 2; September samples Black Rock 1 and 2) had PO4> concentrations that ranged
from 1.98 to 5.13 uM (61.3 to 158.9 ug/L as P). As was the case with TP, the submarine
spring samples had higher PO,> concentrations than any other samples collected in the
study area, ranging from 9.00 to 13.39 uM (27 to 41 ug/L as P).

6.3.3.2 SiO*

Si04* concentrations across the study area covered a wide range from 3.49 to 914.17 uM
(98.0 to 25679.0 pg/L as Si) (Tables 6-7 (6-8) and 6-9 (6-10); Figures E-4 and E-18).
Si0,4* concentrations of the MW and PW samples ranged from 576.94 to 846.99 uM
(16206.2 to 23791.9 ng/L as Si) and were consistently over an order of magnitude
greater than the marine surface water sample SiO,4* concentrations, which ranged from
3.49 to 44.47 uM (98.0 to 1249 ng/L as Si) (Tables 6-7 (6-8) and 6-9 (6-10)). Si0,*
concentrations of the LWRF treated wastewater effluent samples ranged from 586.06 to
613.42 uM (16462.4 to 17231.0 pg/L as Si). Submarine spring Si04* concentrations
ranged from 426.64 to 753.26 uM (11984.3 to 21159.1 pg/L as Si). June TS samples
Kaanapali 1 and 2, collected near the head of Black Rock lagoon, had the highest SiO4*
concentrations measured in the study area, with values of 914.17 uM (25679.0 pg/L as
Si) and 902.45 pM (25350 pg/L as Si) respectively.

6.3.3.3 TN, NO5", NO, ", and NH,"

TN concentrations across the study area ranged from 4.59 to 517.10 uM (64.3 to 7291.1
pug/L as N) (Tables 6-7 (6-8) and 6-9 (6-10); Figures E-2 and E-16). MS samples
generally had the lowest range of concentrations (4.59 to 21.84 uM (64.3 to 306.0 pg/L
as N)), while the LWREF treated wastewater effluent samples had the highest range of
concentrations (432.63 uM to 517.10 uM (6061.1 to 7291.1 pg/L as N)). The TN
concentrations of MW and PW samples ranged widely, from 19.75 to 196.92 uM (276.7
to 2758.8 pug/L as N), but generally showed little temporal variation between samples
collected from the same wells in June and September, 2011. Submarine spring TN
concentrations also varied widely, from 23.28 to 115.9 uM (326.2 to 1623.8 pg/L as N),
while also displaying considerable temporal variation between the June and September,
2011 samples. The September, 2011 submarine spring samples TN concentrations
equaled or exceeded 112.24 puM (1572.5 pg/L as N) while all of the June, 2011
submarine spring samples Total N concentrations were less than or equal to 46.46 uM
(650.9 pg/L as N). TS samples from Black Rock lagoon (June samples Kaanapali 1 and
2; September samples Black Rock 1 and 2) had TN concentrations ranging from 153.20
t0 339.40 uM (2146.3 to 4755.0 pg/L as N).
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NOj™ was the prevalent species of inorganic N found in the study area, with the majority
of samples having NO; concentrations greater than combined NO, and NH,
concentrations (Tables 6-7 (6-8) and 6-9 (6-10); Figures E-10 and E-24). MS samples
had consistently low (often near and sometimes below the detection limit) levels of NOj',
ranging from 0.00 to 10.42 uM (0.0 to 146.0 pg/L as N), but typically near or below 1.00
uM (14.0 pg/L as N). As was the case with TN, the LWREF treated wastewater effluent
samples generally had the highest range of NO;™ concentrations (188.50 to 246.52 uM
(2640.9 to 3453.7 pg/L as N)). September TS sample Kaanapali GC-R1 Pond, which
contained R1 treated wastewater effluent piped directly from the LWRF, had an NOs
concentration of 302.57 uM (4239.0 pg/L as N), the highest measured in the study area.
TS samples from Black Rock lagoon (June samples Kaanapali 1 and 2; September
samples Black Rock 1 and 2) had a generally high but wide range of NOj
concentrations, from 77.28 uM (1082.7 ng/L as N) near the lagoon’s mouth to 246.05 uM
(3447.2 ng/L as N) near the lagoon’s head. MW and PW sample NO;™ concentrations
ranged widely from 11.41 to 177.48 uM (159.9 to 2486.5 ng/L as N). NOj3
concentrations of submarine spring samples were generally lower than MW, PW, TS, and
LWREF treated wastewater effluent concentrations but higher than the MS concentrations,
ranging from 6.86 to 26.15 uM (96.1 to 366.4 pg/L as N).

NO, and NH;" were measured in low concentrations (often near detection limits) across
most of the study area (Tables 6-7 (6-8) and 6-9 (6-10); Figures E-9, E-14, E-23 and E-
28). NO; was found only in trace quantities in MW, PW, and MS samples. The
maximum concentration observed in these samples was 0.44 uM (6.2 pg/L as N), with
most concentrations less than 0.10 uM (1.4 pg/L as N). The samples with significant
concentrations of NO, were the LWRF treated wastewater effluent samples, with
concentrations ranging from 30.18 to 37.81 uM (422.8 to 529.7 pg/L as N); the
September Kaanapali GC-R1 sample, with a concentration of 16.92 uM (237.0 pg/L as
N); the submarine spring samples, with concentrations ranging from 0.70 to 2.20 uM (9.8
to 30.8 pg/L as N); and the TS samples collected in Black Rock lagoon (June samples
Kaanapali 1 and 2; September samples Black Rock 1 and 2), with concentrations ranging
from 0.43 to 0.68 uM (6.0 to 9.5 pg/L as N). NH," concentrations displayed a similar
distribution to NO, concentrations in samples across the study area, although NH,"
occurred in slightly greater concentrations in the MW and PW samples (up to 1.19 uM
(16.7 pg/L as N)) than in the MS samples (up to 0.71 uM (9.9 pg/L as N), with most
samples near or below detection limits). Like NO,,, NH; was generally found in higher
concentrations in the LWRF treated wastewater effluent samples and the September TS
sample Kaanapali GC-R1 Pond, with concentrations ranging from 7.35 to 93.26 uM
(103.0 to 1306.6 pg/L as N), and the TS samples collected in Black Rock lagoon (June
samples Kaanapali 1 and 2; September samples Black Rock 1 and 2), with concentrations
ranging from 0.21 to 3.5 pM (2.9 to 49.0 pg/L as N). NH," concentrations measured for
submarine spring samples were generally greater than the majority of the MS sample
concentrations and ranged from 0.27 to 0.51 uM (3.8 to 7.1 pg/L as N).
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6.3.4 Gas and Coral Rubble/Rock Crust Analyses

Analytical results of the two gas samples collected (Table 6-11) show a composition
dominated by N; (914,200 to 984,400 ppm), with secondary amounts of O, + Ar (15,000
to 84,900 ppm). CO, was present in much lesser amounts (500 to 860 ppm). Surficial
ion microprobe analyses of coral rubble/rock samples collected directly adjacent to the
submarine springs (e.g. Figure 6-13) indicate that the black crust is primarily composed
of spherical globules of MnO and perhaps other solid-phase MnO-hydrous species.
Other compounds observed on the rock surfaces include biogenic SiO,, NaCl, and
possible MgCls.

6.3.5 Stable Isotopes

6.3.5.1 6'%0 and 6’H of Water

8'%0 and 8°H values measured across the study area ranged from 0.47 to -3.80%o and 2.82
to -15.70%o0, respectively (Tables 6-12 and 6-13; Figures E-11, E-13, E-25, and E-27).
No LWREF treated wastewater effluent or MS samples were analyzed from the June, 2011
sampling trip. With the exception of the submarine spring samples, samples of the same
type (especially MW and PW, MS, and TW samples) typically displayed similar, tightly
grouped values. MW and PW sample 8'%0 and 8°H values ranged from -3.39 to -3.80%o
and -13.85 to -15.70%o, respectively. MS sample 8'°0 and &°H values ranged from
0.37%o to 0.47%o0 and 2.24%o to 2.82%o, respectively. §'*0 and °H values measured for
the LWREF treated wastewater effluent samples and the September TS sample Kaanapali
GC-R1 Pond ranged from-3.06 to -3.12%0 and -11.34 to -11.39%o, respectively. &'°O
and 5°H values of the submarine spring samples were more variable than those of other
sample types, and ranged from to -1.52 to -3.21%o and -5.19 to -11.44%o, respectively.

6.3.5.2 "N and 6'°0 of Dissolved NO5

Dissolved NO5” 8'°N and 3'%0 values ranged from 0.65 to 93.14%o and -3.50 to 24.46%e.,
respectively, across the study area (Tables 6-12 and 6-13); Figures E-12 and E-26). MW
and PW sample NO;™ 8'"°N and 5'*O values fell within a tight range from 0.65 to 4.19%o
and -3.50 to 4.30%o, respectively. The LWREF treated wastewater effluent sample NO5
8'°N and 5'%0 values were 29.25%o and 19.82%o, respectively, in June, and 30.85%o0 and
15.92%o, respectively, in September. The September LWRF treated wastewater effluent
sample LWRF-R1 (8"°N = 31.5%o, 8'°0 = 15.4%0) and September TS sample Kaanapali
GC-R1 (3"°N = 31.5%o, 5'*0 = 11.7%0) had NO3 8"°N and 8'®0 values similar to those of
the June and September LWRF treated wastewater effluent samples. TS samples from
Black Rock lagoon (June samples Kaanapali 1 and 2; September samples Black Rock 1
and 2) had NOs~ 8"°N and §'®0 values ranging from 8.84 to 14.99%o and -1.82 to 2.84%o,
respectively. Submarine spring sample NO;™ 8'°N and 8'®0 values were the highest
measured in the study area, ranging from 77.82 to 93.14%0 and 21.56 to 24.46%o,
respectively. MS samples showed a wide range of NOs~ 8'"°N and 8'°0 values from
11.86 to 57.73%0 and 1.76 to 21.55%o, respectively.
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6.4 DISCUSSION

6.4.1 Temperature, Salinity, and pH
6.4.1.1 Temperature

MW and PW sample temperatures (19.13 - 22.66°C) in the study area were consistent
with those measured by Thomas (1986) and Soicher (M.S. Thesis, 1996). Though the
West Maui region has been assessed as having geothermal potential based on
geochemical anomalies and elevated groundwater temperatures in certain areas (Cox and
Thomas, 1979; Thomas, 1986), no abnormally elevated groundwater temperatures were
measured at any of the wells sampled in this study.

The temperatures of TS samples were in all cases obtained from relatively small, shallow
water bodies with direct sun exposure, and were consequently influenced by solar
heating. This effect is especially apparent for the June sample Kaanapali GC-2 (32.37
°C), which was sampled from a shallow concrete culvert under the influence of direct
afternoon sunlight.

As with the TS water samples, the June and September LWREF treated wastewater
effluent samples (30.90 and 29.33 °C, respectively) and the September LWRF-R1 sample
(29.64 °C) were undoubtedly warmed by solar radiation during treatment and while
passing through open basins prior to injection. As the LWRF wastewater treatment
process includes biological nutrient removal (Scott Rollins, County of Maui Wastewater
Reclamation Division, personal communication, 2012) exothermic biodegradation of
organic compounds (Hellstrom, 1997, 1999; Gallert and Winter, 2005) may also play an
undetermined role in the elevated temperatures found in the June and September LWRF
treated wastewater effluent samples and the September LWRF-R1 sample.

MS sample temperatures (25.08-26.69°C) were typical for the area as measured in several
previous studies (Tetra Tech, 1994; Dollar and Andrews, 1997; Laws, 2004; Storlazzi et
al., 2006). Thermal Infrared Imagery (TIR) collected during nighttime field assessments
in May, 2011 (see Section 4) shows a large region of slightly elevated ocean surface
temperatures offshore from the submarine springs sampled in this study. This anomaly
was not readily discerned in our MS sample temperatures, however, because the MS
samples were collected during the day when solar heating was a factor.

Submarine spring sample temperatures were not measured as part of this portion of this
study. However, submarine spring discharge temperatures were measured as part of the
field monitoring portion of this study (see Section 2). These results show that submarine
spring discharge temperature is generally significantly elevated from ambient ocean
water, with average monitoring point temperatures reported in Section 2 ranging from
27.4 to 30.1 °C. The presence of similarly elevated temperatures in both the submarine
spring samples and LWRF treated wastewater effluent samples provides additional
support for a hydrological connection between the LWRF injection wells and the
submarine spring discharge confirmed by the dye tracer results (see Section 3).
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Continued exothermic biodegradation of organic compounds in the injected LWRF
treated wastewater effluent and geothermal heating (see Section 4) are possible
mechanisms that could account for the apparent conservation of temperature between the
LWREF treated wastewater effluent prior to injection and the submarine spring discharge.

6.4.1.2 Salinity

Salinities for the groundwater monitoring well (MW) and production wells (PW) samples
(0.21 - 0.81) in this study were uniformly fresh, with little significant variation
throughout the study area. These results are consistent with previous measurements of
groundwater salinity in this area by Soicher (M.S. Thesis, 1996).

The widely varying salinities of terrestrial surface water (TS) samples (0.40 — 23.12)
appear to be a function of their location and derivation. The salinities of the Black Rock
lagoon TS samples (June samples Kaanapali 1 and 2 and September samples Black Rock
1 and 2) were controlled by their distance from the lagoon’s ocean connection and
decreased from 23.12 near the mouth of the lagoon to 1.22 near the furthest inland extent
of the lagoon. The elevated salinities of June TS samples Kahana Stream and Kaanapali
GC-1 appear to be primarily a result of evaporative salt enrichment in the relatively
stagnant water bodies these samples were collected from, though some saline
groundwater influence may be present as well, given the close proximity of these
sampling locations to the ocean. The June sample Kaanapali GC-2 consisted of runoff
from ongoing golf course irrigation (which itself consists of both municipal supply and
LWRF-RI1 effluent) and consequently had a low salinity of 0.40.

Salinities measured for LWRF treated wastewater effluent (TW) samples and September
TS sample Kaanapali GC-R1 Pond ranged from 1.09 to 1.13 and were similar to the
LWRF’s treated wastewater effluent salinity of 1.03 reported by Hunt and Rosa (2009).
The Kaanapali area’s municipal water supply, which is the ultimate source of the bulk of
the wastewater received and treated by the LWREF, is derived from roughly 44%
groundwater extracted from upland groundwater production wells (PWs) (including
several of the wells sampled in this study) and 56% surface water diverted from perennial
streams to the north of the study area (Edna Manzano, Maui County Department of Water
Supply, personal communication, May 8, 2012). The salinities of the PWs sampled in
this study ranged from 0.23 to 0.64 and the salinities of stream water in and near the
study area reported by Soicher (M.S. Thesis, 1996) ranged from 0.10 to 0.25. The
enrichment in salinity of the TW samples relative to these original sources in likely due
to a variety of factors including the concentration of salts in excreta, introduction of salts
through normal municipal water use, and evaporative enrichment of wastewater salt
content both prior to and during treatment.

Marine surface water (MS) sample salinity measurements had an arithmetic mean of
34.43 and were similar to those measured in several previous studies (Tetra Tech, 1994;
Dollar and Andrews, 1997; Laws, 2004; Storlazzi et al., 2006, Hunt and Rosa, 2009).
Samples collected well offshore, such as September samples Maui 31 (34.58), 32 (34.58),
and 34 (34.56), generally had higher salinities. Samples collected proximal to coastal
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fresh submarine groundwater discharge (SGD) points such as the submarine springs and
Black Rock lagoon tended to have lower salinities. For example, the September samples
Seep 1-2 Surface and Seep 3-2 Surface, which were collected at the ocean’s surface
directly above submarine springs, had salinities of 33.97 and 34.34 respectively, and the
September sample Maui 23, which was collected near the mouth of Black Rock lagoon,
had a salinity of 34.14. Samples taken just offshore from Wahikuli Wayside Park, such
as September sample Maui 19 (34.25), and Honokowai Beach Park, such as September
samples Maui 27 (34.28) and 28 (34.26), also had generally lower salinities, suggesting
the influence of fresh SGD in these areas as well. See Section 5 for a quantitative
discussion of SGD in the study area.

Submarine spring (SS) salinities measured in this portion of the study (2.92 to 14.72)
displayed significant variability between samples but were consistently much lower than
values (26.0 to 29.7) reported by Hunt and Rosa (2009). This discrepancy is probably a
result of sampling technique, as the piezometers used in this study were better able to
limit the inclusion of surrounding ocean water than the inverted funnels used by Hunt and
Rosa (2009). The SS salinity values obtained in this study are similar to those obtained
by Swarzenski et al. (USGS report 2012), who also used piezometers to obtain their
samples. The variability in SS salinity appears to be a function of both piezometer
installation and wave action. The higher SS salinities measured in June (7.46 - 14.72)
corresponded with a large summer south swell event that was energetic enough to disturb
the installation of some of the piezometers. The lower SS salinities measured in
September (2.92 - 4.80) corresponded with calm ocean conditions. SS salinities
measured daily during the field monitoring portion of this study (see Section 2) confirm
the temporal variability of SS salinities in response to tide, wave action, and piezometer
installation.

6.4.1.3 pH

MW and PW sample pH values (7.85 to 8.07) were slightly basic, fell within a narrow
range and were consistent with those observed in Thomas (1986) for the study area. TS
sample pH values, while also tending to be slightly basic, were more variable (7.30 to
8.34), with higher pH values measured in samples with more potential oceanic influence
(e.g. June sample Kahana Stream, September sample Black Rock 2) and lower pH values
measured in samples with more potential LWRF-R1 irrigation water content (e.g. June
samples Kaanapali GC-1 and 2, and September sample Kaanapali GC-R1).

The LWREF treated wastewater effluent samples, though fairly variable, had slightly
acidic to slightly basic pH values (6.45 to 7.13) which were generally the lowest of those
measured in the study area. This is most likely a result of their high organic matter
content promoting the formation of organic acids during the biological degradation
process.

Though submarine spring pH values were not measured directly in this portion of the

study, average pH values ranging from 7.35 to 7.69 were measured for these locations
during the field monitoring portion of this study (see Section 2). These values are
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significantly lower than those of upland groundwater and MS samples, suggesting that
the submarine spring discharge may contain a significant portion of the injected LWRF
treated wastewater effluent, the only known potential contributor of lower pH
groundwater in the area.

MS sample pH values fell within a narrow range (8.03 - 8.16) consistent with pH values
typically found in bulk ocean water near Hawaii (Fujieki et al., 2011). The pH values
obtained for MS samples in this study tended to be higher than those obtained during a
shoreline wading survey by Hunt and Rosa (2009) (7.62 - 7.96). This discrepancy is
probably due to differences in sample location (though temporal variation may also play
a role). MS sample locations in this study ranged from few meters to over one kilometer
offshore rather than along the water’s edge as in Hunt and Rosa (2009).

6.4.2 630 and 8’H of Water

6.4.2.1 Background

The relationship between 8'0 and 8°H values of precipitation around the globe fall along
a linear trend (8°H = 8 3'°0+10) termed the Global Meteoric Water Line (GMWL)
(Craig, 1961). The slope of this line is controlled mainly by a temperature-sensitive
equilibrium isotope fractionation associated with liquid-vapor phase transitions, whereas
the non-zero intercept indicates a small influence by a kinetic isotope effect associated
with evaporation into unsaturated air (Craig and Gordon, 1965). Deviations from the
GMWL in precipitation are generally indicative of local rather than global meteorological
processes. These local variations will produce a Local Meteoric Water Line (LMWL) for
any given region, which typically does not deviate greatly from the overal GMWL
except in unique environments. A LMWL has never been determined for the West Maui
Volcano, but a LMWL for precipitation on the East Maui Volcano (8°H = 8.2 §'*0+14.7)
has been reported by Scholl et al. (2002). Although Scholl et al. (2002) did not collect
precipitation on the West Maui Volcano, due to its proximal location in a region of
similar climate, their East Maui Volcano LMWL likely provides a better approximation
of precipitation in our study area than the GMWL. Since precipitation is the ultimate
source of the waters of terrestrial origin sampled in this study, comparison of sample §'°O
and 8°H values with respect to the best available LMWL, as well as to each other, is a
good means to characterize terrestrial water source and evolution.

6.4.2.2 Distribution and Trends

880 and &°H results for MW and PW samples form a close grouping of values with
arithmetic means of -3.62 and -14.66%o, respectively, and standard deviations of 0.13 and
0.57%o, respectively (n = 16). These values (Figure 6-14) plot closely around the East
Maui Volcano LMWL of Scholl et al. (2002). There is also a tendency for the
groundwater 5'*0 and 8”H values to decrease from north to south across the study area.
This trend can be attributed to both rainout (as the predominant northeasterly trade winds
drive the overall flow of moisture from north to south in this region) and amount effect
(which results in larger rain events, such as Kona storms, which generally comprise a
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greater fraction of precipitation in leeward vs. windward portions of the Hawaiian
islands, producing precipitation with lower 8'*0 and 8°H values). See Dansgaard (1964)
for a detailed discussion of the physical mechanisms of rainout and the amount effect.
The overall homogeneity of upland well "0 and 8°H values across the study area is not
unexpected, however, as the area’s basal aquifer is recharged primarily from a relatively
small area on the higher elevations of the West Maui Volcano where the majority of
rainfall occurs (Engott and Vana, 2007). Due to the relative lack of further inputs from
precipitation (and from modern agricultural irrigation, which was a significant source of
recharge in the past, but has effectively ceased with the demise of sugarcane cultivation
in 1999 and pineapple cultivation in 2009) the fresh portion basal aquifer in this area can
be assumed to maintain relatively uniform §'*0 and 5°H values as it flows down-gradient
to the ocean.

8'"0 and 6°H values measured for the September LWREF treated wastewater effluent,
LWRF-R1, and Kaanapali GC-R1 samples cluster together tightly with arithmetic mean
values of -3.09 and -11.37%., respectively, and standard deviations of 0.03 and 0.03%o,
respectively (n = 3). The single LWRF treated wastewater effluent sample measured
Hunt and Rosa (2009) had §'°0 and &°H values of -3.21 and -10.90%o, respectively,
which, though similar to the values measured in this study, suggests that 8'°0 and °H
values of LWREF treated wastewater effluent can vary temporally. The LWRF treated
wastewater effluent samples are enriched in 'O and *H relative to the MW and PW
samples. Several possible mechanisms can explain this isotopic enrichment. As
discussed above, fresh surface waters diverted from perennial streams to the north of the
study area, which would likely be enriched in '*O and *H relative to the area’s
groundwater via partial evaporation, form roughly 56% of the municipal water supply for
this area (Edna Manzano, Maui County Department of Water Supply, personal
communication, 2012). Partial evaporation during normal municipal and domestic water
use could also introduce further evaporative enrichment. The September LWREF treated
wastewater effluent, LWRF-R1, and Kaanapali GC-R1 samples all plot slightly below
and to the right of the LMWL of Scholl, et al. (2002) (Figure 6-14) an effect consistent
with partial evaporation of original precipitation. Finally, organic-rich waters (such as
wastewater) may experience a slight enrichment in *H via H exchange with organic
molecules, which typically have much higher 8*H values than natural waters (Kendall
and Aravena, 2000).

With arithmetic means of 0.42%o and 2.51%o, and standard deviations of 0.04 and 0.27%e,
respectively (n =4 ), the 8'°0 and 8°H compositions of marine surface (MS) samples form
a third set of tightly clustered data that show significant enrichment in '*O and *H relative
to the MW, PW, and LWREF treated wastewater effluent samples. As would be expected,
these values are quite similar to those of the world’s ocean (close to 0%o for both §'*0
and 8°H). The slight enrichment of '*O and ’H in these MS samples relative to mean
oceanic values is likely a function of the area’s leeward location, where lower humidity
and higher solar radiation relative to the open ocean would lead to higher evaporation
rates, and, consequently, enrichment in 80 and *H relative to mean oceanic values.
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6.4.2.3 Mixing Analysis

8'%0 and 8°H values measured for the submarine spring samples varied more widely than
any other sample type, displaying arithmetic mean values of -2.66 and -9.46%o,
respectively, and standard deviations of 0.65 and 2.50%o, respectively (n = 6). Submarine
spring samples with higher salinities (such as June samples Seep 2 Piez-1Seep 2 Piez 1
(NSG) and Seep 4 Piez-1) show higher 8'0, §°H, and [CI] values, reflecting a larger
fraction of marine contribution. Due to lack of other potentially significant sources in the
study area, the submarine spring samples can be assumed to consist of a mixture of
upland groundwater, LWRF treated wastewater effluent, and marine waters. The
generally conservative nature of '*O and *H as subsurface tracers (Gat, 1996) combined
with the consistent 8'°0 and 8°H values of the potential sources allows us to attempt to
calculate the fractional contribution of each of these three sources to each submarine
spring sample by employing an end-member mixing analysis using the following system
of three equations with three unknowns:

fi+ [+ /=1 (Eq. 6-1)
CGf+CL+G =G (Eq. 6-2)
Ch+Cfi+Cfi=C (Eq. 6-3)

where f represents the fraction of each of the three components (the unknown values), C 18
represents 8'°0 and C” represents 6°H. The subscripts 1, 2, and 3 represent the three end-
members while the subscript t (for tracer) represents the submarine spring sample under
consideration. The arithmetic means of the end-member values were used in the
calculations and are listed in Table 6-14. Additional information on the end-member
mixing analysis theory and application used here can be found in Christopherson and
Hooper (1992), Hooper (2003), Liu et al (2004), and Liu and Koa (2007). In order to
more robustly characterize the component fractions of the submarine spring samples, the
typically conservative dissolved species Cl” was further substituted for C' and C* in
separate calculations, the results of which are also shown in Table 6-14.

Both September submarine spring samples fit within the three component mixing models
(i.e. the data points fell inside of the mixing triangles) shown in Figures 6-14, 6-15, and
6-16 for all three end-member characterizations (6180/62H, SISO/CI', and 62H/Cl'). The
June submarine spring samples, however, did not all fit the three component mixing
models. June sample Seep 1 Piez-1 did not fall within the mixing triangle for the
8'%0/86°H characterization. June sample Seep 2 Piez-1 fell within the mixing triangle for
the 8'°0/ 8°H characterization but not the 8'*O/CI" or 8*H/CI characterizations. June
samples Seep 3 Piez-1 and Seep 4 Piez-1 Seep 3 did not fall within the mixing triangles
for any of the characterizations. Figures 6-14, 6-15, and 6-16 provide spatial
representations of the relationships between the outlying data points and the mixing
triangles. We believe that these data points fall outside the three mixing triangles for two
reasons: First, the 8'%0 and 8°H values of the LWRF treated wastewater effluent end
member, approximated in these calculations by the arithmetic mean of LWRF treated
wastewater effluent sample values collected in September, 2011, may be temporally
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variable. Since the results of the dye tracer portion of the study suggest a 7 to 8 month
average travel time for the LWRF treated wastewater effluent from injection to coastal
discharge (see Section 3), this temporal variability may result in a different “true” LWRF
treated wastewater effluent end member composition for the submarine spring samples
analyzed here. In this regard, it is interesting to note that if the LWRF treated wastewater
effluent 8'°0 and &°H values measured by Hunt and Rosa (2009) are substituted for those
measured in this study, the resultant 5'°0/6°H mixing triangle would be expanded to
accommodate all submarine spring samples collected in this study. Second, the June
submarine spring samples were collected during a major south swell event which may
have caused the marine component (i.e. increased/decreased salinity) of the submarine
spring samples to vary considerably over small time scales (seconds to minutes) during
sample collection.  Since water analyzed for '*0 and 8°H was collected in different
containers than water analyzed for [CI'] over the course of several minutes, the 'O and
8”H sample containers may have contained a different fraction of marine water than the
[CI] sample containers filled at the same location. Note that this second confounding
factor only applies to the 8'80/CI" and 8*H/CI" characterizations, since 8'°0 and 8°H
values were measured from the same sample container.

The results of this end-member mixing analysis, though by no means conclusive due to
the relatively small sample sizes and sensitivity of this technique to end-member
temporal variation and intra-sample component inconsistency, suggest that the submarine
spring samples consist primarily of LWRF treated wastewater effluent, as shown in a
ternary plot (Figure 6-17) representing the fractional components of submarine spring
samples determined using the three different end-member characterizations (8"80/8°H,
8'80/CI', and 8*H/CI). Data points not fitting the mixing models are not shown on
Figure 6-17. Note that 8 of 9 submarine spring sample component characterizations that
fit the mixing model show LWRF treated wastewater effluent fractions of over 50%.
These results lend support to the volumetric model of a similar injected effluent plume in
Kihei, Maui, described in Hunt and Rosa, (2009), which predicted large effluent fractions
in the center of the plume at the point of discharge.

6.4.3 Nutrients
6.4.3.1 TP and PO*

TP and PO, distributions across the study area reflect both current and former land-use
practices as well as the geochemical properties of P in subsurface hydrology. P is a
highly particle-reactive element (see Berner, 1973; Krom and Berner, 1980; Krom and
Berner 1981; Froelich, 1988; Compton et al., 2000; Ruttenberg, 2004; Slomp and Van
Cappellan, 2007; and references therein). The tendency of PO4” to adsorb to or
precipitate as Fe and Al solids with low solubility (Kehew, 2000) can result in low
dissolved PO, concentrations in groundwater and retarded subsurface transport,
especially at low pH levels. However, in reducing conditions or at moderate pH levels,
and especially in aquifers containing carbonate minerals, previously adsorbed PO, can
be liberated to solution, resulting in higher dissolved concentrations and enhanced
subsurface transport (Robertson et al., 1998). Because of these properties, PO,> from
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fertilizer application or wastewater injection has the potential for enhanced retention in
the subsurface over long periods of time in the absence of mechanisms for
remobilization. Though concentrations of organic P were not explicitly determined for
this study, they are estimated here by subtracting a sample’s measured PO,
concentration from its TP concentration (Tables 6-15 and 6-16).

TP and PO, distribution in MW and PW samples indicates a sharp contrast between
wells located on former pineapple fields (Lahaina Deep Monitor, Kaanapali P-4,
Kaanapali P-5, and Kaanapali P-6) and wells located on former sugarcane fields
(Hahakea 2, Kaanapali P-1, and Kaanapali P-2), with the latter having higher TP and
PO,> concentrations. This dichotomy was also observed in the results of Soicher (M.S.
Thesis, 1996), which are compared to the results of this study in Figure 6-18. Though the
June, 2011 results showed more variability in the organic and inorganic apportionment of
P than the September, 2011 results, MW and PW samples generally contain a majority
(70-90%) of TP as PO4>. Although application of fertilizer P on pineapple fields in this
area has been generally greater than that on sugarcane fields (Tetra Tech, 1993), it is
clear that P occurs in greater concentrations in groundwater under former sugarcane
fields. Possible explanations for this phenomenon include greater uptake of fertilizer P
by pineapple than sugarcane and the lower irrigation rates of pineapple fields relative to
sugarcane fields (Tetra Tech, 1993) reducing potential mobilization and transport
mechanisms. Honokowai B, a well located up-gradient of all current and former
agriculture, contained TP and PO43' concentrations similar to those found in the wells
located on pineapple fields. This finding suggests that P applied as fertilizer on these
fields has not significantly contributed to P loading in groundwater in this portion of the
study area. Due to the relative immobility of P in the basal water table, previous studies
(Tetra Tech, 1993; Soicher, M.S. Thesis, 1996) have concluded that particulate bearing
surface runoff, not groundwater, is the primary delivery mechanism of terrestrial P to the
ocean in this region.

The widely varying TP and PO, content of the TS samples reflect their different
provenance. June sample Honolua Ditch, which consisted of diverted surface water from
perennial streams north of the study area, contained low levels of TP and PO,
consistent with those of previously measured in these streams (Soicher, M.S. Thesis,
1996). June sample Kahana Stream, which was collected from a stagnant water pool in
the coastal portion of the stream bed, contained high levels of TP, the majority of which
was in organic form. The high concentration of organic P in this sample is most likely
the due to the presence of living and decaying organic matter. The TS samples collected
in Black Rock lagoon away from the lagoon’s mouth (June samples Kaanapali 1 and 2
and September sample Black Rock lagoon 1) contained high levels of TP and PO,”". This
is potentially indicative of a variety of sources, including high P groundwater (as the
lagoon is groundwater-fed and located down-gradient of former sugarcane fields) and
LWRF-R1 irrigation water (possibly including fertilizer P) from the surrounding
Kaanapali Golf Course. September sample Black Rock 2, collected near the lagoon’s
mouth, consisted of a substantial portion of seawater (salinity = 23.12) and showed
attenuation of the high TP and PO43 " concentrations found in the fresher portions of the
lagoon with low TP and PO,’" concentration ocean water.
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TP and PO43' concentrations in the LWRF treated wastewater effluent samples and
September TS sample Kaanapali GC R-1 were similar to that of the LWRF wastewater
effluent sample measured by Hunt and Rosa (2009), but over an order of magnitude less
than those reported by Tetra Tech (1993). Figure 6-19 summarizes the results of those
previous studies with those of this study. This discrepancy is likely a result of the
incorporation of biological nutrient removal to the LWRF wastewater treatment process
in 1995 (Scott Rollins, Maui County Wastewater Division, personal communication,
2012). The concentrations of TP and PO4> that currently exist in the LWRF treated
wastewater effluent samples are surprisingly similar to or even less than that found in PW
samples from former sugarcane fields (June and September samples Hahakea 2,
Kaanapali P-1, and Kaanapali P-2) and the low-salinity TS samples from Black Rock
lagoon (June samples Kaanapali 1 and 2 and September sample Black Rock 1). The June
and September LWREF treated wastewater effluent and September LWRF-R1 samples
display a sub-equal distribution of organic and inorganic P, while the September
Kaanapali GC-R1 sample contained the majority of its P as organic P, likely reflecting
biological uptake of PO,> in the sun-exposed Kaanapali GC R1 holding pond holding
pond.

The submarine spring samples had the highest TP (11.30 to 15.10 uM (350.0 to 467.6
ug/L as P)) and PO4> (9.00 to 13.39 uM (278.7 to 414.7 ug/L as P)) concentrations
measured in the study area, and were considerably enriched in PO4> relative to
concentrations measured in the LWRF treated wastewater effluent samples in this study
(2.27 to0 3.43 uM (70.3 to 106.2 pg/L as P)) and by Hunt and Rosa (2009) (5.0 uM (154.9
ng/L as P)). These high concentrations are consistent with the results of previous P
species measurements of submarine spring discharge (Hunt and Rosa, 2009; Swarzenski
et al., USGS report 2012) as summarized in Figure 6-21. Note that Figure 6-21 displays
un-mixed P species concentrations, which are discussed in greater detail below. The
reason for this PO4> enrichment at the submarine spring exit portals relative to the
injected effluent is not clear. It is possible that a portion of the PO4” injected prior to the
implementation of biological nutrient removal at LWRF in 1995 remains adsorbed to
ferric iron and aluminum oxides and oxy-hydroxide phases in the subsurface and
continues to slowly leach into groundwater its prior to coastal discharge as aquifer
conditions permit. Release of previously adsorbed PO, is facilitated by the presence of
low-oxygen conditions in aquifers. As explained more fully below, there is substantial
evidence for the occurrence of bacterially mediated NOs™ and Mn reduction facilitating
the heterotrophic metabolism of organic C in the in the aquifer feeding the submarine
spring discharge. These processes can only occur in suboxic conditions (Kehew, 2000),
since O, is generally the preferred electron acceptor in the metabolism of organic C when
it is present. The presence of carbonate marine sediments in the coastal alluvium that
forms a portion of the aquifer between the LWRF injection wells and the submarine
spring discharge points may also facilitate the liberation of adsorbed PO4> to solution
along this flow path (Robertson et al., 1998).

MS samples had relatively uniform concentrations of TP and PO,> and were consistent
with the results of previous studies in this area (Tetra Tech, 1993; Dollar and Andrews,
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1997; Laws, 2004; Hunt and Rosa, 2009) (Figure 6-20). We note that for marine surface
water (MS) sample comparisons with previous studies, it is important to point out that
sampling locations, amount of samples collected, and parameters measured are not
consistent among all studies. The results considered in these comparisons were limited to
nearshore (within 1 km of the coastline) marine samples collected between Wahikuli
Wayside and Honokowai Beach Parks (refer to the works cited for additional
information). The majority of P in these samples tended to be organic verses inorganic,
reflecting biological uptake of PO4>" in the marine environment.

6.4.3.2 SiO*

Groundwater in Hawaii tends to show significant enrichment in SiO44' relative to surface
and marine waters due to input from soil and rock weathering (Mink, 1961).
Additionally, SiO,* generally displays conservative behavior relative to dissolved N and
P species in Hawaiian aquifers, making it a good tracer of SGD in coastal waters (e.g.
Johnson et. al., 2008).

Si0,* concentrations in MW and PW samples display a contrast between wells located
on former pineapple fields (Lahaina Deep Monitor, Kaanapali P-4, Kaanapali P-5, and
Kaanapali P-6) and former sugarcane fields (Hahakea 2, Kaanapali P-1, and Kaanapali P-
2), with the latter having higher SiO,* concentrations. This distinction was also observed
in the results of Soicher (M.S. Thesis, 1996) and could be a lingering effect of sugarcane
irrigation practices, wherein sugarcane fields received significantly more artificial
irrigation than pineapple fields owing to growing requirements (Tetra Tech, 1993).
Increased irrigation, especially in dry areas, appears to accelerate soil weathering and
leach more SiO4" into the underlying groundwater (Mink, 1961). However, since the
solubility of Si0,4* is strongly affected by the presence of organic acids (Bennett et al.
1988) it is also possible that variations in the distribution of these compounds in soils
may play a role in the different SiO4* concentrations found in the upland portion of study
area.

SiO4* concentrations in TS samples appear to be a good proxy for their derivation. June
samples Honolua Ditch and Kahana Stream both had low Si0,* concentrations relative to
those of the MW and PW samples collected in this study, reflecting their origins as
surface water. The Black Rock lagoon TS samples collected away from the lagoon’s
mouth (June samples Kaanapali 1 and 2 and September sample Black Rock 1) had the
highest SiO,*" concentrations measured in the study area (860.08 to 914.17 uM (24179.8
to 25679.0 pg/L as Si)). These high concentrations suggest that this water body is
principally fed by Si0,*-rich groundwater, and likely augmented in Si0,* by artificial
irrigation of the surrounding Kaanapali Golf Course. The September TS sample Black
Rock 2 (SiO4*" = 293.25 uM (8240 pg/L as Si); Salinity = 23.12), collected near the
lagoon’s mouth, showed the effects of passive attenuation by low SiO4* marine water.
Samples collected from water features on the Kaanapali Golf Course itself (June samples
Kaanapali GC-1 (723.02 uM (20309.6 pg/L as Si)) and 2 (658.42 uM (18495.0 pg/L as
Si) had Si04")) concentrations of similar to those found in groundwater and R1 irrigation
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water (576.94 to 846.99 uM (16206.2 to 23766.5 pg/L as Si)), suggesting a combination
of these sources.

SiO4* concentrations in the LWRF treated wastewater effluent samples and September
TS sample Kaanapali GC R-1 (586.06 to 613.42 uM (16462.4 to 17231.0 pg/L as Si))
were generally less than those found in PW samples (Kaanapali P-1, P-2, P-4, P-5 and P-
6), which had SiO,* concentrations ranging from 638.80 to 846.99 puM (17943.9 to
23791.9 pg/L as Si). The SiO,* concentrations of the LWREF treated wastewater effluent
samples fit neatly between those of the PW samples and those reported for surface water
in the area (18.51 to 248.84 uM (519.9 to 6988.8 ng/L as Si)) by Soicher (M.S. Thesis,
1996). This finding is consistent with the composition of the area’s municipal supply
water, which, as discussed above, is the primary component of the wastewater treated by
LWRF and is derived from a roughly 56:44 mixture of diverted surface water and
groundwater extracted from PWs.

Submarine spring sample Si04* concentrations were variable (426.64 to 753.26 uM
(11984.3 to 21159.1 pg/L as Si)) and displayed a relationship of decreasing SiO4*
concentration with increasing sample salinity. Un-mixing of the marine component of
the submarine spring samples (Table 6-17, discussed in greater detail below, implies
source SiO44' concentrations higher than that of the LWRF treated wastewater effluent
samples and most of the MW and PW samples. This phenomenon may be another
instance of dissolved SiO,* augmentation via the aforementioned irrigation effect (Mink,
1961). In this instance, however, LWRF treated wastewater effluent injection, rather
than agricultural irrigation, is the source of the unnaturally high aquifer recharge and
consequently enhanced rock weathering.

SiO4* concentrations in MS samples were typically low, with samples more enriched in
Si0,4* (e.g. June samples Maui 2 (30.23 uM (849.2 pg/L as Si)) and 6 (44.47 pM (1249.2
ug/L as Si)); September samples Maui 19 (15.07 uM (423.3 pg/L as Si)) and 23 (17.28
uM (485.4 ng/L as Si))) also tending to have lower salinities and higher concentrations of
dissolved N and P species. This effect is consistent with the previous observations on the
utility of SiO4* as a SGD tracer in the marine environment. Spatial distribution of SiO4*
in MS samples suggests SGD in the area is concentrated near Wahikuli Wayside Park,
Black Rock Lagoon, and to a lesser extent, in vicinity of the submarine spring discharge
points. Enrichment in SiO4* near Wahikuli Wayside Park relative to other portions of
the study area was also observed by Laws (2004). See Section 5 for additional discussion
of SGD in the study area.

6.4.3.3 TN, NOs, NO,, and NH,"

The distribution of N species in the study area reflects a variety of processes including
point and non-point source loading, biogeochemical transformation, and biological
uptake of inorganic N in terrestrial and MS waters. Though organic N concentrations
were not explicitly analyzed for this study, they were estimated by subtracting the sum of
the measured inorganic N species concentrations (NO3, NO,", and NHy4") from measured
TN concentrations (Tables 6-15 and 6-16).
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NOj™ and organic N are the dominant N species found in the MW and PW samples owing
to the typically well-oxygenated nature of Hawaiian basalt aquifers inhibiting the
presence of the reduced inorganic N species NO,” and NH4" (Kehew, 2000). Spatial N
species distributions also show a marked distinction between wells located on former
sugarcane fields (Hahakea 2, Kaanapali P-1, and Kaanapali P-2) and wells located on
former pineapple fields (Lahaina Deep Monitor, Kaanapali P-4, Kaanapali P-5, and
Kaanapali P-6). Although the former sugarcane field wells were enriched in P and SiO,*
relative to the former pineapple field wells as discussed above, they were generally
depleted in dissolved N relative to the pineapple field wells, and moreover tended to
contain a larger fraction of organic N. The mechanism responsible for this disparity is
not well understood, but it may be that substantial portion of the N deposited as fertilizer
on sugarcane fields has leached down to the water table and moved down-gradient of the
sampling locations since the cessation of sugarcane agriculture in 1999. N deposited as
fertilizer is typically quickly converted by bacterial nitrification to NO3", which is highly
soluble and mobile (Kendall, 1998), and thus would not be expected to remain in an
aquifer for long periods of time in the absence of an ongoing source. As pineapple
cultivation and associated fertilization has ceased fairly recently, in 2009 (Gingerich and
Engott, 2012), it is possible that fertilizer N applied to these fields has not yet had
sufficient time to travel down-gradient of the wells sampled in this study. The lack of
artificial irrigation required by pineapple crops relative to sugarcane crops may have also
played a role in retarding the soil leaching rate and subsequent down-gradient movement
of N species in groundwater below pineapple fields. The decrease in current dissolved
NOs™ concentrations in these former sugarcane field wells relative to those measured in
previous studies (Souza, 1981; Soicher, M.S. Thesis, 1996) when fertilization of these
fields was ongoing, supports the surmised rapid leaching and down-gradient transport of
NO;  on sugarcane fields and their underlying groundwater (Figure 6-18). Former
sugarcane field well samples still contain elevated dissolved N levels relative to those
measured at Honokowai B, a well upgradient of any current or former agriculture. This
observation suggests that formerly applied fertilizer N is still contributing to N loading in
groundwater beneath former sugarcane fields, though to a lesser extent than in the past
during ongoing cultivation.

The TS samples collected consisted of stagnant water bodies (June samples Kahana
Stream; Kaanapali GC-1 and 2), flowing irrigation water (June sample Honolua Ditch),
and the groundwater-fed Black Rock lagoon (June samples Kaanapali 1 and 2; September
samples Black Rock 1 and 2). The N species distribution in these samples correlated well
with the expected source derivations and presence of biological activity. June samples
Kahana Stream and Kaanapali GC-1 and 2 contained substantial fractions of both organic
N and the reduced inorganic species NO, and NH,, indicating a depletion of dissolved
O, caused by heterotrophic consumption of the decaying organic matter visibly present in
these water bodies at the time of sampling. June sample Honolua Ditch, which consisted
of water diverted from perennial streams to the north of the study area, contained low
concentrations of N relative to the other terrestrial samples. The majority of N in this
sample was present as NO3™ (4.40 uM (61.6 pg/L as N)), a concentration similar to those
measured by Soicher (M.S. Thesis, 1996) for streams in this region (typically about 0

163



to10 uM (0.0 to 140.0 pg/L as N)). At the time of sampling, Black Rock lagoon was
visibly flowing seaward from its upper reaches. Samples collected away from the
lagoon’s mouth (June Samples Kaanapali 1 and 2 and September sample Black Rock 1)
had higher concentrations of TN (268.08 to 339.4 uM (3755.8 to 4755.0 pug/L as N)) and
NO3™ (222.48 to 246.05 uM (3116.9 to 3447.2 pg/L as N)) than any other non- LWRF
treated wastewater effluent samples collected in this study. These concentrations were
similar to those (TN was not measured, NO3  + NO, = 254 uM (3558.5 pg/L as N))
found in the Black Rock lagoon sample collected by Hunt and Rosa (2009). The excess
of N in the Black Rock lagoon samples relative to the groundwater collected from up-
gradient PW samples could be a combined result of continued N leaching from the
former sugarcane fields up-gradient of the lagoon (as discussed above) and input from
both fertilizer N and N-rich R1 irrigation water applied to the surrounding Kaanapali
Golf Course.

Concentrations of N species in the June and September LWRF treated wastewater
effluent samples showed considerable variation, with the June sample showing
considerable enrichment in TN, NO,", and NH4", relative to the September sample. The
LWREF effluent sample collected by Hunt and Rosa (2009) had TN concentrations similar
to the September LWRF treated wastewater effluent sample collected in this study, but
with higher NH;" concentrations than those measured in here. This variability in the
LWRF treated wastewater effluent composition, generally manifested as high NH,"
concentrations, is a function of variability in plant operation including both equipment
and personnel factors (Scott Rollins, Maui County Wastewater Division, personal
communication, 2012). Even though the LWREF treated wastewater effluent continues to
show temporal variability in quality, comparisons of N species concentrations measured
since the inception of biological nutrient removal at LWRF in 1995 with those measured
prior to this upgrade (e.g. Tetra Tech, 1994) show that this treatment upgrade has been
successful in significantly reducing N loading in the LWRF treated wastewater effluent
(Figure 6-19). The September LWRF-R1 and Kaanapali GC-R1 samples show similar N
species distribution to the September LWREF treated wastewater effluent sample. This is
not surprising, since the R1 recycled water is the source of the water for the golf course
irrigation. Of note, the September Kaanapali GC-R1 sample, which was collected from
an open holding pond on the Kaanapali Golf Course containing R1 effluent supplied
directly from LWRF, showed enrichment in NOs™ and depletion in the reduced species
NO, and NH," relative to the September LWRF treated wastewater effluent samples.
This is indicative of bacterially mediated nitrification of these the reduced species in the
presence of ample dissolved free O,.

The June and September, 2011 submarine spring samples also showed considerable
variation in N species distribution. Though the September submarine spring samples had
lower concentrations of inorganic N than the June samples, they had significantly higher
concentrations of TN and organic N. Though TN and organic N was not measured for
submarine spring samples by Hunt and Rosa (2009), inorganic N concentrations
measured were considerably higher than the concentrations measured in this study and
by Swarzenski et al. (USGS report 2012). The difference in inorganic N concentration is
even more apparent when the submarine spring samples are adjusted for relative salinities
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as discussed below (Table 6-18; Figure 6-21). The mechanisms responsible for this
temporal variability are not clear. Since water isotope mixing analysis (discussed above)
and dye tracer results (see Section 3) suggest that the submarine spring discharge is
primarily LWREF treated wastewater effluent, the aforementioned temporal variability in
LWREF treated wastewater effluent N species concentrations may be driving temporal
variability in submarine spring N species concentrations. However, the complexity of the
transformations undergone by N species in the subsurface environment (e.g. nitrification,
denitrification, and annamox (Kendall, 1998)) make temporal correlation of submarine
spring N species distribution to injected LWRF treated wastewater effluent N species
distribution difficult with currently available data. The correlation between lower NO5
concentrations in the submarine spring discharge with higher NO5™ 8"°N and 5'*0 values
and the significant reduction of NOj3™ concentrations in the submarine spring discharge
relative to the injected LWRF treated wastewater effluent described below are strongly
indicative of microbial denitrification during aquifer transport, which is explained more
fully below.

The majority of MS samples collected contained low concentrations of N species relative
to those measured in other portions of the study area. These results are consistent with
past studies, including Hunt and Rosa (2009), Laws (2004), Dollar and Andrews (1997),
and Tetra Tech (1993) (Figure 6-20). Elevated MS N species concentrations were
generally observed in waters with lower salinities and higher SiO4* concentrations. As
discussed above and in Section 5, correlation of eclevated nutrient levels with lower
salinities is indicative SGD influence. MS samples collected in September, 2011 tended
to have higher levels of organic N than those collected in June, 2011 though levels of
inorganic N were similar, resulting in higher organic N fractions and higher N:P ratios
(Figures E-8 and E-22). This phenomenon could be a result of increased biological
uptake and incorporation of inorganic N by marine organisms during this time but also
may be related to the higher levels of organic N observed in the September submarine
spring samples.

6.4.3.4 Salinity Un-mixing of Submarine Spring Sample Nutrient Concentrations

The highly variable salinities of the submarine spring samples measured in this study,
previous studies (Hunt and Rosa, 2009; Swarzenski et al., USGS report 2012), and
ongoing HDOH sampling can be assumed to be a result of the dilution of the fresh
component of the discharge with ambient ocean water. In order to normalize the nutrient
concentrations of the fresh component of the submarine spring samples, the following
equation was used to un-mix the ambient ocean water component of the samples:

C.=Cot (Co— C) % (8= 8) / (S.— S..) (Eq. 6-4)

where C, is the concentration of component 1, the hypothetical “source;” C, is the
concentration of component 2, in this case seawater; C,,;, is the concentration in the mixed
sample being evaluated; S, is the salinity of component 1, set equal to the suspected parent
water; S.is the salinity of component 2, in this case seawater; and S, is the salinity of the
mixed sample being evaluated. This technique was also utilized by Hunt and Rosa
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(2009). In order to ensure inter-study consistency in the results, the same seawater end
member salinity and nutrient concentrations (from Dollar and Andrews, 1997) were
utilized for like parameters. End member dissolved oxygen concentrations were taken
from the arithmetic mean of the marine samples collected by HDOH in January, 2012.
The salinity of the treated wastewater effluent (here, the arithmetic mean salinity of the
June and September LWREF treated wastewater effluent samples measured in this study
and the single LWRF treated wastewater effluent sample measured by Hunt and Rosa
(2009)) was used as the hypothetical source salinity. The parameter values utilized for
the calculations are as follows:

S=1.07

S.=34.93

C.=7.19 mg/L pissolved Oxygen

C.=0.12 uM (3.7 pg/L as P) PO,
C.=0.33 uM (10.2 pg/L as P) TP
C.=11.16 uM (313.5 pg/L as Si) SiO.
C.=0.19 uM (2.7 png/L as N) NH;
C.=0.13 uM (1.8 pg/L as N) NO.+ NO.
C.=6.84 pM (95.8 pg/L as N) TN
C.=6.53 uM (91.4 pg/L as N) Organic N

The un-mixing calculation results for Hunt and Rosa (2009), Swarzenski et al. (USGS
report 2012), the current study, and samples collected by HDOH in January, 2012 are
presented in Tables 6-17 and 6-18. Organic N values were computed by subtracting NOs’
+ NO, and NHy4" concentrations from TN concentrations were available. A salinity of
7.46 (the salinity of June sample Seep 1 Piez-1) was used for June sample Seep 1 Piez-2,
which was sampled from the same location but not analyzed for salinity. Variations in
unmixed N and P species over time are discussed above and shown in Figure 6-21.

6.4.4 Gas and Rock Crust Analyses

6.4.4.1 Submarine Spring Gas Bubbles

Distinctive gas bubbles were observed emanating from the seafloor near the location of
June sample Seep 2 Piez-1 (Figure 6-11). The composition of the gas is significantly
enriched in Ny, slightly enriched in CO,, and depleted in O, + Ar relative to atmospheric
values (Table 6-11). This observation is another indicator of the microbial reduction of
NO, wN; gas (denitrification) in the aquifer feeding the submarine spring discharge.

6.4.4.2 Rock Crust Composition

The composition of the unusual black crust found coating and impregnating coral rubble
and basalt cobbles (Figure 6-12) immediately proximal to the submarine spring discharge
points provides additional insight regarding the redox chemistry of the submarine spring
discharge. lon microprobe analyses of these black crusts (e.g. Figure 6-13) indicates a
composition dominated by sedimentary MnO, a mineral which commonly precipitates in
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the deep sea but is rarely found in typically well-oxygenated nearshore environments.
The formation of MnO precipitate requires the oxidation of previously reduced dissolved
Mn?*. The presence of this mineral coating suggests that Mn is being reduced as a
terminal electron acceptor in the heterotrophic respiration of organic C in the aquifer
feeding the submarine springs and subsequently oxidized and precipitated onto nearby
rock surfaces immediately following its discharge into well-oxygenated marine water.
The use of Mn as a terminal electron acceptor by microorganisms implies that the
groundwater feeding the submarine springs is suboxic to anoxic, and that O, and NOs’,
which are preferred as electron acceptors over Mn due to energy yield considerations
(Berner, 1980; Kehew, 2000), have already been exhausted. The low un-mixed dissolved
oxygen (Table 6-17) and NO5™ (Table 6-18) concentrations observed in submarine spring
samples are consistent with this line of reasoning. Figure ES-4 and 6-25 illustrates the
progressive use of different electron acceptor compounds (manifested as their relative
concentrations) in the heterotrophic respiration of organic C by microorganisms. The
presence of sufficient organic C to fuel the sequential exhaustion of O, and NOj' in the
aquifer feeding the submarine springs is another phenomenon consistent the presence of
the injected LWRF treated wastewater effluent, which is typically significantly enriched
in organic C relative to ambient groundwater.

6.4.5 3"°N and 6'®0 of Dissolved NO;
6.4.5.1 Background

NO;™ 8"°N and 8'%0 values can be diagnostic of NOs™ source provenance and various
transformative processes in the N cycle (e.g. Kendall, 1998; Sigman et al., 2005).
Analysis of these values has been used in groundwater studies (e.g. Aravena and
Robertson, 1998) and marine studies (e.g. Casciotti et al., 2002; Lehmann et al., 2004) to
trace the sources and evolution of NO;". Especially germane to this study is the use of
NO; 8'°N and 80 values (coupled with NO;  concentration) as an indicator of
denitrification, the biologically mediated reduction of NOj3 to N, gas (Kendall, 1998).
The microorganisms responsible for denitrification preferentially convert NO3™ containing
the '*N and '°O into N, leaving the remaining NO3 enriched in "’N and 'O (Kendall,
1998). NOs3 8'°N and 8'%0 values were measured for several samples collected in this
study, including LWRF treated wastewater effluent and submarine spring samples
(Figure 6-22). Submarine spring samples collected by HDOH in January, 2012 were also
analyzed for these parameters. Additionally, NOs 8"°N and §'®O values were reported
Hunt and Rosa (2009) for several samples in the study area and provide points of
comparison to the results of this study.

6.4.5.2 Distribution and Trends

Monitoring Well (MW) and production well (PW) NO;™ 8"°N and §'0 values fall in a
uniform distribution relative to those measured for other sample types and indicate
potential source provenances of fertilizer and naturally occurring NOs;". The MW and
PW dissolved NO5” 8'N and §'®0 values measured in this study are consistent with the
values reported the single PW sampled by Hunt and Rosa (2009). The overlapping range

167



of 8"°N and §"0 in potential source values makes the relative contributions of each
source impossible to determine definitively, though it is likely that wells with higher
NOs™ concentrations (e.g. June and September samples Kaanapali P-6) have a higher
relative contribution of fertilizer-derived NO5™ than wells with lower NO3™ concentrations
(e.g. June and September samples Honokowai B).

LWREF treated wastewater effluent NO;™ 8'°N and 5'%0 values measured in this study are
more enriched in both N and '®O than typical sewage values and indicate that the
effluent has undergone denitrification from its original state during the biological
nitrogen removal treatment process (e.g. Kendall, 1998). The June and September
LWREF treated wastewater effluent dissolved NO; 8'°N and 5'%0 values measured in this
study are higher than those measured by Hunt and Rosa (2009), indicating a greater
fraction of NO3™ removal via denitrification.. This apparent increase in NOs” removal at
LWREF between 2007 (the year of sampling took place Hunt and Rosa, 2009) and 2011
may be a result of temporal variability in LWRF plant operation and associated effluent
composition discussed above. The September sample Kaanapali GC-R1 had a similar
dissolved NO;™ 8'°N value, a lower 3'°0 value, a higher NO;3™ concentration, and a lower
NH," concentration than the September LWRF treated wastewater effluent and LWRF-
R1 samples. This is likely a result of the nitrification of NH, " to NOj upon exposure to
atmospheric oxygen upon transport to the holding pond at Kaanapali Golf Course.

TS samples from Black Rock Lagoon (June samples Kaanapali 1 and 2; September
samples Black Rock 1 and 2) tended to have NO5 5'°N values between those of the MW
and PW and LWRF treated wastewater effluent samples, and NO3™ 8'*0 values similar to
those of upland groundwater. Hunt and Rosa (2009) analyzed a single Black Rock
lagoon sample for dissolved NO; 8'"°N and 'O and reported values similar to those
measured in this study. The Black Rock lagoon samples likely contain a mixture of R1
irrigation water NOs™ (due to their proximal location to the Kaanapali Golf Course),
groundwater NOs', and for the higher salinity samples, marine NO;". The relatively high
concentrations of NOj in these samples as well as their surficial character (and probable
oxic nature) suggests that in-situ denitrification has not played a significant role in their
evolution. The wide variety of potential sources and potential confounding
transformations, especially nitrification and biological uptake of NOj;,, make relative
contribution of each source difficult to determine for Black Rock lagoon.

The NOs™ 8"°N and §'®0 values from the submarine springs were the highest of any
measured in this study. Dye tracer results (see Section 3) and water isotope mixing
analysis indicate that the submarine springs discharge is composed primarily of treated
wastewater effluent injected at the LWRF. These submarine spring samples’ elevated
dissolved NO;” 8'°N and §'*0 values, coupled with their low NOj3™ concentrations relative
to their injected LWRF treated wastewater effluent source, are indicative of significant
denitrification. As discussed in the above, treated wastewater effluent generally contains
abundant organic C, which provides sustenance for heterotrophic microorganisms which
preferentially use O, as an electron acceptor in respiration. When organic C remains in
excess as O, concentrations decrease, these microorganisms shift to anaerobic respiration
using available NOj;™ as an electron acceptor to facilitate their respiration of organic C
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(Kehew, 2000). The resultant stepwise conversion of NOj; to N, constitutes
denitrification and, as discussed above, results in elevated 8'°N and 8'%0 values in the
remaining dissolved NO;~. The NO; 8"°N and §"*0 values of submarine spring samples
measured in this study are significantly higher than those of the three submarine spring
samples analyzed by Hunt and Rosa (2009), although their submarine spring samples had
considerable mixing with marine waters due to sample collection technique. Despite
sample collection technique, the samples measured in this study had significantly lower
NOj™ concentrations than Hunt and Rosa (2009), indicating a greater degree of NO3
attenuation via denitrification, and thus a greater degree of enrichment of "N in the
remaining NO;3". The reasons for the increase in NOj3™ attenuation between the LWRF
injection wells and the submarine spring discharge between 2007 and 2011 are not well
understood, but could include (1) variation in injected LWRF treated wastewater effluent
composition, (2) variation in local aquifer conditions affecting the microorganism
populations and/or the transit time of the treated wastewater effluent from the LWRF
injection wells to the submarine spring discharge points, (3) temporal variation in the
fractional contributions of background groundwater and recirculated seawater to the
submarine spring discharge. It is interesting to note that the Hawaii Department of
Health submarine spring samples collected in January, 2012 had higher dissolved NOj3
8'"°N and 8'*0 values than those measured in this study along with attendant reduced
NOs™ concentrations, indicating biological nitrogen reduction of nearly all the injected
LWREF treated wastewater effluent NO; prior to entering the ocean (Table 6-19).

It should be noted that since our dissolved NO; &'°N and §'°0 analyses were
methodologically limited to samples with dissolved NOs3™ concentrations greater than
approximately 0.9 uM (12.6 pg/L as N), it is likely that only the marine surface (MS)
samples with significant contributions from terrestrial NOs™ were analyzed. MS sample
dissolved NO;3™ 8'°N and '*0 values varied widely, reflecting different terrestrial sources
and different degrees of mixing with oceanic NO3. NOs’ 8'>N values obtained for MS
samples in this study were generally higher than those measured by Hunt and Rosa
(2009), while NO;™ §'*0 values were similar. This disparity is probably a result of the
input of the higher 8'°N submarine spring water measured in this study into the marine
environment. The higher 8'°N values were found closer to the submarine spring
discharge points (near Kahekili Beach Park) and were generally contained within the
plume of elevated sea surface temperatures revealed by TIR imagery (see Section 4),
while the lower 3'°N values were found near the mouth of Black Rock lagoon and near
Wahikuli Wayside Park , a background sampling location south of the submarine spring
discharge points. Though not as high as the values found near the submarine spring
discharge points, the 8"°N values found in MS samples near Wahikuli Wayside Park are
high enough to suggest that denitrification (possibly fueled by input of organic C and
NO;™ from cesspools/septic tanks) is occurring in groundwater entering the ocean as SGD
along this stretch of coast as well.

6.4.5.3 Denitrification Analysis

A quantitative analysis of denitrification enrichment factor from the LWRF treated
wastewater effluent to the submarine spring discharge points was performed by
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considering the denitrification to be a Rayleigh Distillation process with the June and
September, 2011 LWREF treated wastewater effluent sample NO; as the original substrate
and the submarine spring sample NO; as the remaining substrate. The following
equation was used to calculate the enrichment factor of the denitrification reaction
(Kendall, 1998):

€pis=( 05 - Os0) / Inf (Eq. 6-5)

where €, 1s the enrichment factor, 05 is the 8'°N value of the remaining NOj™, Js, 1s the
8'"°N value of the original NO5, and f'is the ratio of the remaining NO;” to the original
NOs". The denitrification process appears as a straight line with a slope equal to €, on a
plot of dissolved NOj5 85N vs. In[NO5] (Figure 6-23). The gy for the data collected in
this study was calculated using a linear regression through the submarine spring and
LWRF treated wastewater effluent sample In[NO;] and NO; 8'"°N data pairs and
determined to be -18.9%o (Figure 6-23). This value is within the large range (-30 to -
2%o0) of denitrification enrichment factors reported in other works (summarized by
Granger et al., 2008; Sigman and Casciotti, 2010) and most similar to the -15.9%o
reported by Bottcher et al. (1990) for a groundwater in a gravelly sand aquifer and the -
22.9%o reported by Aravena and Robertson (1998) for groundwater in a septic sand
aquifer. Hunt and Rosa (2009) calculated a denitrification enrichment factor of -38%o for
this system. This analysis was based on a comparison of a single submarine spring
sample with the LWRF treated wastewater effluent using NOs™ 8"°N and dissolved
inorganic N concentrations and may be inaccurate for these reasons.

8'°N values of dissolved NOs™ for three submarine spring samples were reported by Hunt
and Rosa (2009). 3"°N values were also measured for six submarine spring samples
collected by the Hawaii Department of Health (HDOH) in January 2012. These results,
along with unmixed NO3;+ NO; concentrations and unmixed NO3;+ NO, fraction
relative to the average LWREF treated wastewater effluent NOs;+ NO,™ concentration are
presented in Table 6-19. Note that NO3+ NO,™ concentrations were used for this analysis
due to the lack of uncombined NOs™ and NO,™ concentration measurements for the Hunt
and Rosa (2009) and HDOH samples. ~ Though 8'°N values vary widely across the
studies, there is a strong inverse correlation between NO3+ NO,™ fraction and 8N across
all samples indicative of the effects of denitrification. A quantitative analysis of
denitrification enrichment factor for these samples was performed using equation 6-5
above (although in this case the NOs + NO, fraction was used in place of the NOs
fraction as discussed above). Results of this analysis (top plot of Figure 6-24) yielded an
enrichment factor of -22.8%o, which is similar to the values obtained for the analysis of
the results the current study alone and nearly identical to the -22.9%o reported by Aravena
and Robertson (1998) for groundwater in a septic sand aquifer. The high R? value of the
correlation (0.934) of 8"°N vs. In[NOs” + NO,] between samples taken by different
studies across a wide time frame is indicative of long term uniformity of the
denitrification enrichment factor in this system. The bottom plot of Figure 6-24 provides
an alternate graphical representation of the denitrification process occurring within this
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system. This representation is based on the following equation describing a Rayleigh
Distillation process:

R=Ry " (Eq. 3.6)

where R is the sample NOs” BN/MN ratio, R, is the SN/!N ratio of the source NOjs (in
this case LWREF treated wastewater effluent), f'is the ratio of remaining NO3™ + NO;™ to
original NO3  + NO;’, and a is the fractionation factor. ISN/'N ratios were calculated
from 8"°N values using the following equation:

(N/"*N)sample = ((CN/*N)ar (8" Naampie) / 1000) + (°N/“*N)ar (Eq. 3-7)
where ("°N/ “N)ar = 0.0036765

The fractionation factor (o) is related to the enrichment factor (¢) by the following
relationship:

€=1000 (a—1) (Eq. 3-8)

Application of this relationship to the data yields an o of 0.98 and a corresponding ¢ of -
20. This enrichment factor is necessarily consistent with that calculated using the
previous methods, since the relationships used are nearly identical mathematically.

6.5 SUMMARY

6.5.1 Sources of Nutrients

Though a thorough quantitative evaluation of nutrient sources was not accomplished in
this portion of the study, we have identified several potential sources based on the spatial
distribution of nutrient species with respect to the current and former land-use practices.
These potential sources are as follows:

(1) Fertilizer applied in support of former sugarcane and pineapple agriculture appear
to still be contributing to N and P loading of basal groundwater (though to a lesser
extent than in the past, when these agricultural practices were ongoing).

(2) Injected LWRF treated wastewater effluent appears to contribute significant
amounts of N and P (though much less than prior to treatment upgrades in 1995)
to groundwater, though the temporally variable and non-conservative behavior of
these species complicates the overall assessment of the magnitude of this source.

(3) LWRF-R1 irrigation water and possibly fertilizer appear to contribute to N and P
loading in groundwater supplying Black Rock lagoon.
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6.5.2 Geochemical Evolution

We have analyzed the fate of the injected LWREF treated wastewater effluent with natural
tracers and found evidence for significant down-gradient geochemical evolution nutrient
species in the study area. Significant findings are as follows:

(1) Mixing analysis using conservative tracers suggests that discharge from the
submarine springs is primarily comprised of injected LWRF treated wastewater
effluent, corroborating the results of Section 3.

(2) Though likely subject to temporal variation, the majority of the NO;™ present in
the injected LWREF treated wastewater effluent was attenuated via denitrification
prior to discharge at the submarine springs at the time of this study.

(3) The injected LWRF treated wastewater effluent is augmented in PO4” prior to its
discharge at the submarine springs due to aquifer conditions promoting the
dissolution of previously particle-adsorbed PO,>".

(4) Groundwater at and down-gradient of locations subjected to significant artificial
recharge is augmented in SiO," mobilized via accelerated rock weathering.

6.5.3 Impact on the Marine Environment

By analyzing the spatial distribution of various water parameters in the marine
environment, including nutrient concentrations and stable isotope values, we have located
several coastal ocean areas of terrestrial nutrient contribution. These are as follows:

(1) The area immediately surrounding the submarine springs, which show a dissolved
NOj isotopic signature consistent with the heavily enriched values measured in
the submarine springs’ discharge.

(2) The area near the mouth of Black Rock lagoon, which shows generally elevated
nutrient concentrations relative to nearby waters and a dissolved NO;™ isotopic
signature consistent with values measured in Black Rock lagoon itself.

(3) The area near Wahikuli Wayside Park, which also shows generally elevated
nutrient concentrations relative to nearby waters and shows a dissolved NOs
isotopic signature suggestive of denitrification from fertilizer or natural sources
and/or sewage/manure content.
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Table 6-1: Monitoring Point Designations for the Geochemistry Samples.
(see also Section 2, Table 2-1).

Geochemistry ~ Tracer Monitoring ~ Comments

Sample Name  Point

(This Section)  (Sections 2,and 3)

Seep 1 Piez-1  Seep 4 First sample collected from Seep 4 during the June,
2011 sampling round

Seep 1 Piez-2  Seep 4 Second sample collected from Seep 4 during the June
sampling round

Seep 1- 2Piez ~ Seep 4 Collected during the September sampling round

Seep2 Piez1  NSG-a Collected from the North Seep Group during the June
sampling round

Seep 3 Piez 1 Seep 6 Collected during the June sampling round

Seep 3-2 Piez  Seep 6 Collected during the September sampling round

Seep4 Piez1  Seep 3 Collected during the June sampling round

Table 6-2: University of Washington Analytical Laboratory Reported Minimum
Detection Limits

TP TN PO,* Sio,* NO; NO, NH,"
. (M) (M) (nM) (LM) (M) (LM) (nM)
Minimum
Detection
Limit 0.03 0.34 0.03 0.76 0.08 0.01 0.07
TP TN PO* Sio ¢ NOy NOy NH,"
(ng/Las (ng/Las (pg/Las (ug/Las (pg/Las  (pg/Las  (ug/L as
Detection
Limit 0.9 4.8 0.9 21.3 1.1 0.14 1
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Table 6-3: June, 2011 sampling location information

Sample Name Sample Type Date Time'  Lattitude’ Longitude’
Hahakea 2 PW 6/30/2011 13:46 20.91472 -156.66889
Honokowai MS 6/20/2011 10:40 20.95445 -156.68687
Honokowai B PW 6/30/2011 10:53 20.93722 -156.64389
Honolua 1 MS 6/20/2011 10:29 21.01397 -156.63771
Honolua 2 MS 6/20/2011 10:34 21.01369 -156.63776
Honolua Ditch TS 6/29/2011 10:48 20.94957 -156.65773
Kaanapali 1 TS 6/20/2011 13:15 20.92807 -156.69423
Kaanapali 2 TS 6/20/2011 13:30 20.92807 -156.69423
Kaanapali GC-1 TS 6/29/2011 15:06 20.91771 -156.69188
Kaanapali GC-2 TS 6/29/2011 15:23 20.91712 -156.69200
Kaanapali P-1 PW 6/30/2011 11:46 20.92694 -156.65556
Kaanapali P-2 PW 6/30/2011 12:42 20.92944 -156.65306
Kaanapali P-4 PW 6/30/2011 9:29 20.94917 -156.65028
Kaanapali P-5 PW 6/30/2011 8:08 20.95361 -156.64694
Kaanapali P-6 PW 6/30/2011 8:52 20.95639 -156.64750
Kahana Stream TS 6/30/2011 16:23 20.97703 -156.67772
Lahaina Deep Monitor MW 6/29/2011 12:35 20.94944 -156.65778
LWREF Treated Effluent TW 6/30/2011 14:15 20.94652 -156.68660
Maui 1 MS 6/21/2011 8:56 20.90471 -156.68697
Maui 10 MS 6/21/2011 10:54 20.95091 -156.69191
Maui 11 MS 6/21/2011 11:05 20.95507 -156.68829
Maui 12 MS 6/21/2011 12:12 20.93796 -156.69315
Maui 13 MS 6/21/2011 12:46 20.94095 -156.69463
Maui 14 MS 6/21/2011 12:50 20.93915 -156.69409
Maui 15 MS 6/21/2011 12:53 20.93786 -156.69420
Maui 16 MS 6/21/2011 12:55 20.93641 -156.69440
Maui 17 MS 6/21/2011 12:59 20.93449 -156.69470
Maui 18 MS 6/21/2011 13:02 20.93218 -156.69495
Maui 2 MS 6/21/2011 9:07 20.90969 -156.68959
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Table 6-3 continued:

Maui 3 MS
Maui 4 MS
Maui 5 MS
Maui 6 MS
Maui 7 MS
Maui 8 MS
Maui 9 MS
Seep 1 Piez-1 SS

Seep 1 Piez-2 SS

Seep 1 Surface MS
Seep 2 Piez-1 SS

Seep 2 Surface MS
Seep 3 Piez-1 SS

Seep 3 Surface MS
Seep 4 Piez-1 SS

Seep 4 Surface MS
Wahikuli MS

6/21/2011
6/21/2011
6/21/2011
6/21/2011
6/21/2011
6/21/2011
6/21/2011
6/19/2011
6/20/2011
6/19/2011
6/20/2011
6/20/2011
6/22/2011
6/22/2011
6/23/2011
6/23/2011
6/20/2011

9:18

9:34

9:49

9:59

10:15
10:26
10:39
15:00
15:33
15:00
16:15
16:12
12:58
12:15
17:00
12:00

12:43

20.91096
20.91979
20.92623
20.92887
20.93187
20.93811
20.94459
20.93860
20.93860
20.93860
20.93980
20.93980
20.94011
20.94011
20.93864
20.93864

20.90424

-156.69324
-156.69766
-156.69655
-156.69604
-156.69368
-156.69363
-156.69344
-156.69321
-156.69321
-156.69321
-156.69298
-156.69298
-156.69287
-156.69287
-156.69312
-156.69312

-156.68600

"Time is from beginning of sampling.

*Datum is WGS-84. Units are decimal degrees.
PW = Production Well

MW = Monitor Well

TS = Terrestrial Surface

TW = Treated Wastewater

SS = Submarine Spring

MS = Marine Surface
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Table 6-4: September, 2011 sampling location information

Sample Name Sample Type Date Time® Lattitude® Longitude®
Black Rock 1 TS 9/21/2011 15:19  20.92854 -156.69490
Black Rock 2 TS 9/21/2011 15:29  20.92882 -156.69543
Hahakea 2 PW 9/20/2011 12:26  20.91472 -156.66889
Honokowai B PW 9/20/2011 10:06  20.93722 -156.64389
Kaanapali GC-R1 Pond TS 9/20/2011 15:04 20.92041 -156.68698
Kaanapali P-1 PW 9/20/2011 11:13 20.92694 -156.65556
Kaanapali P-2 PW 9/20/2011 11:45 20.92944 -156.65306
Kaanapali P-4 PW 9/20/2011 7:30 20.94917 -156.65028
Kaanapali P-5 PW 9/20/2011 8:07 20.95361 -156.64694
Kaanapali P-6 PW 9/20/2011 8:51 20.95639 -156.64750
Lahaina Deep Monitor ~ MW 9/19/2011 11:05 20.94944 -156.65778
LWRF-R1 ™ 9/19/2011 13:42 20.9458 -156.68756
LWREF Treated Effluent TW 9/19/2011 14:37  20.94652 -156.68660
Maui 19 MS 9/22/2011 9:34 20.90451 -156.68701
Maui 20 MS 9/22/2011 10:02  20.91307 -156.69626
Maui 21 MS 9/22/2011 10:20  20.91965 -156.69722
Maui 22 MS 9/22/2011 10:35 20.92615 -156.69632
Maui 23 MS 9/22/2011 10:45 20.92867 -156.69582
Maui 24 MS 9/22/2011 11:03 20.93207 -156.69362
Maui 25 MS 9/22/2011 11:18  20.93715 -156.69345
Maui 26 MS 9/22/2011 11:36 20.94333 -156.69284
Maui 27 MS 9/22/2011 11:58  20.95129 -156.69130
Maui 28 MS 9/22/2011 12:13 20.95494 -156.68814
Maui 29 MS 9/22/2011 12:25 20.95681 -156.69046
Maui 30 MS 9/22/2011 12:42  20.94946 -156.69643
Maui 31 MS 9/22/2011 12:57  20.94354 -156.69879
Maui 32 MS 9/22/2011 13:06  20.93907 -156.70074
Maui 33 MS 9/22/2011 13:47  20.93892 -156.69548
Maui 34 MS 9/22/2011 13:57  20.93242 -156.70073
Maui 35 MS 9/22/2011 14:21 20.91547 -156.69940

176



Table 6-4 continued:

Maui 36 MS
Maui DP 14 MS
Maui DP 3 MS
Maui DP 12 MS
Seep 1 Surface MS
Seep 1-2 Piez SS
Seep 3 Surface MS
Seep 3-2 Piez SS

9/22/2011
9/21/2011
9/21/2011
9/21/2011
9/24/2011
9/24/2011
9/25/2011
9/23/2011

14:35
14:29
13:14
14:15
16:32
16:40
15:40
16:40

20.90727
20.92957
20.94025
20.93237
20.93862
20.93862
20.94011
20.94011

-156.69661
-156.69492
-156.69370
-156.69478
-156.69318
-156.69318
-156.69286
-156.69286

*Time is from beginning of sampling.

®Datum is WGS-84. Units are decimal degrees.

PW = Production Well
MW = Monitor Well

TS = Terrestrial Surface
TW = Treated Wastewater
SS = Submarine Spring
MS = Marine Surface
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Table 6-5: June, 2011 Temperature, Specific Conductivity, Salinity, and pH
(- denotes measurement not available)

Temperature Sp eciitlc. Fi.e lfi L.a b
Sample Name (Type) °C) Conductivity Salinity Salinity pH
(ms/cm) (PSU) (PSU)
Hahakea 2 (PW) 21.43 0.849 0.42 0.41 -
Honokowai (MS) 25.51 - - - 8.1
Honokowai B (PW) 21.14 0.875 0.43 0.44 -
Honolua 1 (MS) 25.21 - - - 8.13
Honolua 2 (MS) 25.59 - - - 8.12
Honolua Ditch (TS) 25.00 0.103 - - 7.77
Kaanapali 1 (TS) 26.25 2.583 1.33 - 8.24
Kaanapali 2 (TS) 25.42 2.381 1.22 - 7.74
Kaanapali GC-1 (TS) 27.70 6.737 3.68 3.66 7.30
Kaanapali GC-2 (TS) 32.37 0.837 0.40 - 7.68
Kaanapali P-1 (PW) 21.13 0.565 0.27 0.27 -
Kaanapali P-2 (PW) 21.78 0.903 0.44 0.45 -
Kaanapali P-4 (PW) 20.52 1.033 0.51 0.51 -
Kaanapali P-5 (PW) 19.69 0.594 0.29 0.28 -
Kaanapali P-6 (PW) 20.21 1.065 0.53 0.55 -
Kahana Stream (TS) 25.84 18.240 10.77 10.70 8.34
Lahaina Deep Monitor (MW) 21.55 1.012 0.50 0.55 -
LWREF Treated Effluent (TW) 30.90 2.085 - 1.10 6.45
Maui 1 (MS) 25.37 - - - 8.12
Maui 10 (MS) 25.08 - - - 8.11
Maui 11 (MS) 25.26 - - - 8.13
Maui 12 (MS) 25.81 - - - 8.16
Maui 13 (MS) 25.37 - - - 8.14
Maui 14 (MS) 25.53 - - - 8.14
Maui 15 (MS) 25.32 - - - 8.14
Maui 16 (MS) 25.30 - - - 8.14
Maui 17 (MS) 25.37 - - - 8.14
Maui 18 (MS) 25.27 - - - 8.14
Maui 2 (MS) 25.31 - - - 8.12
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Table 6-5 continued:

Maui 3 (MS)

Maui 4 (MS)

Maui 5 (MS)

Maui 6 (MS)

Maui 7 (MS)

Maui 8 (MS)

Maui 9 (MS)

Seep 1 Piez-1 (SS)
Seep 1 Piez-2 (SS)
Seep 1 Surface (MS)
Seep 2 Surface (MS)
Seep 2 Piez-1 (SS)
Seep 3 Piez-1 (SS)
Seep 3 Surface (MS)
Seep 4 Piez-1 (SS)
Seep 4 Surface (MS)
Wabhikuli (MS)

25.22
25.23
25.18
25.11
25.29
25.26
25.26

25.86
26.04

25.97

8.09
8.13
8.13
8.13
8.13
8.13
8.13

8.03
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Table 6-6: September, 2011 Temperature, Specific Conductivity, Salinity, and pH
(- denotes measurement not available)

Temperature Sp eciitlc. Fi‘e lfi L‘al?
Sample Name (Type) °C) Conductivity Salinity Salinity pH
(ms/cm) (PSU) (PSU)
Black Rock 1 (TS) 25.75 5.714 3.06 - 7.84
Black Rock 2 (TS) 25.88 36.69 23.12 - 7.97
Hahakea 2 (PW) 20.49 0.695 0.34 0.33 7.97
Honokowai B (PW) 19.74 1.318 0.66 0.64 7.88
Kaanapali GC-R1 Pond (TS) 29.75 2.274 1.16 1.13 7.56
Kaanapali P-1 (PW) 20.70 0.498 0.24 0.23 7.90
Kaanapali P-2 (PW) 19.58 1.084 0.54 0.53 7.85
Kaanapali P-4 (PW) 19.44 1.012 0.50 0.49 8.05
Kaanapali P-5 (PW) 19.13 0.787 0.39 0.38 7.99
Kaanapali P-6 (PW) 19.91 0.431 0.21 0.21 8.07
Lahaina Deep Monitor (MW) 22.66 1.795 0.91 0.81 7.97
LWRF-R1 (TW) 29.64 2.207 1.12 1.10 7.08
LWREF Treated Effluent (TW) 29.33 2.169 1.10 1.10 7.13
Maui 19 (MS) 26.07 52.08 34.25 - 8.10
Maui 20 (MS) 26.12 52.57 34.61 - 8.10
Maui 21 (MS) 25.84 52.53 34.58 - 8.09
Maui 22 (MS) 25.87 52.37 34.46 - 8.09
Maui 23 (MS) 25.74 51.90 34.14 - 8.09
Maui 24 (MS) 25.98 52.38 34.47 - 8.10
Maui 25 (MS) 25.98 52.42 34.5 - 8.10
Maui 26 (MS) 25.83 52.44 34.52 - 8.09
Maui 27 (MS) 25.54 52.11 34.28 - 8.07
Maui 28 (MS) 25.89 52.24 34.26 - 8.11
Maui 29 (MS) 25.93 52.43 34.51 - 8.10
Maui 30 (MS) 26.14 52.54 34.58 - 8.11
Maui 31 (MS) 26.23 52.55 34.58 - 8.11
Maui 32 (MS) 26.29 52.54 34.58 - 8.11
Maui 33 (MS) 26.25 52.48 34.53 - 8.11
Maui 34 (MS) 26.14 52.51 34.56 - 8.11
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Table 6-6 continued:

Maui 35 (MS)

Maui 36 (MS)

Maui DP 14 (MS)
Maui DP 3 (MS)
Maui DP12 (MS)
Seep 1 Surface (MS)
Seep 1-2 Piez (SS)
Seep 3 Surface (MS)

Seep 3-2 Piez (SS)

26.45
26.34
26.30
26.31
26.26
26.49

26.69

52.52
52.51
52.65
52.56
52.62

51.72

52.23

34.56
34.55
34.66
34.59
34.64
33.97

34.34

2.92

4.80

8.11
8.11
8.09
8.03
8.09
8.14

8.14
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Table 6-7: June, 2011 Nutrient Data in uM

Sample Name (Type) TP (uM) TN (uM) PO (uM) Si0* (uM) NO; (uM) NO, (uM)  NH, (uM)
Hahakea 2 (PW) 8.14 149.43 6.18 785.18 101.32 0.05 0.15
Honokowai (MS) 0.41 6.70 0.08 10.34 0.36 0.02 0.01
Honokowai B (PW) 1.97 20.82 1.64 781.69 14.64 0.06 0.07
Honolua 1 (MS) 0.43 6.71 0.14 30.97 0.31 0.02 0.19
Honolua 2 (MS) 0.48 6.85 0.19 20.93 0.29 0.02 0.27
Honolua Ditch (TS) 0.68 6.25 0.57 351.69 4.40 0.06 0.04
Kaanapali 1 (TS) 7.41 288.55 3.51 914.17 225.96 0.68 2.53
Kaanapali 2 (TS) 7.22 268.08 5.13 902.45 222.48 0.56 0.21
Kaanapali GC-1 (TS) 3.06 147.37 1.72 723.02 55.53 2.23 5.94
Kaanapali GC-2 (TS) 4.55 57.10 2.00 658.42 0.74 0.19 9.19
Kaanapali P-1 (PW) 5.95 55.66 3.27 732.53 26.33 0.14 0.06
Kaanapali P-2 (PW) 4.62 74.25 3.38 658.88 32.98 0.06 0.06
Kaanapali P-4 (PW) 2.73 134.04 1.91 648.90 121.85 0.05 0.09
Kaanapali P-5 (PW) 1.93 111.52 1.54 638.80 82.23 0.06 0.10
Kaanapali P-6 (PW) 2.23 173.35 2.21 658.05 136.73 0.09 0.21
Kahana Stream (TS) 8.24 140.98 1.62 172.74 0.09 0.14 4.07
Lahaina Deep Monitor (MW) 2.94 167.13 1.68 576.94 114.75 0.44 0.00
LWREF Treated Effluent (TW) 6.66 517.10 3.30 613.42 188.50 37.81 93.26
Maui 1 (MS) 0.49 6.16 0.23 16.16 1.61 0.02 0.02
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Table 6-7 Continued

Maui 10 (MS) 0.39 5.24 0.15 6.14 1.08 0.03 0.12
Maui 11 (MS) 0.38 5.60 0.12 6.42 0.32 0.02 0.00
Maui 12 (MS) 0.41 7.10 0.16 8.71 2.29 0.02 0.00
Maui 13 (MS) 0.44 5.42 0.14 6.10 0.18 0.02 0.00
Maui 14 (MS) 0.42 5.42 0.18 6.96 1.27 0.02 0.09
Maui 15 (MS) 0.41 5.20 0.15 6.08 2.23 0.02 0.04
Maui 16 (MS) 0.39 4.95 0.12 6.50 1.02 0.02 0.00
Maui 17 (MS) 0.38 4.59 0.14 6.92 0.20 0.02 0.00
Maui 18 (MS) 0.40 5.01 0.15 7.49 0.60 0.03 0.00
Maui 2 (MS) 0.59 13.30 0.29 30.23 7.62 0.03 0.07
Maui 3 (MS) 0.36 4.61 0.16 4.79 0.96 0.02 0.03
Maui 4 (MS) 0.40 597 0.13 4.77 0.19 0.02 0.00
Maui 5 (MS) 0.42 7.51 0.16 13.10 2.14 0.03 0.00
Maui 6 (MS) 0.64 16.55 0.33 44.47 10.42 0.05 0.16
Maui 7 (MS) 0.41 5.39 0.14 4.88 0.28 0.02 0.00
Maui 8 (MS) 0.39 5.68 0.16 5.59 0.26 0.02 0.09
Maui 9 (MS) 0.38 4.96 0.13 5.00 0.42 0.02 0.00
Seep 1 Surface (MS) 0.47 6.02 0.20 6.73 0.32 0.02 0.13
Seep 1 Piez-1 (SS) 13.58 39.86 11.54 708.57 25.82 2.12 0.44
Seep 1 Piez-2 (SS) 13.25 46.46 11.79 734.20 26.15 2.20 0.48
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Table 6-7 Continued

Seep 2 Surface (MS)
Seep 2 Piez-1 (SS)
Seep 3 Surface (MS)
Seep 3 Piez-1 (SS)
Wabhikuli (MS)

0.47
13.03
0.52
11.30

1.09

5.69
23.28
5.33
29.10

21.84

0.22
11.58
0.28
9.00

0.84

8.15
426.64
17.61
543.94

31.84

0.27
10.13
0.54
17.16
3.55

0.02
1.23
0.04
0.99

0.02

0.10
0.27
0.00
0.39

0.71
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Table 6-8: June, 2011 Nutrient Data in pg/L

PO, (ng/Las  SiO,* (ng/L NO; (pg/Las NO, (ug/L  NH, (ng/L

Sample Name (Type) TP (ng/L as P) TN (pg/L as N) P) as Si) N) as N) as N)
Hahakea 2 (PW) 252.1 2093.5 191.4 22055.7 1419.5 0.7 2.1
Honokowai (MS) 12.7 93.9 2.5 290.5 5.0 0.3 0.1
Honokowai B (PW) 61.0 291.7 50.8 21957.7 205.1 0.8 1.0
Honolua 1 (MS) 13.3 94.0 4.3 869.9 43 0.3 2.7
Honolua 2 (MS) 14.9 96.0 59 587.9 4.1 0.3 3.8
Honolua Ditch (TS) 21.1 87.6 17.7 9879.0 61.6 0.8 0.6
Kaanapali 1 (TS) 229.5 4042.6 108.7 25679.0 3165.7 9.5 354
Kaanapali 2 (TS) 223.6 3755.8 158.9 25349.8 3116.9 7.8 2.9
Kaanapali GC-1 (TS) 94.8 2064.7 53.3 20309.6 778.0 31.2 83.2
Kaanapali GC-2 (TS) 140.9 800.0 61.9 18495.0 10.4 2.7 128.8
Kaanapali P-1 (PW) 184.3 779.8 101.3 20576.8 368.9 2.0 0.8
Kaanapali P-2 (PW) 143.1 1040.2 104.7 18507.9 462.0 0.8 0.8
Kaanapali P-4 (PW) 84.5 1877.9 59.2 18227.6 1707.1 0.7 1.3
Kaanapali P-5 (PW) 59.8 1562.4 47.7 17943.9 1152.0 0.8 1.4
Kaanapali P-6 (PW) 69.1 2428.6 68.4 18484.6 1915.6 1.3 2.9
Kahana Stream (TS) 255.2 1975.1 50.2 4852.3 1.3 2.0 57.0
Lahaina Deep Monitor (MW) 91.1 2341.5 52.0 16206.2 1607.6 6.2 0.0
LWREF Treated Effluent (TW) 206.3 7244.6 102.2 17231.0 2640.9 529.7 1306.6
Maui 1 (MS) 15.2 86.3 7.1 453.9 22.6 0.3 0.3
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Table 6-8 Continued

Maui 10 (MS)
Maui 11 (MS)
Maui 12 (MS)
Maui 13 (MS)
Maui 14 (MS)
Maui 15 (MS)
Maui 16 (MS)
Maui 17 (MS)
Maui 18 (MS)
Maui 2 (MS)
Maui 3 (MS)
Maui 4 (MS)
Maui 5 (MS)
Maui 6 (MS)
Maui 7 (MS)
Maui 8 (MS)

Maui 9 (MS)

Seep 1 Surface (MS)
Seep 1 Piez-1 (SS)
Seep 1 Piez-2 (SS)

12.1
11.8
12.7
13.6
13.0
12.7

12.1

12.4
18.3

12.4
13.0
19.8
12.7
12.1

14.6

420.6
410.4

73.4
78.5
99.5
75.9
75.9
72.9
69.3
64.3
70.2
186.3
64.6
83.6
105.2
231.9
75.5
79.6
69.5
84.3
558.4
650.9

4.6
3.7
5.0
43
5.6
4.6
3.7
43
4.6
9.0
5.0
4.0
5.0
10.2
43
5.0
4.0
6.2
357.4
365.1

172.5
180.3
244.7
171.3
195.5
170.8
182.6
194.4
2104
849.2
134.6
134.0
368.0
1249.2
137.1
157.0
140.5
189.0
19903.7
20623.7

15.1
4.5
32.1
2.5
17.8
31.2
14.3
2.8
8.4
106.8
13.4
2.7
30.0
146.0
3.9
3.6
5.9
4.5
361.7
366.4

0.4
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.4
0.4
0.3
0.3
0.4
0.7
0.3
0.3
0.3
0.3
29.7
30.8

1.7
0.0
0.0
0.0
1.3
0.6
0.0
0.0
0.0
1.0
0.4
0.0
0.0
2.2
0.0
1.3
0.0
1.8
6.2
6.7
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Table 6-8 Continued

Seep 2 Surface (MS)
Seep 2 Piez-1 (SS)
Seep 3 Surface (MS)
Seep 3 Piez-1 (SS)
Wabhikuli (MS)

14.6
403.5
16.1
350.0
33.8

79.7
326.2
74.7
407.7

306.0

6.8
358.6
8.7
278.7

26.0

228.9
11984.3
494.7
15279.3

894.4

3.8
141.9
7.6
240.4
49.7

0.3
17.2
0.6
13.9
0.3

1.4
3.8
0.0
5.5
9.9
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Table 6-9: September, 2011 Nutrient Data in uM

Sample Name (Type) TP (uM) TN (uM) PO (uM)  SiO (uM) NO; (uM) NO, (uM) NH," (uM)
Black Rock 1 (TS) 8.42 339.40 4.99 860.08 246.05 0.98 3.50
Black Rock 2 (TS) 3.98 153.20 1.98 293.25 77.28 0.43 1.74
Hahakea 2 (PW) 9.96 182.67 8.19 815.90 109.47 0.11 0.16
Honokowai B (PW) 2.12 19.75 1.61 654.47 16.12 0.05 0.47
Kaanapali GC-R1 Pond (TS) 7.07 481.89 1.34 595.31 302.57 16.92 7.35
Kaanapali P-1 (PW) 6.15 62.49 5.57 846.99 36.66 0.07 0.51
Kaanapali P-2 (PW) 451 56.14 3.62 737.37 29.61 0.07 0.44
Kaanapali P-4 (PW) 2.62 127.06 2.03 666.70 119.26 0.07 0.46
Kaanapali P-5 (PW) 2.33 104.26 1.75 638.96 81.77 0.07 0.44
Kaanapali P-6 (PW) 3.00 178.44 2.48 652.28 177.48 0.08 0.47
Lahaina Deep Monitor (MW) 2.36 196.92 1.79 643.81 86.35 0.20 1.19
LWRF-R1 (TW) 6.15 432.63 3.43 586.06 226.41 30.18 19.04
LWRF Treated Effluent (TW) 5.29 457.87 2.27 601.38 246.52 36.33 11.10
Maui 19 (MS) 0.46 13.76 0.22 15.07 0.91 0.06 0.10
Maui 20 (MS) 0.40 11.85 0.12 5.25 0.19 0.04 0.07
Maui 21 (MS) 0.37 10.71 0.12 5.24 0.17 0.03 0.02
Maui 22 (MS) 0.42 13.97 0.16 9.25 0.96 0.03 0.15
Maui 23 (MS) 0.51 16.08 0.20 17.28 2.94 0.06 0.18
Maui 24 (MS) 0.40 12.42 0.14 7.62 0.54 0.03 0.11
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Table 6-9 Continued

Maui 25 (MS) 0.42 12.67 0.16 6.41 0.30 0.04 0.18
Maui 26 (MS) 0.39 12.18 0.13 5.32 0.14 0.03 0.20
Maui 27 (MS) 0.39 9.82 0.12 8.65 0.27 0.04 0.18
Maui 28 (MS) 0.41 12.34 0.13 7.84 0.52 0.04 0.13
Maui 29 (MS) 0.39 12.71 0.12 5.56 0.33 0.03 0.07
Maui 30 (MS) 0.38 11.57 0.11 3.81 0.05 0.02 0.05
Maui 31 (MS) 0.38 11.93 0.10 3.80 0.02 0.02 0.02
Maui 32 (MS) 0.39 12.34 0.10 3.66 0.00 0.02 0.02
Maui 33 (MS) 0.36 9.08 0.12 4.05 0.19 0.02 0.06
Maui 34 (MS) 0.40 13.52 0.10 3.64 0.02 0.02 0.01
Maui 35 (MS) 0.41 12.42 0.09 3.63 0.02 0.02 0.04
Maui 36 (MS) 0.38 11.65 0.09 3.49 0.02 0.02 0.05
Maui DP 14 (MS) 0.42 13.36 0.10 3.67 0.54 0.02 0.04
Maui DP 3 (MS) 0.43 12.42 0.16 5.81 0.28 0.03 0.10
Maui DP12 (MS) 0.39 12.71 0.11 3.94 0.06 0.02 0.16
Seep 1 Surface (MS) 0.65 11.57 0.44 21.62 0.52 0.08 0.21
Seep 1-2 Piez (SS) 15.10 115.91 13.39 753.26 10.38 1.92 0.46
Seep 3 Surface (MS) 0.48 13.19 0.21 10.60 0.30 0.04 0.20
Seep 3-2 Piez (SS) 14.56 112.24 12.68 701.07 6.86 0.69 0.51
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Table 6-10: September, 2011 Nutrient Data in pg/L

PO (ng/L  SiO," (ng/Las NO; (ug/Las NO, (ng/Las  NH," (ng/L as

Sample Name (Type) TP (ng/L as P) TN (ng/L as N) as P) Si) N) N) N)

Black Rock 1 (TS) 260.8 4755.0 154.5 24159.6 3447.2 13.7 49.0
Black Rock 2 (TS) 1233 2146.3 61.3 8237.4 1082.7 6.0 244
Hahakea 2 (PW) 308.5 2559.2 253.6 22918.6 1533.7 1.5 2.2
Honokowai B (PW) 65.7 276.7 49.9 18384.1 225.8 0.7 6.6
Kaanapali GC-R1 Pond (TS) 219.0 6751.3 41.5 16722.3 4239.0 237.0 103.0
Kaanapali P-1 (PW) 190.5 875.5 172.5 23791.9 513.6 1.0 7.1
Kaanapali P-2 (PW) 139.7 786.5 112.1 20712.7 414.8 1.0 6.2
Kaanapali P-4 (PW) 81.1 1780.1 62.9 18727.6 1670.8 1.0 6.4
Kaanapali P-5 (PW) 72.2 1460.7 54.2 17948.4 1145.6 1.0 6.2
Kaanapali P-6 (PW) 92.9 2499.9 76.8 18322.5 2486.5 1.1 6.6
Lahaina Deep Monitor (MW) 73.1 2758.8 55.4 18084.6 1209.8 2.8 16.7
LWRF-R1 (TW) 190.5 6061.1 106.2 16462.4 3172.0 422.8 266.8
LWREF Treated Effluent (TW) 163.8 6414.8 70.3 16892.8 3453.7 509.0 155.5
Maui 19 (MS) 14.2 192.8 6.8 4233 12.7 0.8 1.4
Maui 20 (MS) 12.4 166.0 3.7 147.5 2.7 0.6 1.0
Maui 21 (MS) 11.5 150.0 3.7 147.2 24 0.4 0.3
Maui 22 (MS) 13.0 195.7 5.0 259.8 13.4 0.4 2.1
Maui 23 (MS) 15.8 2253 6.2 485.4 41.2 0.8 2.5
Maui 24 (MS) 12.4 174.0 4.3 214.0 7.6 0.4 1.5
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Table 6-10 Continued

2.5
2.8
2.5
1.8
1.0
0.7
0.3
0.3
0.8
0.1
0.6
0.7
0.6
1.4

Maui 25 (MS) 13.0 177.5 5.0 180.1 42 0.6
Maui 26 (MS) 12.1 170.6 4.0 149.4 2.0 0.4
Maui 27 (MS) 12.1 137.6 3.7 243.0 38 0.6
Maui 28 (MS) 12.7 172.9 4.0