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ABSTRACT 

Study focus: 

Groundwater is an important source of nutrients for coastal waters, but can act as a pathway for 

anthropogenic contaminants to reach the ocean. On the Hawaiian Island of O‘ahu, nearly 1500 on-site 

sewage disposal systems (OSDS; e.g., cesspools and septic tanks) exist within the Kāne‘ohe Bay 

drainage basin, releasing one million gallons of untreated wastewater into the groundwater each day, 

threatening stream and coastal water quality. This study evaluated hydrologic flow paths from OSDS to 

surface water bodies by utilizing a combination of unmanned aerial vehicle thermal infrared imaging 

(UAV-TIR), stream gauging and seepage runs, and numerical groundwater modeling. 

 

New hydrological insights for the region: 

This study found that approximately 1.12 x 107 m3 of groundwater is directly entering the ocean 

each year, primarily in the form of diffuse submarine groundwater discharge with significantly elevated 

concentrations of all major nutrients. Eight groundwater seep locations were identified by UAV-TIR, with 

all seeps occurring through coastal valley fill or beach sediments. Model results confirmed that valley fill, 

which extends as deep as 425 meters in some locations, is the most hydraulically conductive substrate in 

the study area, with hydraulic conductance 16x greater than dike-intruded basalt. This is a marked 

contrast to many other coastal settings on O‘ahu, where valley fill deposits act as a semi-confining barrier 

to groundwater flow through the aquifer. 
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1.0 INTRODUCTION 

On-site sewage disposal systems (OSDS, e.g., cesspools and septic tanks) are the third leading 

cause of groundwater contamination in the United States, and are a particular concern in tropical islands 

where OSDS exist in close proximity to drinking water wells, streams, and coastal waters (Babcock et al., 

2014). Over 110,000 OSDS exist in the state of Hawai‘i, 88,000 of which are cesspools (Hawai‘i State 

Department of Health, 2015). Approximately 53 million gallons of untreated wastewater are discharged 

from cesspools into the groundwater each day in Hawai‘i, releasing a nitrogen load of approximately 

12,000 kilograms per day, along with fecal bacteria and other wastewater constituents (Whittier and El-

Kadi, 2009). Potential human health hazards associated with OSDS include gastrointestinal infections 

(Novello, 2000; Said et al., 2003; Hrudey and Hrudey, 2007), methemoglobinemia (Knobeloch et al., 

2000), and death (Novello, 2000). Numerous studies throughout the Hawaiian Islands have shown 

sewage-derived nitrate is likely responsible for increases in both native and invasive algae over-

production (Dailer et al., 2010; Dailer et al., 2012; Amato et al., 2016), but the subsurface fate and 

transport mechanisms of these contaminants is relatively unknown. Understanding where and how OSDS 

contaminants reach drinking water wells, streams, and coastal waters is essential for land managers and 

legislators to plan and prioritize infrastructure upgrades and wastewater management policy. Thus, the 

purpose of this study is to delineate contaminant flow paths from OSDS to surface water bodies (i.e., 

streams and the ocean) and drinking water wells in the Kahalu‘u region of O‘ahu, Hawai‘i, where over 900 

OSDS exist within a 24 km2 area. 

Whittier and El-Kadi (2009) completed an inventory and human health risk ranking of all OSDS in 

Hawai‘i (Kahalu‘u inventory provided in Table 1), and Babcock et al. (2014) completed a condition 

assessment of OSDS, finding that 32% of OSDS in Hawai‘i are failing or in danger of failing. The Hawai’i 

State Department of Health completed monthly surface water monitoring in Kahalu‘u from 2014-2016, 

finding levels of fecal bacteria Enterococcus well in excess of EPA standards. In 2017, the Hawai‘i 

legislature passed Act 125, which requires replacement of all cesspools in the State by 2050, and directs 

the Hawai’i State Department of Health to evaluate cesspools statewide to identify those that require 

immediate upgrade due to human and/or environmental health risk (Hawai‘i State Department of Health, 
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2017). Kahalu‘u, on the eastern coast of the island of O‘ahu (Figure 1), is one of two areas in the State of 

Hawai‘i designated as Cesspool Upgrade Priority Level 1, meaning that cesspools in the area pose 

“Significant Risk of Human Health Impacts, Drinking Water Impacts, or Draining to Sensitive Waters” 

(Hawai‘i State Department of Health, 2017). 

 
Table 1: Inventory of on-site sewage disposal systems (OSDS) in the Kahalu‘u region of the Kāne‘ohe 
Bay watershed. Cesspools, which lack a treatment component and account for 72% of the OSDS in the 
study area, have the highest predicted nitrogen concentrations (Whittier and El-Kadi, 2009). 
 

OSDS Class Effluent Nitrogen (mg/L) No. Units Units / km² 

Class I (Soil treatment) 1 194 8 

Class II (Septic) 36 27 1 

Class III (Aerobic) 24 20 1 

Class IV (Cesspool) 60 666 28 

Multiple 45 16 1 

TOTAL 46 923 39 
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Figure 1: Map of the Kahalu‘u study area showing major sub-watersheds, streams, and distribution of on-
site sewage disposal systems (OSDS). Nearly two-thirds of all OSDS in the Kāne‘ohe Bay drainage basin 
are located within the study area watersheds. Surface geology (after Sherrod et al., 2007) in and around 
all major streambeds is primarily alluvium, while the ridgelines consist primarily of interbedded lava flows 
intruded by volcanic dikes (Macdonald et al., 1983; Takasaki and Mink, 1985; Walker, 1986; Walker, 
1987; Izuka et al., 2015). As shown, 87% of the OSDS in the region are located within the alluvium, and 
thus the hydrogeological characteristics of this geologic layer act as primary controls on contaminant 
transport. 
  



4 
 

In order to test the hypothesis that groundwater is transporting OSDS contaminants to surface 

waters, this study employs a full hydrologic analysis of the Kahalu‘u area to delineate subsurface 

contaminant flow paths. Groundwater inputs to streams are quantified with stream seepage runs, and 

submarine groundwater discharge (SGD) locations are mapped with unmanned aerial vehicle thermal 

infrared (UAV-TIR) imaging. Nutrient concentrations are analyzed for all suspected groundwater 

discharge locations, and compared to baseline concentrations. A numerical groundwater model is used to 

simulate subsurface transport of OSDS contaminants, and simulated model concentrations of dissolved 

inorganic nitrogen (DIN) are compared to measured groundwater DIN concentrations for model validation. 

As legislators and land managers plan and implement future infrastructure and wastewater management 

policy, this study provides a framework that is replicable in coastal areas worldwide that are impacted by 

anthropogenic groundwater contamination.
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2.0 REGIONAL AND HYDROLOGIC SETTING 

The Island of O‘ahu is the third largest island in the Hawaiian Island chain, and is home to nearly 

70% of the State of Hawai‘i’s population (United States Census Bureau, 2016). O‘ahu is comprised of the 

3-4 Ma Waianae and Ko‘olau shield volcanoes that have both undergone denudation by weathering and 

massive volcanic flank area slumping (Moore et al., 1989, 1994), and which are currently in the post-

shield stage of development (Macdonald et al., 1983). The study area is located on the windward side of 

O‘ahu, bordered by Kāne‘ohe Bay to the northeast and the Ko‘olau Mountains to the southwest (Figures 1 

and 2). Stemming from the central Ko‘olau caldera located immediately southeast, a northwest striking rift 

zone of dense vertical dikes extends throughout the basalt bedrock of the study area. Heavy orographic 

rainfall on this windward side of the island persists throughout most of the year, and numerous perennial 

streams traverse very steep topographic gradients, especially in the northern portion of Kāne‘ohe where 

the Ko‘olau peaks exceed 800 meters within a few kilometers of the coast. Deep weathering and erosion 

of the Ko‘olau headlands has resulted in the accumulation of thick alluvium and saprolitic valley fill in and 

beneath the current streams, reaching depths of up to hundreds of meters below the ground surface 

(borehole logs from the Hawai‘i Commission on Water Resource Management). As will be shown, since 

most OSDS in Kāne‘ohe are located at shallow depths in this alluvium layer, the hydrogeological 

characteristics of the valley fill and the positioning of the less permeable dike-bearing basalts that bound it 

act as primary controls on contaminant transport within the subsurface. 

Large quantities of high-elevation groundwater are stored within the Ko‘olau rift zone in Kāne‘ohe, 

impounded by low-permeability dikes (Takasaki and Mink, 1985). In the dike-free regions, groundwater is 

primarily present as a basal freshwater aquifer (“freshwater lens”) floating above more dense saltwater. A 

conceptual cross-section representation of the study region hydrology is provided in Figure 2; detailed 

information on the geologic and hydrologic dynamics in the study area are provided in Section 3.4. 
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Figure 2: Conceptual model of Kahalu‘u hydrology. Bedrock consists of interbedded lava flows with 
interspersed vertical volcanic dikes that extend seaward and impede the landward flow of saltwater 
beneath the freshwater lens. At high elevations where dikes reach the surface, high-level groundwater is 
stored, which is a significant source of baseflow for most of the major streams in the area. A surficial 
valley fill sediment (i.e., alluvium, saprolite) layer is present in and around the major streams, reaching 
depths of up to hundreds of meters.
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3.0 METHODS 

3.1 Stream gauging and seepage runs 

In order to understand hydrologic transport pathways within the study area, stream gauging and 

stream seepage runs were utilized to evaluate surface flow and delineate stream reaches that are gaining 

or losing groundwater. Stream gauges were installed at downstream locations in Kahalu‘u and Waihe‘e 

streams to provide endmember stream discharge data. Each stream gauge consisted of a pressure-

transducer (Schlumberger CTD Diver) encased in 1” diameter screened piping (PVC or galvanized metal) 

to collect autonomous readings of stream level and temperature. Groundwater piezometers were installed 

at a depth of approximately 1 meter in the water table adjacent to each stream gauge to monitor changes 

in groundwater level and temperature, and serve as groundwater nutrient endmember sampling points. 

Groundwater piezometer hardware was identical to that of the stream gauges, consisting of a CTD Diver 

encased in 1” diameter screened PVC. The piezometers were placed approximately five meters inland 

from stream banks, within boreholes that were cored manually with a hand auger and backfilled with 

sand. After installation of each piezometer, standing water within the casing was purged with a peristaltic 

pump for approximately 15 minutes to remove fines and develop a hydraulic connection with the geologic 

unit. Once each piezometer was developed, a CTD Diver was placed at the bottom of the casing and 

anchored to the well cap with wire. CTD Divers in the stream gauges and piezometers were set to record 

measurements every 15 minutes, and one Schlumberger BaroDiver was deployed for barometric 

compensations. Top of casing (TOC) elevations for each stream gauge and piezometer set were 

surveyed with a level transit to allow accurate calculation of head gradients between the stream and 

water table (gauge locations shown in Figure 7 of Section 4.2). Each gauge was located downstream of 

the majority of OSDS located along its respective stream. The Kahalu‘u gauge was located immediately 

upstream of the flood control lagoon below which stream channelization begins (Figure 1). 

Stream discharge measurements were collected at each gauging station with a SonTek 

FlowTracker Acoustic Doppler Velocimeter to establish a rating curve that relates stream level to 

volumetric stream discharge rate. The total streamflow at a given location was considered the summation 
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of flow within 12-15 sections equally spaced throughout the cross-sectional width, for which the 

midsection discharge equation was applied to calculate volumetric flow (Rehmel, 2007). Instrument-

calculated uncertainty ranged from 4.8 to 9.6% for Kahalu‘u Stream, and from 10.9 to 19.3% for Waihe‘e 

Stream. A quality control measurement was made with the FlowTracker at the active Kahalu‘u USGS 

gauge, and the difference in measured streamflow between our measurement and the USGS telemetry 

reading at the time of measurement was 3.5%. Discharge measurements were collected over a wide 

range of hydrologic conditions to ensure the validity of the rating curve. Rating curves established for 

Waihe‘e and Kahalu‘u streams are shown in Figure 3. 

 

 

Figure 3: Rating curves for the Kahalu‘u and Waihe‘e downstream gauging stations. Both streams show 
a strong correlation between stream stage (water height) and stream discharge. All stream discharge 
measurements were collected with a SonTek FlowTracker Acoustic Doppler Velocimeter.  
 

Seepage runs were conducted in both Waihe‘e and Kahalu‘u streams to delineate “gaining” 

(gaining water from groundwater) and “losing” (losing water to groundwater) streams reaches (e.g., 

Donato, 1998; Izuka and Gingerich, 1998; Healy, 2003). A seepage run employs a mass balance 

approach that consists of dividing a stream into reaches, and then measuring the discharge at the 

downstream (𝑄𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚) and upstream (𝑄𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚) boundary of each reach. After accounting for all 

tributaries (𝑄𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑖𝑒𝑠) and diversions (𝑄𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑠) within the reach, the difference between the 

downstream and upstream discharge rate is the rate at which the stream reach is gaining water (if the 

value is positive) or losing water (if the value is negative). The mass balance equation is as follows: 
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𝑄𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 − 𝑄𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 + 𝛴𝑄𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑠 − 𝛴𝑄𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑖𝑒𝑠 = 𝑄𝐺𝑊   (1) 

 

Our stream gauges acted as the downstream boundaries for the seepage runs, and active USGS 

gauging stations in Kahalu‘u Stream (USGS Site #16283200) and Waihe‘e Stream (USGS Site 

#16284200) were used as the upstream boundaries. The length of stream between the downstream and 

upstream boundaries was split into sections, and the stream discharge rate was measured at the 

downstream and upstream boundary of each section. Sections were chosen during a preliminary stream 

walk, with preference given to locations where streambed characteristics were most ideal for stream 

discharge measurements. Ideal locations were characterized by clearly defined streambed edges, a lack 

of obstructions in and around the streambed, and water deep enough to allow use of the FlowTracker 

(depth > 0.10 meters) but shallow enough to wade. Seepage runs for Kahalu‘u and Waihe‘e streams were 

completed in March 2017 (wet season) and July 2017 (dry season), with the exception of a segment 

upstream of the USGS Kahalu‘u gauge, which was measured in May 2018. 

3.2 Water budget 

 A preliminary water budget analysis was conducted to evaluate hydrologic sources and sinks for 

each watershed. Precipitation and evapotranspiration data were obtained from Giambelluca et al. (2013) 

and recharge and streamflow data records from Engott et al. (2015) and the USGS National Water 

Information System (2018), respectively. Streamflow for ungauged streams (Ahuimanu, Ka‘alaea, and 

Haiamoa) was calculated by utilizing multiple regression analysis for streamflow, rainfall, and watershed 

area data from Kahalu‘u and Waihe‘e streams. Runoff was calculated by subtracting evapotranspiration 

and recharge from precipitation, and baseflow was calculated by subtracting runoff from streamflow. To 

validate baseflow calculations, the Base Flow Index (BFI) method (Institute of Hydrology, 1980a, 1980b) 

was used to calculate baseflow for periods of N=5 days (Barlow et al., 2015). In the streams gauged as 

part of this study (Kahalu‘u and Waihe‘e, see Section 3.1), USGS stream gauge data was correlated to 

this study’s downstream gauges, and this correlation was applied to historical USGS data for calculation 



10 
 

of streamflow and baseflow. The idea is that the downstream gauges we installed are more 

representative of endmember stream flow volumes, as the average flows at our downstream gauges are 

41% and 55% greater than at the upstream USGS gauges for Kahalu‘u and Waihe‘e streams, 

respectively. Pumping data was provided by the Hawai‘i Commission on Water Resources Management. 

All data utilized for the water budget are for the period of 1978-2007, which is the period of rainfall data 

(Giambelluca et al., 2013) on which the aforementioned USGS recharge estimates (Engott et al., 2015) 

are based. 

3.3 Thermal infrared imaging 

Thermal infrared (TIR) imaging is a useful tool for mapping SGD in regions where a temperature 

contrast exists between groundwater and ocean water. Since groundwater is insulated from the sun, it 

does not experience the same temporal and diurnal heat fluxes as surface water. This results in 

temperature gradients between groundwater inputs and receiving waters (e.g., ocean, streams) that are 

easily detectable by high-resolution TIR imaging. Within the study area, a significant temperature gradient 

of 2.5°C exists between groundwater (23.1 ± 2.4° C, n=15, field measured values) and sea surface 

temperature (25.6 ± 0.8° C, n=16598, NOAA 2018 National Data Buoy Center, Station 51207 - Kāne‘ohe 

Bay), making the study area particularly well suited for TIR imaging of SGD. 

TIR imaging involves the digital sensing of infrared radiation via the detection of electromagnetic 

waves with wavelengths of approximately 3.5 to 20 micrometers. TIR imaging is utilized for a wide variety 

of applications and the recent rise of unmanned aerial vehicles (UAV, “drones”) has added new capacity 

for high-resolution imaging and data-collection flexibility. Compared to high-altitude aircraft TIR imaging 

(A/C-TIR), which has been used to locate groundwater discharge to rivers, lakes, estuaries, and the 

ocean (Banks et al., 1996; Faux et al., 2001; Duarte et al., 2006; Mulligan and Charette, 2006; Johnson et 

al., 2008; Danielescu et al., 2009; Handcock et al., 2012; Culbertson et al., 2013; Kelly et al., 2013; 

Tamborski et al., 2015, Kennedy, 2016; McCaul et al., 2016), unmanned aerial vehicle TIR (UAV-TIR) 

imaging is a more recent and cost-effective technology that provides higher resolution imagery and offers 

flexibility for routine monitoring. While use of A/C-TIR and/or satellite thermography is more effective for 
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large-scale mapping of SGD, UAV-TIR is ideal for investigating local SGD features on a small scale. 

Recent studies (Kennedy, 2016, Lee et al., 2016) have utilized UAV-TIR to image known locations of 

point-source SGD, as delineated by A/C-TIR surveys. Our study aims to demonstrate the effective use of 

UAV-TIR as a reconnaissance and mapping tool for SGD, independent of preliminary A/C-TIR surveys. 

3.3.1 UAV-TIR data collection 

UAV-TIR flights were conducted following low tide on the mornings of 18 August 2017 (low tide: 

05:38 HST, flights: 06:30-08:00 HST) and 19 August 2017 (low tide: 06:27 HST, flights: 06:40-07:35 HST) 

to map point-source and diffuse SGD along the 6 km stretch of study area coastline. Flights were 

performed on calm and clear days with no appreciable rainfall. Thermal imagery was collected with a 

FLIR Tau 2 640 thermal camera and TeAx ThermalCapture hardware, mounted on a DJI Matrice 100 

quadcopter powered by a Lithium Polymer (LiPo) battery, allowing for individual flight times of 

approximately 20 minutes. TIR imagery was collected at a rate of nine frames per second (9 Hz), geo-

tagged with spatial coordinates from an onboard GPS unit (Navilock NL-302U USB GPS Receiver), and 

stored on an onboard USB thumb drive. TIR imagery was relayed to a ground-station viewing screen for 

real-time analysis, allowing for UAV positioning adjustments as needed. RGB imagery was collected 

simultaneously with TIR data at a frame rate of 60 frames per second (60 Hz) from a GoPro HERO3+ 

camera, aiding in feature identification and georeferencing of UAV-TIR data. Flights were conducted as 

per FAA (2016) guidelines. 

In order to ground-truth UAV-TIR data, in situ temperature data was collected from the topmost 

layer of surface waters from thermistors (HOBO Pendant, Onset Computer Corporation) anchored in the 

UAV-TIR field of view. The thermistors were mounted to reflective buoys, providing ground control points 

and temperature calibration points that were easily identifiable in TIR imagery during post-processing. 

Additional ground control points, consisting of square aluminum sheets approximately 40 cm x 40 cm in 

dimension, were deployed within the UAV-TIR field of view as necessary. 

Each UAV-TIR flight was followed by a shore-parallel temperature/salinity survey to confirm the 

presence of cold freshwater seeps. These in situ data were collected from approximately 20 meters 

offshore with a YSI EXO2 multiparameter sonde at a data rate of 1 Hz. 
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3.3.2 UAV-TIR data processing 

Raw imagery was imported and reviewed in ThermoViewer (TeAx Technology) software to 

ensure adequate scene composition, scaled appropriately for scene temperatures, and then exported as 

digital number (DN) JPEGs. Images were then corrected for wide-angle lens vignetting (i.e., cooling 

around the image edges due to signal fall-off), with pixel-by-pixel batch corrections based on a 

normalized blackbody calibration image of the TIR camera lens. Vignette-corrected JPEG images were 

then mosaicked in Microsoft ICE, and the resulting mosaics exported as single images. The mosaics were 

then imported into ESRI ArcMap software, and georeferenced using available ground control points. At 

least four ground control points were utilized for proper georeferencing of each mosaic. The reflective in 

situ temperature buoys were utilized as offshore ground control points, and onshore ground control points 

were provided by known locations of landforms and structures that were visible in the thermal imagery. 

Ground control points were evenly distributed throughout the mosaic as best as possible to ensure proper 

spatial alignment, and residual spatial errors (calculated by ArcMap) were kept below 2 meters. Each 

georeferenced JPEG mosaic was converted to a temperature raster by utilizing the raster math tools in 

ArcMap to apply the linear relationship between pixel DN range (0-255) and temperature range. TIR 

temperature values were then corrected to in situ temperature measurements, and a false color scale 

applied for ease of data interpretation. These post-processing methods (outlined in Figure 4) are easily 

replicable, and significantly increase the potential of UAV-TIR as an independent SGD mapping tool. 
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Figure 4: UAV-TIR data collection and post-processing flowchart. Python scripting was utilized for 
automation of blackbody corrections (step 4), Microsoft Image Composite Editor utilized for image 
mosaicking (step 5), and ESRI ArcMap utilized for georeferencing, DN to temperature conversion, 
temperature corrections, false coloring, and data overlays (steps 6-11). 
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3.4 Numerical groundwater modeling 

Numerical hydrologic modeling was used to simulate aquifer conditions for fate and transport 

analysis of contaminants (in this study, dissolved inorganic nitrogen), and quantification of baseflow and 

SGD. Groundwater Modeling System (GMS) software was used to run the MODFLOW and MT3DMS 

codes, providing three-dimensional steady state flow and transient solute-transport modeling capabilities, 

respectively. The terrestrial model domain is 23 km², modeled as a 140x140 grid of 50 meter cells, 

encompassing six watersheds (Figure 1): Ahuimanu, Kahalu‘u, Kahalu‘u segment, Waihe‘e, Haiamoa, 

and Ka‘alaea. The model area is bounded by the Ko‘olau ridgeline to the southwest, shore-perpendicular 

ridgelines to the northwest and southeast, and Kāne‘ohe Bay to the northeast. In order to simulate coastal 

hydrologic dynamics, the model boundaries were extended approximately two kilometers offshore. The 

model domain is a part of the Ko‘olaupoko aquifer, which is recharged primarily by orographic rainfall on 

the windward slopes of the Ko‘olau range. Recharge varies drastically in this region, primarily due to high 

rainfall variability, which ranges from approximately 1300 mm/yr in the coastal plains to 4600 mm/yr near 

the Ko‘olau ridgeline (Giambelluca et al., 2013). Other factors influencing recharge include surface 

geology (Sherrod et al., 2007), land use, fog drip, and irrigation. All of these factors are accounted for in 

the USGS recharge coverage for O‘ahu (Engott et al., 2015), which was utilized as the recharge input for 

the model. 

Although limited subsurface lithological information is available for the study area, its geologic 

history, surface geology, and topography provide insight into its subsurface hydrogeology. A significant 

portion of the modeled area along the Ko‘olau rift zone contains >50% volcanic dikes, and is thus 

considered a dike complex (Izuka et al., 2015). Previous studies indicate that these low-permeability 

sheet-like volcanic dikes reduce the bulk permeability of the surrounding flank lavas (Takasaki and Mink, 

1985; Hunt, 1996; Izuka and Gingerich, 1998). Alluvium and weathered basalt saprolite substrate overlies 

interbedded lava flows in each valley, with fill thickness related to surface topography. Fill thicknesses 

were estimated for each valley by analyzing valley-transverse topographic cross sections for every 25 

meters of elevation gain. For all cross sections, the steep upper slope of each ridge sidewall was 

extended downwards, and the intersection point of the two slopes was considered to be the depth of 
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valley fill incision (Rotzoll and El-Kadi, 2007; Figure 5). Based on this analysis, depth of valley fill ranges 

from 0 to 425 meters, and decreases with increasing distance from the shoreline (results shown in Figure 

6). These depths are consistent with findings and observations from studies in other regions of O‘ahu 

(Oki, 2005; Rotzoll and El-Kadi, 2007). Based on analysis of borelogs provided by the Hawai‘i 

Commission on Water Resource Management, it was determined that approximately the top 23% of 

valley fill deposits consist of fine-grained alluviual siliclastic sediments, and the lower 77% consists of 

highly weathered bedrock (i.e., saprolite). The model was divided into six layers with each layer 

consisting of one or more of the following lithologic classifications: unconsolidated fill (alluvium, saprolite, 

marine sediments, beach sediments) or dike-complex basalt. To increase model efficiency, the bottom of 

the model was truncated to the bottom of the Ghyben-Herzberg lens or 300 meters below mean sea level 

– whichever was greatest. When the depth of the Ghyben-Herzberg lens exceeded 2000 meters, the 

model bottom was truncated at 2000 meters with the assumption that no flow exists at deeper depth due 

to material overburden. Hydraulic conductivity values were estimated in MODFLOW by calibration utilizing 

hydraulic head values from 11 observation points (7 wells and 4 springs). Nine of these observation 

points were located in the valley fill and two in the basalt. Model inputs and data sources are provided in 

Table 2. 
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Figure 5: Example valley-transverse topographic cross section, with lines extending the upper slope of 
each ridge sidewall to an intersection point, which is the estimated depth of valley fill, based on the 
conceptual geomorphic model from Macdonald et al. (1983).  
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Figure 6: Extrapolated three-dimensional visualization of study area topography with valley fill (A) and 
without valley fill (B), based on the valley-transverse cross section analysis method. B is taken as the top 
of basalt. The estimated thickness of valley fill varies from 0 to 425 meters. 
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Table 2: Model parameters and data sources. 

Parameter Value Units Data Source 

Elevation / Bathymetry -17 – 859 m NOAA (2007) / NOAA (2011) 

Recharge 0.04 – 2.43 m/yr Engott et al. (2015) 

GW Pumping 30745 m³/d Honolulu Board of Water Supply 

OSDS Effluent 2525 m³/d Whittier and El-Kadi (2009) 

Porosity (Valley Fill) 0.30  - Mean of measured values (n=26) 

Porosity (Dike-Intruded Basalt) 0.05  - Hunt (1996) 

Horizontal Hydraulic Conductivity 
(Valley Fill) 

1.75 m/d Model calibration (Section 4.4.1) 

Horizontal Hydraulic Conductivity 
(Dike-Intruded Basalt) 

0.11 m/d 

Vertical Anisotropy (Valley Fill) 1  - Isotropy assumption 

Vertical Anisotropy (Dike-Intruded Basalt) 5  - Hunt (1996) 

Streambed Conductance 2 m2/d/m Calibration and sensitivity analysis 

Streambed Conductance (channelized) 0.5 m2/d/m Calibration and sensitivity analysis 

Longitudinal Dispersivity 5 m Guided by Oki (2005) 

Bulk Density (Valley Fill) 1100 kg/ m³ USDA NRCS Soil Survey (2017) 

1st Sorption Constant 8 x 10-9 m³/mg Manual calibration with measured 
values Rate constants (dissolved and sorbed) 5 x 10-4 1/d 

 

DIN was chosen as the OSDS contaminant for the MT3DMS model, but the transport of DIN in 

the subsurface can also be considered a proxy for other OSDS contaminants. OSDS inputs were 

simulated via a 100-meter recharge grid into the top layer of the model, with each grid cell input 

consisting of the sum of OSDS effluent and the average OSDS effluent concentration within the cell area. 

The total OSDS input into each grid cell was calculated with OSDS location, type, and estimated effluent 

quantities and concentrations documented by Whittier and El-Kadi (2009). A total of 12 groundwater 

sample points, consisting of our well, tunnel, and coastal piezometer sample locations, were utilized as 

observation points for model validation. Concentrations from two coastal piezometer locations where 

salinity exceeded 1 psu were corrected for salinity with the following formula: 

𝑐𝑓𝑟𝑒𝑠ℎ =
𝑐𝑠𝑎𝑚𝑝𝑙𝑒−𝑐𝑚𝑎𝑟𝑖𝑛𝑒𝑓𝑚𝑎𝑟𝑖𝑛𝑒

𝑓𝑓𝑟𝑒𝑠ℎ
      (2) 

where c represents concentration and f represents the fraction of each endmember (fresh and 

saline) present in the sample. This method, which assumes conservative mixing in the subterranean 

estuary (STE), was chosen due to a lack of data to qualify removal rates in the STE. Fresh and marine 
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endmember salinities utilized were 0.07 and 34.37 psu, respectively, based on samples collected from 

drinking water wells (fresh) and offshore (marine) samples collected as part of this study and further 

discussed in Section 3.5 and Section 4.3. Bulk density was set as 1.10 kg/m3 based on a weighted 

average of the soils in the study area, as delineated by the USDA NRCS Soil Survey (2017). MT3DMS 

chemical reaction parameters (1st sorption constant and rate constants; see Table 2) were manually 

varied to achieve a reasonable fit of modeled OSDS DIN with measured DIN values. In instances where 

groundwater sample points fell within 20 m of a cell boundary, the average concentration of the bounding 

cells was utilized. 

 

3.5 Geochemical analyses 

A total of 166 water samples (including 12 duplicate samples) were collected throughout the 

study area, and analyzed for concentrations of dissolved inorganic nutrients (data in Appendix D). 

Endmembers were obtained for dike-impounded groundwater, basal groundwater, stream headwaters, 

stream outflows, and ocean water. All sample locations were surveyed with a YSI EXO2 multiparameter 

sonde for measurement of temperature, salinity, pH, total dissolved solids (TDS), and dissolved oxygen 

(data in Appendix C). Nutrient analyses were performed by the Hawai‘i State Department of Health 

Analytical Laboratory and the University of Hawai‘i SOEST Laboratory for Analytical Biogeochemistry, 

with both facilities utilizing a Seal Analytical AutoAnalyzer III. In addition to baseline samples collected for 

watershed-scale analysis of DIN sources and sinks, samples were collected from seepage run segments, 

stream gauge and piezometer stations at various flow conditions, and stream and coastal locations where 

groundwater seepage was evidenced by low temperature, low salinity, or visible bubbling and/or iron 

precipitation at the surface. 

Eight DIN samples were collected from groundwater wells to act as validation for MT3DMS model 

outputs. Low-elevation groundwater sample points were relatively limited throughout the study area, as 

most drinking water is sourced from high-elevation groundwater tunnels that breach the high-elevation 

dike-impounded groundwater. Of the 31 private wells in the study area, most were installed in the mid-20th 

century and have since been abandoned or capped. Three private wells were successfully accessed and 



20 
 

sampled, in addition to three high-elevation municipal tunnels and wells, and six low-elevation 

groundwater piezometers. 

Ocean DIN samples were collected at all locations delineated by UAV-TIR as potential SGD 

seeps. These samples were collected within the center of the seep area delineated by UAV-TIR. Baseline 

DIN samples were collected from adjacent, non-impacted watersheds, and from offshore (300-500 

meters) locations within the study area. An effort was made to ensure that baseline samples were 

collected from locations with salinity greater than 34 psu. 

Total N, Total P, nitrite+nitrate (NO2
-+NO3

2-), and ammonia+ammonium (NH3+NH4
+) were run as 

separate analyses. Dissolved inorganic nitrogen (DIN) was computed as the sum of nitrate+nitrite and 

ammonia+ammonium. Dissolved organic nitrogen (DON) was considered to be the remainder of Total 

Nitrogen after subtracting the quantity of DIN. In instances when Total Nitrogen was not analyzed, DON 

was not calculated. 
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4.0 RESULTS 

4.1 Stream gauging and seepage runs 

Our seepage runs for Waihe‘e and Kahalu‘u streams (streamflow data in Appendix B) found that 

during baseflow conditions, streamflow varied by no more than 7% between upstream USGS gauges and 

the downstream gauges installed for this study. However, small influxes and outfluxes of water from/to 

groundwater were found to occur in various stream reaches. These “gaining” and “losing” reaches varied 

by season for many of the stream reaches, but one particular stream reach of Waihe‘e stream, illustrated 

in Figure 7, was found to be gaining significant quantities of groundwater (25 and 24 m3/d per meter of 

stream length, for the wet and dry season seepage runs, respectively). This Waihe‘e stream segment is 

137 meters in length, and 27 OSDS units are located with 200 meters of the reach. The most significant 

gaining section of stream is immediately upstream of the USGS gauge in Kahalu‘u Stream. This section 

of stream is approximately 698 m long and varies in elevation from 43 to 75 m above sea level, gaining 

approximately 8 m3/d of groundwater per meter of stream length. The groundwater gains in this segment 

account for 47-71% of the total streamflow inputs, and 101 OSDS units are located within 200 meters of 

this gaining stream reach. 
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Figure 7: Measured groundwater inputs from seepage runs for Kahalu‘u and Waihe‘e streams during wet 
season (left panels) and dry season (center panels) conditions, and model-predicted groundwater inputs 
(right panels). Estimated groundwater inputs are presented in units of cubic meters per day per meter of 
stream length, with positive numbers signifying a streamflow gain from groundwater and negative 
numbers signifying a streamflow loss to groundwater. Wet season seepage runs were conducted in 
March 2017, and dry season seepage runs in July 2017. Model-predicted groundwater inputs to streams 
represent average values based on model input data from 1978 to 2007 (see Section 3.4). Model 
resolution is 50 meters. 
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No significant correlations were found to exist between nutrient concentrations and stream gains 

or losses. However, based on samples collected under the varying conditions of rating curve 

measurements at Kahalu‘u Stream, significant correlations were found to exist between stream discharge 

rate and nutrient concentrations (Figure 8). Nutrient data collected during varied flow conditions (0.08 to 

1.31 m3/s) in Kahalu‘u Stream shows strong positive correlations between streamflow and total 

phosphorus (R2=0.87) and total nitrogen (R2=0.85). Most of the increased nitrogen load during high flow 

events is likely due to an increase in organics, as DON correlates strongly (R2=0.84) with streamflow, 

whereas DIN shows a weak negative correlation (R2=-0.25). Some of this organic load could be sourced 

from OSDS overflow, as ammonia+ammonium also shows a moderate correlation (R2=0.53) with 

streamflow. Dissolved silica, a hydrolysis-weathering product of basalt that is elevated in groundwater 

(Visher and Mink, 1964), is inversely correlated with streamflow (R2=-0.91), likely due to dilution of 

baseflow during high-flow events. These results are similar to correlations noted by Hoover (2002) for 

He‘eia and Kāne‘ohe streams, which are located directly south of our study area and within the greater 

Kāne‘ohe Bay watershed. 
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Figure 8: Plots showing correlations between nutrient concentrations and streamflow. All samples (n=8) 
were collected from Kahalu‘u Stream at the stream gauge location (see UH Stream Gauge - Kahalu‘u 
location in Figure 7) during varying flow events from October 2016 to April 2018. Strong positive 
correlations exist between total nitrogen (R2=0.85), total phosphorus (R2=0.87), DON (R2=0.84) and 
streamflow. A moderate correlation (R2=0.53) also exists between ammonia+ammonium and streamflow. 
A strong negative correlation exists between silica (R2=-0.91) and streamflow. 
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4.2 Water budget calculations 

Water budget calculations for the study area reveal an excess of outputs to inputs, as the sum of 

recharge, runoff, and evapotranspiration exceeds precipitation. This is evidenced by the negative leakage 

values presented in Table 3 and discussed in Section 5.1. Baseflow calculations from the water budget 

(streamflow minus runoff) and from the Baseflow Index (BFI) method (N=5 days) differed by 20 and 29% 

for Kahalu‘u and Waihe‘e streams, respectively, showing that baseflow is responsible for approximately 

59-81% of the streamflow in the study area. This is comparable to estimations by Hoover (2002) for 

He‘eia and Kāne‘ohe streams, which are located directly south of our study area and within the greater 

Kāne‘ohe Bay watershed. Baseflow plots from the BFI method are shown in Figure 9 for the two streams 

(Kahalu‘u and Waihe‘e) with permanent gauging stations and historic streamflow data. 

 

  



26 
 

With a balanced water budget, leakage (i.e., flow out of the aquifer), which in Hawaiian aquifers 

occurs primarily in the form of submarine groundwater discharge, is considered the remainder of recharge 

after subtracting pumping and baseflow. As evidenced by the negative leakage values, this water budget 

does not balance properly, and a possible explanation, first proposed by Takasaki and Mink (1985), is 

that the high degree of valley incision on the windward side of the Ko‘olau range results in a subsurface 

groundwater divide that lies leeward of the surficial watershed divide (see aquifer delineations in Hunt, 

1996). This idea is discussed further in Section 4.4 and Section 5.1. 

 

Table 3: Water budget calculations with data from the period of 1978-2007. Precipitation and 

evapotranspiration data were obtained from Giambelluca et al. (2013), recharge data from Engott et al. 

(2015), and pumping data from the Honolulu Board of Water Supply. Streamflow estimates were obtained 

from the USGS National Water Information System (2018) and corrected to our downstream gauges to 

account for down-gradient runoff and baseflow contributions. Baseflow was calculated by subtracting 

runoff from streamflow, and leakage was considered the remainder of recharge after subtracting pumping 

and baseflow. As evidenced by the negative leakage values, this water budget does not balance properly, 

and a possible explanation, first proposed by Takasaki and Mink (1985), is provided in Section 5.1. 

 

  INPUTS OUTPUTS 

Wshed  
Area 

(km²) 
Precip. 
(m³/yr) 

ET 
(m³/yr) 

Stream 
flow 

(m³/yr) 

Rchg. 
(m³/yr) 

Pumping 
(m³/yr) 

Base 
flow 

(m³/yr) 

Leakage 
(m³/yr) 

Ahuimanu 6.25 1.23E+07 6.81E+06 8.51E+06 2.99E+06 2.07E+04 6.02E+06 -3.05E+06 

Kahalu‘u 3.38 8.49E+06 3.78E+06 4.09E+06 3.08E+06 3.51E+06 2.45E+06 -2.89E+06 

Kah. seg. 1.82 2.69E+06 1.93E+06 0.00E+00 4.34E+05 0.00E+00 0.00E+00 4.34E+05 

Waihe‘e 5.86 1.53E+07 6.78E+06 8.84E+06 5.29E+06 7.69E+06 5.57E+06 -7.97E+06 

Haiamoa 1.66 3.26E+06 2.01E+06 9.90E+05 7.79E+05 0.00E+00 5.16E+05 2.62E+05 

Ka‘alaea 4.56 1.09E+07 5.28E+06 2.52E+06 3.33E+06 0.00E+00 2.62E+05 3.07E+06 

TOTAL 23.52 5.29E+07 2.66E+07 2.49E+07 1.59E+07 1.12E+07 1.48E+07 -1.01E+07 
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Figure 9: Baseflow and streamflow plots for periods of record from the two permanently gauged streams 
in the study area -- Kahalu‘u and Waihe‘e – the flows of which are sustained primarily by baseflow. 
Baseflow was calculated with the Baseflow Index (BFI) method (Institute of Hydrology, 1980a, 1980b) for 
periods of N=5 days (Barlow et al., 2015). 
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4.3 Thermal infrared imaging 

UAV-TIR imaging and subsequent salinity surveys revealed eight potential submarine 

groundwater discharge seeps, as shown in Figure 10. Stream outflows, thermal inertia differences 

between coastal settings, and other factors cause regional temperature variations of up to 6 degrees 

centigrade throughout the study area. Thus, relative temperature differences in localized TIR maps 

(Appendix A), with appropriate temperature scales for each setting, were utilized to delineate seep 

locations. Each of these locations was sampled for dissolved nutrient, and compared to baseline 

concentrations, revealing significantly elevated concentrations of silica, total phosphorus (TP), total 

nitrogen (TN), DIN, NO2
-+NO3

2-, and NH3+NH4
+ in SGD locations (Figure 11).  
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Figure 10: Map of UAV-TIR temperature data (top left) and in situ salinity data (top right), with OSDS 
locations shown as purple dots. UAV-TIR data were collected during low-tide flights on the mornings of 18 
August 2017 and 19 August 2017. Salinity data were collected in situ with a YSI EXO2 multiparameter 
sonde immediately following UAV-TIR flights. Relationship between TIR temperature and salinity (bottom 
left) shows a strong correlation. An example localized TIR map from the study area (bottom right) shows 
diffuse SGD seepage. Localized TIR maps for the entire study area are provided in Appendix A. 
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Figure 11: Results of ocean sampling for baseline samples (orange) and SGD seep samples (blue). SGD 
seeps show consistently elevated concentrations above baseline for all nutrients analyzed: TP, DIN, 
nitrite+nitrate (NO2

-+NO3
2-), and ammonia+ammonium (NH3+NH4

+). Silica (not shown due to scale), a 
conservative tracer of groundwater for Hawaiian aquifers, is also elevated in seep samples (mean = 67 

M) relative to ocean (mean = 9 M). Error bars (one standard deviation) are shown in black. 
 

All of these coastal locations are in or near unconsolidated (alluvium or beach sand) coastal 

deposits, which suggests that the alluvial deposits may be acting as a direct conduit between OSDS (87% 

of which are located in shallow alluvium) and the coast. Seven seeps occur through coastal alluvium 

deposits, and one seep occurs through coastal beach deposits. 

Figure 12 shows TIR imagery and a shore-parallel transect plot of TIR temperature in the 

estuarine confluence of Kahalu‘u, Waihe‘e, and Ahuimanu streams (referred to as the ‘Kahalu‘u estuary’). 

At a distance of approximately 160 meters along the transect, the temperature abruptly drops from 23.9°C 

to 23.6°C, and then remains at this temperature until approximately 205 meters along the transect. The 

lowered temperature values are not likely due solely to the influence of Waihe‘e and Kahalu‘u streams, as 

temperature increases seaward before decreasing again along the transect -- there is thus likely a local 

source of groundwater input. As shown, five nutrient samples collected along the transect reveal 
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increases in nutrient concentrations within the suspected SGD seep. Approximately 20 meters inland 

from this seep is a septic tank with extremely high effluent concentrations of TN (5712 M) and NH3+NH4
+ 

(5088 M). The influence of the septic system is evident in a nearby groundwater piezometer, as DIN 

(297 M) and NH3+NH4
+ (296 M) in the piezometer are higher than in any other groundwater, ocean, or 

surface water sample collected as part of this study. Additionally, TN and TP concentrations are greatest 

at surface sample location 4, which is in the immediate offshore vicinity of the septic system. Pump tests 

at the two groundwater piezometers shown in Figure 12 revealed unique results for each location, despite 

the short distance (20 m) separating the two locations. Each piezometer was installed at a depth of 4 

meters below the ground surface, with the water table located approximately 1 meter below the 

surface.  The 1” diameter piezometers were pumped at a rate of 0.75 liters per minute for three minutes, 

and drawdowns of 0 cm and 29 cm were observed in piezometers 1 and 2, respectively. This result 

reflects the heterogeneous nature of the subsurface in the study area, and suggests that piezometer 1 

has a strong hydraulic connection to the estuary and the groundwater to which the septic tank discharges. 

This conclusion is also reflected in the groundwater nutrient concentrations, as concentrations of Total N 

and NH3+NH4
+O2 are significantly higher in piezometer 1 than in piezometer 2 (see Figure 12). This 

process of utilizing in situ data to confirm that UAV-TIR delineated SGD seeps were hydraulically 

independent of stream plumes was used for each of the eight delineated SGD seeps, confirming that the 

freshwater inputs are from groundwater rather than stream inputs. 
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Figure 12: TIR imagery of Kahalu‘u estuary (top) delineating a groundwater seep location and a TIR 
temperature transect across the seep area, from the stream outlet (A) towards the ocean (A’). The plot 
(bottom) shows temperature variations and nutrient concentrations for five sample points along the 
transect. Nutrient concentrations are highest where temperature is lowest and the suspected groundwater 
contributions are greatest (gray area of plot). TN and NH3+NH4

+ concentrations are highest at sample 
point 4, which is immediately adjacent to a septic tank approximately 20 meters inland. 
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4.4 Numerical groundwater modeling 

4.4.1 MODFLOW outputs 

After initial model runs, model-calculated pumping and baseflow were significantly lower (48% 

and 30% for Kahalu‘u and Waihe‘e streams, respectively) than the known measured values. This further 

supports the strong possibility that the Ko‘olaupoko aquifer boundary does indeed lie leeward of the 

Ko‘olau Crest, as hypothesized by Takasaki and Mink (1985) and Hunt (1996). To account for leeward 

groundwater influx, a specified flux boundary was applied along the Ko‘olau ridgeline, and the flux value 

adjusted to obtain a reasonable match between modeled and measured baseflow and pumping. Since 

Waihe‘e valley is the most deeply incised valley in the study area, covers approximately half of the linear 

distance of the Ko‘olau ridgeline in the study area, and is adjacent to the leeward location delineated by 

Hunt (1996) as having the greatest contribution to the windward Ko‘olaupoko aquifer, 70% of the flux was 

applied to the Waihe‘e watershed. The remainder of the flux was applied to Kahalu‘u (15%), Ahuimanu 

(10%), and Ka‘alaea (5%) based on valley incision and linear distance along the Ko‘olau ridgeline. After 

accounting for this influx, modeled baseflow volumes were 86% and 69% of the measured 30 year 

average (1978-2007) baseflow fluxes for Kahalu‘u and Waihe‘e streams, respectively. Model calibration 

resulted in a strong fit (R2=0.99) between computed and observed hydraulic head values (Figure 13), 

with no observation points varying by more than 7 m. Calibrated horizontal hydraulic conductivity values 

are 1.75 and 0.11 m/d for valley fill and dike-intruded basalt, respectively. Average hydraulic head is 61 

meters, and the maximum head is 459 m. Model-predicted fresh submarine groundwater discharge 

(excluding re-circulated saline ocean water) is 1.12 x 107 m3/yr, which is approximately 45% of the 

magnitude of stream discharge to the coast, and well within the range of Dulai et al.’s (2016) SGD 

estimates. 
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Figure 13: Model computed head values plotted against observed head values for eleven observation 
points (seven wells, four springs). Observed head values for wells were obtained from well installation 
bore logs or measured with a pressure transducer as a part of this study. Observed head values for 
springs were considered to be the elevation of the water surface of the spring.  
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4.4.2 Sensitivity analysis 

Since the vertical anisotropy ratio (ratio of horizontal hydraulic conductivity to vertical hydraulic 

conductivity) is difficult to estimate or measure for the highly heterogeneous subsurface geology of the 

study area, sensitivity analysis was conducted to evaluate the effect of vertical anisotropy on model 

calibration fit and predicted head values. When varying hydraulic conductance for valley fill (between 1 

and 5) and dike-intruded basalt (between 0.2 and 5), the coefficient of determination for the observed and 

computed heads did not drop below 0.99, and average, minimum, and maximum head values did not 

differ by more than 7 m, 0 m, and 7 m, respectively. 

4.4.3 MT3DMS outputs 

Due to the relatively slow movement of groundwater in the subsurface, it takes approximately 30 

years for OSDS-derived groundwater nutrient concentrations in MT3DMS to reach steady state. However, 

most of the contaminant mass present at the 30 year steady state is present at 10 years. Based on this 

finding and the fact that most OSDS in the study area were installed in the past fifty years, groundwater 

concentrations of OSDS contaminants should be expected to remain steady if no wastewater 

infrastructure changes are made. Contaminant transport results show the highest concentrations of DIN 

in Layer 1, which spans from ground surface elevation to 5 meters below msl, where most OSDS are 

present. Concentrations consistently decline with depth, and no appreciable OSDS DIN is present below 

a depth of 30 meters below msl. 

Modeled and measured DIN concentrations are presented in Table 4, and the spatial distribution 

of shallow groundwater (>-5 m above msl) DIN, as computed via MT3DMS contaminant transport 

simulation, is presented in Figure 14. According to the model, steady state OSDS DIN concentrations are 

highest in the Haiamoa watershed, and second highest in the Kahalu‘u watershed. In both of these 

watersheds, OSDS impacts extend to the upstream boundaries (Haiamoa) or nearly to the upstream 

boundaries (Kahalu‘u). The maximum modeled OSDS DIN concentration is 2.48 mg/L (177 M), which is 

below the 10 mg/L threshold set by the EPA (U.S. EPA, 2009). However, since chemical transport 

parameters were manually adjusted to match measured concentrations, modeled concentrations may 

greatly differ from measured values, particularly in areas where measured data is limited. Additionally, 
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total DIN concentrations could exceed 10 mg/L if OSDS DIN is coupled with DIN from other sources, such 

as agriculture (Whittier and El-Kadi, 2009). 

 

Table 4: Modeled OSDS DIN and measured DIN concentrations for all groundwater samples. Field-
measured values include all sources of DIN, whereas modeled DIN includes only DIN from OSDS inputs. 
 

No. Type Substrate Modeled OSDS DIN 

(mg/L, M) 

Measured DIN         

(mg/L, M) 

1 Tunnel Dike-Intruded Basalt 0.00 (0.0) 0.20 (14.3) 

2 Well Dike-Intruded Basalt 0.00 (0.0) 0.12 (8.6) 

3 Well Dike-Intruded Basalt 0.00 (0.0) 0.16 (11.4) 

 
4 Well Dike-Intruded Basalt 0.06 (4.3) 0.04 (2.9) 

5 Well Dike-Intruded Basalt 0.04 (2.9) 0.08 (5.7) 

6 Well Saprolite 0.34 (24.3) 0.14 (10.0) 

 
7 Piezometer Alluvium 0.15 (10.7) 0.25 (17.8) 

8 Piezometer Alluvium 0.17 (12.1) 0.11 (7.9) 

9 Piezometer Alluvium 0.01 (0.7) 0.15 (10.7) 

10 Piezometer Alluvium 0.87 (62.1) 0.80 (57.1) 

11 Piezometer Alluvium 0.35 (25.0) 0.62 (44.3) 

12 Piezometer Alluvium 0.00 (0.0) 0.48 (34.3) 

  AVERAGE 0.17 (12.1) 0.26 (18.6) 

     

 

 Samples 1-3 were collected from domestic supply wells and tunnels up-gradient of OSDS 

impacts. Samples 4-6 were collected from private wells, samples 7 and 8 were collected from our near-

stream piezometers discussed in Section 3.1, and samples 9-12 were collected from coastal piezometers. 

The relationship between modeled OSDS DIN and measured DIN concentrations is provided in Figure 

14. Sample 12 is an outlier that suggests the presence of a significant localized non-OSDS nitrogen 

source. When excluding sample 12 from analysis, the coefficient of determination (R2) in Figure 14 

increases from 0.55 to 0.73. 
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Figure 14: Steady-state results of MT3DMS simulation of groundwater OSDS dissolved inorganic 
nitrogen (DIN) concentrations (top). These steady state concentrations were reached after 30 years of 
OSDS input simulation. Groundwater sample points are marked as pink dots, and measured DIN from 
these locations is provided in Table 4, and plotted against modeled OSDS DIN (bottom). 
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5.0 DISCUSSION 

5.1 Water budget excess 

Based on the water budget calculations outlined in Section 4.1 and the modeling results 

presented in Section 4.4, the output excess for the study area (Ahuimanu, Kahalu‘u, Kahalu‘u segment, 

Waihe‘e, Haiamoa, and Ka‘alaea watersheds) is approximately 2.41 x 107 m3/yr. More simply, the 

hydrologic outputs from this area (evapotranspiration, streamflow, pumping, SGD) exceed the hydrologic 

inputs (precipitation) by 45.6% (see Table 5). As mentioned in Section 4.2 and Section 4.4, the most 

likely explanation for this is that high-elevation groundwater stored in the dike complex, which is not 

accounted for by ongoing precipitation in the study area watersheds, is being drawn down to sustain 

streamflow. Four of the five study area streams (Ahuimanu, Kahalu‘u, Waihe‘e, Ka‘alaea) are sourced by 

this high-elevation groundwater, and all but one (Ka‘alaea) shows a significant excess of outputs relative 

to inputs. The idea, first proposed by Takasaki and Mink (1985), is that since windward valleys deeply 

penetrate the dike-impounded reservoir whereas leeward valleys do not, proportionately more dike-

impounded groundwater is delivered to the windward aquifers from the area underneath the Ko‘olau 

crest, and thus the natural groundwater divide lies leeward of the crest and not along it (see Hunt, 1996 

aquifer delineations). As a result, significant quantities of discharge from the dike-impounded reservoir 

become relatively high elevation sources of baseflow to windward streams. The groundwater portion of 

the water budget, and a comparison with the modeled values, is presented in Table 6. 
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Table 5: Study area water budget with inputs (i.e., sources) assigned positive values and outputs (i.e., 
sinks) assigned negative values. The outputs exceed the inputs by 45.6%, suggesting the presence of an 
additional source of water to the system, which we conclude is likely high-level groundwater from the 

leeward side of the Ko‘olau Mountains. 

 

Source / Sink Literature Flux 
(m3/yr) 

% of Input 
 

Literature source 

Precipitation 5.29 x 107*  --  Giambelluca (2013) 

Evapotranspiration -2.66 x 107* 50.3% Giambelluca (2013) 

Baseflow -1.48 x 107 28.0% Engott et al. (2015) and 
USGS Gauge Data 

Runoff -1.05 x 107 19.8% Engott et al. (2015) 

Pumping -1.12 x 107 21.2% Pumping records 

SGD (fresh) -1.39 x 107 26.3% Dulai et al. (2016) 

REMAINDER -2.41 x 107 -45.6%  

 

 
Table 6: Study area groundwater budget with inputs (i.e., sources) assigned positive values and outputs 
(i.e., sinks) assigned negative values. The outputs exceed the inputs by 152.6% for literature values, and 
the modeled flux necessary to match stream baseflow and pumping (see Section 4.4) is considered the 
model deficit, which is 122.8%. This again suggests the presence of an additional source of water to the 

system, which we conclude is likely high-level groundwater from the leeward side of the Ko‘olau 
Mountains. The 122.8% deficit in the model was made up for by adding a specified flux across the 

Ko‘olau ridgeline of 1.94 x 107 m3/yr.  
 

Source / Sink Literature Flux 
(m3/yr) 

Model Flux 
(m3/yr) 

Literature source 

Recharge 1.58 x 107 

5.29 x 107* 

Engott et al. (2015) 

Baseflow -1.48 x 107 -1.55 x 107 Engott et al. (2015) and 
USGS Gauge Data 

Pumping -1.12 x 107 -8.53 x 106 Pumping records 

SGD (fresh) -1.39 x 107 -1.12 x 107 Dulai et al. (2016) 

REMAINDER -2.41 x 107 -1.94 x 107  

 

Dulai et al. (2016) measured total SGD with radon (total SGD = 6.17 x 106 m3/yr) and radium 

(6.34 x 107 m3/yr) isotopes for our study area (values calculated based on a per meter of shoreline 

estimates from Dulai et al., 2016). An average of these values, paired with the assumption that the salty 

fraction of SGD in Hawai‘i is 40-80% (60% is assumed for the calculation) of the total SGD (Street et al., 

2008; Glenn et al., 2013; Mayfield, 2013; Kleven, 2014), results in a fresh SGD estimate of 1.39 x 107 

m3/yr, which is well within range of the model SGD flux of 1.12 x 107 m3/yr. 



40 
 

5.2 Nutrients in streams 

Dissolved silica is very prevalent in Hawaiian groundwater, being sourced from the weathering of 

Hawaiian basalts, which are approximately 46.5 - 49.4% silica by weight (Macdonald et al., 1983). The 

notable inverse correlation observed between silica and streamflow (Figure 8) confirms that under 

baseflow conditions the streams are being fed by groundwater, and during high flow conditions the 

groundwater component of streamflow is diluted by overland flow. Higher TN, TP, and DON 

concentrations during high flow signifies that high flow events transport large quantities of organic 

material to the streams. This organic material could be partially sourced from overflowing cesspools, as a 

moderate correlation (0.53) also exists between ammonia+ammonium and streamflow. 

5.3 Hydraulic conductivity and contaminant transport 

Oki (2005) suggests that marine and terrestrial valley fill may act as a barrier to groundwater flow 

in dike-free volcanic aquifers. Dikes, however, can significantly decrease the permeability of volcanic 

aquifers, resulting in a scenario whereby alluvial valley fill is more hydraulically conductive than the 

surrounding and underlying volcanic substrate. Our study clearly demonstrates that this is the condition 

for the Kahalu‘u study area, and indeed perhaps many of the aquifers that drain into and potentially 

threaten Kāne‘ohe Bay. Our model-calibrated horizontal hydraulic conductivity (HK) value for dike-

complex basalt (0.11 m/d) is an order of magnitude lower than our model-calibrated valley fill HK (1.75 

m/d). Literature values for Hawaiian dike complex basalt range from 0.00003 to 1500 m/d, estimated 

primarily from pumping tests and hydrologic models (Todd, 1980; Hunt, 1996; Rotzoll and El-Kadi, 2008). 

Literature values for alluvial/saprolitic valley fill range from 0.02 m/d up to 150 m/d (Hunt, 1996; Oki, 

2005), with the variance based primarily on age of deposits. Most estimates tend towards values <1 m/d.   

The wide range of values in both consolidated and unconsolidated Hawaiian aquifer materials is 

attributed to the heterogeneity of the subsurface structures on a local and island-wide scale, and the 

unknown and varying density of dikes that terminate below the surface. While numerous studies have 

mapped surface dike features within the Kahalu‘u study area (Macdonald et al., 1983; Takasaki and Mink, 

1985; Walker, 1986; Walker, 1987), the density of dikes that terminate below the surface is entirely 

unknown. The low dike complex HK value obtained from our model calibration suggests that the 
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subsurface dike density in the study area is very high, impeding groundwater flow to the extent of 

decreasing flow by several orders of magnitude. This is not surprising since the study area is within the 

East Rift Zone and adjacent to the caldera of the Ko‘olau volcano, where dike density is expected to be 

greatest. This result, along with the UAV-TIR mapping, supports the hypothesis that the valley fill is acting 

as a preferential subsurface flow conduit that funnels OSDS contaminants to streams and the coast. This 

is of significant concern since most of the OSDS within the study area are located within the alluvial 

portion of the valley fill. In addition, the northwest trending ridge that branches off from the main Ko‘olau 

Crest up to the coast north of the fishpond (see Figure 1), where several surficial dike features have been 

mapped, likely acts as a barrier for groundwater flow, channeling subsurface flow towards the Kahalu‘u 

estuary and the surrounding alluvial floodplains, where we have delineated multiple nutrient-rich 

groundwater seeps by UAV-TIR and salinity measurements (Figure 12 and Appendix A). This unique 

hydrogeologic dynamic, coupled with high OSDS density, is a reasonable conclusion for the high 

groundwater, surface water, and SGD seep DIN concentrations in the area, which are the highest of any 

locations sampled as part of this study. 

5.4 Gaining stream reaches 

As noted in Section 4.1, Waihe‘e Stream is primarily fed by high-elevation groundwater, as 

evidenced by the fact that stream discharge values under baseflow conditions are relatively equivalent at 

our downstream gauge (19 m above msl) and the upstream USGS gauge (49 m above msl), over a 

distance of 1.3 km. The most significant area of gaining stream in Waihe‘e is immediately upstream of our 

stream gauge, where groundwater gains of 25 and 24 m3/d per meter of stream length were measured for 

the wet and dry seasons, respectively. 27 OSDS are located within 200 m of this gaining stream segment. 

No OSDS systems are located upstream of the USGS gauge where most groundwater gains occur. 

Kahalu‘u stream is also gaining most of its flow upstream of the USGS gauge, but a majority (113 of 207) 

of the OSDS in the Kahalu‘u watershed are located in this region. Thus, gaining stream reaches are a 

much greater concern in Kahalu‘u stream than in Waihe‘e stream. In general, groundwater inputs to low-

elevation stream reaches, where upgradient OSDS are present, are approximately 2.36 x 106 m3/yr and 
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1.34 x 106 m3/yr for Kahalu‘u and Waihe‘e streams, respectively. Some of this water is returned to the 

aquifer in losing stream reaches, but most is transported to the coast. With a high number of OSDS in 

close proximity to streams in the study area, groundwater inputs to streams can act as critical transport 

paths for OSDS contaminants to reach streams and eventually the coast. Without a sufficient buffering 

distance between sources (OSDS) and sinks (e.g., gaining stream reaches), there is little opportunity for 

natural attenuation of contaminants to occur via sorption, biodegradation, and decay. The streams in the 

study area are fast-moving, and once contaminants reach the streams, they can be quickly transported to 

the coast. 

5.5 Areas of concern 

Since we find groundwater flow in Kahalu‘u to be relatively slow, OSDS contaminants that reach 

streams or the coast in the immediate aftermath of a storm event are likely either sourced from near-

shore or near-stream OSDS, with perhaps some transport also via overland flow after a system overflow 

or groundwater inundation. Based on an apparent groundwater input delineated by UAV-TIR, OSDS 

proximity, and high nutrient concentrations in near-shore wells and surface waters, the northeastern 

coastline of the Kahalu‘u estuary (estuarine confluence of Kahalu‘u, Ahuimanu, and Waihe‘e streams) is 

an area of concern. Likewise of concern are the coastal areas immediately northwest of the Kahalu‘u 

estuary ocean input (Appendix A), which have the lowest temperatures of any non-stream input area of 

the study area, as well as the highest nutrient concentrations of any coastal location sampled. As 

mentioned in the previous section, the stream reach immediately upstream of the Kahalu‘u USGS gauge 

(101 OSDS within 200 meters of the stream), as well as the stream reach immediately upstream of our 

Waihe‘e gauge (27 OSDS within 200 meters of the stream) are inland areas of concern due to the high 

quantity of groundwater input and the number of OSDS units in close proximity. The highest modeled 

OSDS DIN concentrations are in the low-lying areas and coastlines between Haiamoa Stream and the 

northern boundary of the Ka‘alaea watershed. Five of the eight SGD seeps occur in this area, where 53 

OSDS are located within 50 meters of the coast, and 124 within 200 meters. Of all coastal locations, this 
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area and the aforementioned Kahalu‘u estuary coastal region (see Section 5.3) are the most significant 

areas of concern for potential OSDS contamination. 

5.6 Future research 

This study provides preliminary analysis of the hydrologic cycling of OSDS contaminants in the 

unique region of Windward O‘ahu. Due to the extreme spatial variability in subsurface structure and 

hydrologic/climatic forcing throughout the Hawaiian Islands, this study should not be considered 

representative of areas of Hawai‘i outside the Windward O‘ahu study area. However, this study outlines a 

framework that is easily replicated for other areas in Hawai‘i and worldwide affected by anthropogenic 

contamination of coastal waters. Other areas of the Hawaiian Islands that contain a high spatial density of 

OSDS and would thus benefit from a new iteration of this study include Waialua (O‘ahu) and Upcountry 

Maui. 

The results of this study suggest that inter-aquifer flows (specifically from the leeward crest of the 

Ko‘olau range to the windward side) may be a dominant mechanism of hydrologic cycling in Windward 

O‘ahu, but additional hydrologic data such as water levels, boring logs, geophysics, and pumping test 

data could help confirm this hypothesis and significantly increase our understanding of this critical region 

for water resources sustainability. Since our study was primarily concerned with contaminant transport 

from OSDS sources on land to streams and the sea, and many complicating factors and uncertainties 

were involved in the modeling, it was deemed unnecessary to add another dimension of complexity and 

uncertainty with density-dependent model inputs, such as the marine substrate and the depth to the 

freshwater-saltwater transition zone. If additional studies are conducted to gather this information, a 

density-dependent model (e.g., SEAWAT) could be utilized to gain a better understanding of how 

freshwater-saltwater dynamics in the subterranean estuary affect contaminant transport and hydrologic 

cycling in the coastal environment.  
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6.0 CONCLUSIONS 

 Model results demonstrate that valley fill is the most hydrologically conductive substrate in the 

study area, and the dike-intruded basalt, which is approximately 16 times less conductive than the valley 

fill, acts as a subsurface flow barrier. 87% of the OSDS in Kahalu‘u are located in alluvial valley fill 

sediments, and the valley fill is likely acting as a direct conduit for OSDS contaminant flow to streams and 

the coast. Eight primary SGD seeps have been delineated from TIR and salinity data. All eight seeps are 

routed through unconsolidated sediment/valley fill substrate, and nutrient concentrations in these 

locations are consistently elevated well above ocean baseline concentrations (Figure 11). Modeled OSDS 

DIN and measured DIN concentrations suggest that extensive natural attenuation of DIN is occurring 

between OSDS point-sources and surface water bodies. However, in areas where OSDS exist in close 

proximity to streams or the coast, an insufficient buffer can decrease the potential for natural attenuation, 

and groundwater discharges can thus transport significant contaminant loads. Several locations like this 

exist in the study area, such as the Kahalu‘u estuary, the stream segments spanning from 19 to 22 and 

43 to 75 m elevation in Waihe‘e and Kahalu‘u streams, respectively, and the coastal region between the 

stream outlet of Haiamoa and the northern extents of Ka‘alaea watershed. The elevated groundwater and 

surface water DIN concentrations in and around Kahalu‘u estuary, coupled with the unique hydrologic 

dynamics of the area, warrant further study. 

 This study presents groundwater flow and transport models for a critical region of windward 

O‘ahu, and demonstrates the first effective use of UAV-TIR as an independent reconnaissance and 

mapping tool for coastal submarine groundwater discharge. While A/C-TIR is an effective means for 

regional-scale mapping operations, UAV-TIR provides unmatched resolution and flight flexibility that is 

ideal for localized mapping. The combination of UAV-TIR, stream gauging seepage runs, geochemical 

analysis, and numerical modeling provides a framework to evaluate contaminant flow regimes and water 

quality impacts in areas affected by anthropogenic contamination of coastal waters. 
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APPENDIX A – Thermal Infrared Maps 

Processed thermal mosaics from UAV-TIR flights are provided in the following pages. Imagery 

was collected on 18 and 19 August 2017 during AM low tides, and processed using the methods outlined 

in Section 3.3 and Figure 4. All data is ortho-projected in Universal Transverse Mercator (UTM) Zone 4 

using the WGS-84 datum. Unique temperature scales were utilized for each mosaic to maximize contrast 

for optimum visualization of hydrologic features. Stream shapefiles were obtained from the Hawai‘i Office 

of Planning GIS database and OSDS locations were obtained from Whittier and El-Kadi (2009). Mosaics 

are presented from southernmost to northernmost. 
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Laenani Beach Park Area (Kahalu‘u Segment watershed) 
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Kahalu‘u estuary (confluence of Ahuimanu / Kahalu‘u / Waihe‘e streams) 
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Ka‘alaea Stream Outlet and Surrounding Coastline (Ka‘alaea Watershed) 
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Northern Extent of Ka‘alaea Watershed / Southern Extent of Waiāhole Watershed 
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Waiāhole Stream Outlet and Surrounding Coastline (Waiāhole Watershed) 
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APPENDIX B – Streamflow Data 

Summary of streamflow measurements throughout the study area and within the time period of 

March 2017 to May 2018. 

 

 

Stream Date Time Location X (long) Y (lat) 
Flow 
(m³/s) 

Uncertainty 

Haiamoa 4-Dec-2017 13:35 HAI-01 157.8473 21.4594 0.025 21.0 

Kaalaea 4-Dec-2017 11:45 KAA-01 157.8430 21.4665 0.022 26.4 

Kaalaea 4-Dec-2017 12:40 KAA-02 157.8548 21.4664 0.063 18.1 

Kahaluu 6-Mar-2017 10:35 

KAH-01 157.8419 21.4436 

0.126 12.8 

Kahaluu 10-Jul-2017 8:55 0.083 13.8 

Kahaluu 6-Sep-2017 12:15 0.076 9.6 

Kahaluu 20-Dec-2017 10:30 0.108 5.3 

Kahaluu 26-Dec-2017 16:45 1.161 8.9 

Kahaluu 26-Dec-2017 17:00 1.305 5.6 

Kahaluu 28-Feb-2018 13:15 0.142 4.8 

Kahaluu 6-Mar-2017 11:20 
KAH-02 157.8420 21.4428 

0.133 16.8 

Kahaluu 10-Jul-2017 10:35 0.077 8.9 

Kahaluu 6-Mar-2017 12:00 
KAH-03 157.8423 21.4424 

0.159 14.5 

Kahaluu 10-Jul-2017 11:10 0.084 11.9 

Kahaluu 6-Mar-2017 13:00 
KAH-04 157.8427 21.4421 

0.136 12.1 

Kahaluu 10-Jul-2017 11:45 0.100 15.8 

Kahaluu 6-Mar-2017 13:45 
KAH-05 157.8425 21.4405 

0.161 14.4 

Kahaluu 10-Jul-2017 13:30 0.090 33.5 

Kahaluu 6-Mar-2017 14:30 
KAH-06 157.8435 21.4393 

0.155 8.1 

Kahaluu 10-Jul-2017 14:00 0.073 21.9 

Kahaluu 6-Mar-2017 15:00 
KAH-07 157.8438 21.4387 

0.126 10.7 

Kahaluu 10-Jul-2017 14:45 0.115 7.3 

Kahaluu 6-Mar-2017 14:55 
KAH-08 157.8436 21.4387 

0.009 58.9 

Kahaluu 10-Jul-2017 14:30 0.010 Unavailable 

Kahaluu 26-May-2018 14:15 KAH-09 157.8493 21.4358 0.041 29.0 

Waihee 11-Jul-2017 12:15 WAI-01 157.8432 21.4554 0.202 20.1 

Waihee 1-Mar-2017 12:45 

WAI-02 157.8481 21.4551 

0.743 14.6 

Waihee 22-Mar-2017 9:40 0.212 11.6 

Waihee 12-Apr-2017 11:45 0.244 12.2 

Waihee 11-Jul-2017 9:00 0.209 19.3 
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Stream Date Time Location X (long) Y (lat) 
Flow 
(m³/s) 

Uncertainty 

Waihee 28-Feb-2018 11:45 WAI-02 157.8481 21.4551 0.306 10.9 

Waihee 22-Mar-2017 10:50 
WAI-03 157.8494 21.4547 

0.172 9.5 

Waihee 11-Jul-2017 14:25 0.171 15.2 

Waihee 22-Mar-2017 11:47 
WAI-04 157.8514 21.4526 

0.200 9.8 

Waihee 11-Jul-2017 16:35 0.160 6.2 

Waihee 22-Mar-2017 12:36 
WAI-05 157.8525 21.4520 

0.182 16.0 

Waihee 11-Jul-2017 16:55 0.169 21.0 
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APPENDIX C – Water Quality Parameters 

Summary of water quality data collected throughout the study area and within the time period of October 2016 to April 2018. 

 

Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

1 7-Oct-2016 9:01 Estuary 157.8385 21.4570 23.93 2.04 7.37  --  89.1  --  

2 7-Oct-2016 9:37 Estuary 157.8396 21.4601 24.26 5.04 7.35  --  100.2  --  

3 7-Oct-2016 9:57 Estuary 157.8401 21.4590 24.25 4.39 7.46  --  93.2  --  

4 7-Oct-2016 10:33 Estuary 157.8393 21.4562 24.77 1.29 7.82  --  112.3  --  

5 7-Oct-2016 10:52 Estuary 157.8404 21.4577 25.47 2.75 7.57  --  111.2  --  

6 7-Oct-2016 11:48 Stream 157.8452 21.4551 23.21 0.14 8.02  --  106.2  --  

7 7-Oct-2016 12:18 Estuary 157.8380 21.4553 24.98 1.78 7.31  --  97.5  --  

8 7-Oct-2016 12:45 Stream 157.8365 21.4545 29.32 2.16 7.16  --  94.9  --  

9 7-Oct-2016 13:03 Stream 157.8345 21.4481 29.87 0.14 8.49  --  120.0  --  

10 14-Oct-2016 9:18 Stream 157.8593 21.4459 23.71 0.05 8.59  --  101.2  --  

11 14-Oct-2016 10:00 Stream 157.8323 21.4453 27.50 0.15 7.61  --  125.0  --  

12 14-Oct-2016 10:16 Stream 157.8330 21.4462 26.05 0.13 8.01  --  115.2  --  

13 14-Oct-2016 10:55 Stream 157.8375 21.4396 25.04 0.11 7.85  --  104.8  --  

14 14-Oct-2016 11:28 Stream 157.8418 21.4435 22.96 0.10 7.77  --  102.9  --  

15 14-Oct-2016 11:58 Stream 157.8436 21.4371 23.10 0.10 7.53  --  90.5  --  

16 14-Oct-2016 12:17 Stream 157.8444 21.4386 20.87 0.10 7.08  --  89.1  --  

17 23-Jan-2017 9:40 GW 157.8583 21.4464 19.82 0.07  --  100 100.9 9.21 

18 23-Jan-2017 10:20 GW 157.8675 21.4419 19.33 0.04  --  63 97.6 8.99 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

19 25-Jan-2017 14:00 Stream 157.8521 21.4353 19.34 0.06  --  85 97.6 8.99 

20 25-Jan-2017 14:30 GW 157.8526 21.4356 20.34 0.09  --  124 100.0 9.03 

21 1-Mar-2017 9:45 Stream 157.8418 21.4436  --   --   --   --   --   --  

22 1-Mar-2017 12:30 Stream 157.8482 21.4551  --   --   --   --   --   --  

23 6-Mar-2017 10:25 Stream 157.8418 21.4436 20.82 0.08 7.85 114 98.1 8.77 

24 6-Mar-2017 11:20 Stream 157.8421 21.4428 21.36 0.08 7.87 113 99.4 8.79 

25 6-Mar-2017 12:00 Stream 157.8422 21.4423 21.56 0.08 7.88 113 99.3 8.75 

26 6-Mar-2017 13:00 Stream 157.8431 21.4422 21.52 0.08 7.86 115 98.7 8.71 

27 6-Mar-2017 13:45 Stream 157.8426 21.4406 21.35 0.09 7.86 129 99.1 8.77 

28 6-Mar-2017 14:30 Stream 157.8437 21.4394 21.16 0.08 7.77 111 97.2 8.64 

29 6-Mar-2017 15:00 Stream 157.8438 21.4387 21.06 0.08 7.77 108 98.3 8.75 

30 20-Mar-2017 14:30 Stream 157.8482 21.4551  --   --   --   --   --   --  

31 20-Mar-2017 14:35 GW 157.8482 21.4551 24.87 0.26 7.29 345 25.2 2.09 

32 20-Mar-2017 15:30 Stream 157.8419 21.4434 21.67 0.08 7.82 111 96.3 8.48 

33 20-Mar-2017 15:45 GW 157.8419 21.4434 23.19 0.10 7.32 135 88.3 7.55 

34 22-Mar-2017 9:40 Stream 157.8482 21.4551 21.01 0.07 7.36 102 99.0 8.82 

35 22-Mar-2017 10:50 Stream 157.8490 21.4551 21.63 0.07 7.83 100 101.7 8.95 

36 22-Mar-2017 11:47 Stream 157.8515 21.4531 21.29 0.07 7.81 98 99.4 8.81 

37 22-Mar-2017 12:36 Stream 157.8515 21.4532 21.18 0.07 7.94 98 97.5 8.66 

37D 22-Mar-2017 12:36 Stream 157.8515 21.4532 21.18 0.07 7.94 98 97.5 8.66 

38 22-Mar-2017 13:38 Stream 157.8527 21.4516  --   --   --   --   --   --  

39 10-Jul-2017 9:00 Stream 157.8419 21.4434 21.74 0.08 8.02 112 95.4 8.38 

39D 10-Jul-2017 9:00 Stream 157.8419 21.4434 21.74 0.08 8.02 112 95.4 8.38 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

40 10-Jul-2017 10:00 GW 157.8419 21.4434 23.39 0.09 7.52 126 50.4 4.27 

41 10-Jul-2017 9:00 Porewater 157.8419 21.4434 22.50 0.08 7.96 114 93.5 8.10 

42 10-Jul-2017 12:20 Stream 157.8431 21.4419 22.36 0.08 8.02 111 97.1 8.42 

43 10-Jul-2017 12:20 Porewater 157.8431 21.4419 24.18 0.32 7.23 423 31.1 2.60 

44 10-Jul-2017 14:30 Porewater 157.8437 21.4392 25.02 0.11 6.77 158 48.7 4.02 

45 10-Jul-2017 15:00 Stream 157.8437 21.4394 22.17 0.08 7.97 109 98.7 8.60 

46 10-Jul-2017 15:35 Stream 157.8437 21.4385 24.87 0.09 7.46 125 79.7 6.59 

47 10-Jul-2017 15:30 Porewater 157.8437 21.4385 24.36 0.09 7.25 123 34.3 2.86 

48 10-Jul-2017 16:05 Stream 157.8443 21.4385 21.80 0.08 7.87 107 95.6 8.38 

49 10-Jul-2017 16:10 Porewater 157.8443 21.4385 22.48 0.08 7.87 108 91.8 7.95 

50 10-Jul-2017 10:45 Stream 157.8421 21.4428 21.97 0.08 7.99 111 96.1 8.41 

51 10-Jul-2017 11:20 Stream 157.8422 21.4423 22.03 0.08 8.01 111 97.4 8.51 

52 10-Jul-2017 11:45 Stream 157.8431 21.4422 22.17 0.08 8.03 111 96.7 8.43 

53 10-Jul-2017 12:55 Stream 157.8426 21.4406 22.67 0.08 8.06 110 97.1 8.38 

54 10-Jul-2017 14:00 Stream 157.8437 21.4393 22.27 0.08 7.99 111 97.9 8.51 

55 10-Jul-2017 13:20 Stream 157.8437 21.4394 22.65 0.13 8.06 179 98.7 8.51 

56 11-Jul-2017 9:55 GW 157.8482 21.4551 24.34 0.15 7.39 203 23.8 1.96 

57 11-Jul-2017 9:35 Stream 157.8482 21.4551 21.61 0.07 7.79 100 94.4 8.31 

57D 11-Jul-2017 9:35 Stream 157.8482 21.4551 21.61 0.07 7.79 100 94.4 8.31 

58 11-Jul-2017 9:00 Porewater 157.8482 21.4551 23.19 0.11 7.39 148 43.3 3.70 

59 11-Jul-2017 10:25 Porewater 157.8475 21.4548 23.29 0.08 7.90 105 75.8 6.46 

60 11-Jul-2017 10:20 Stream 157.8475 21.4548 21.90 0.07 7.90 100 96.0 8.41 

61 11-Jul-2017 10:55 Stream 157.8460 21.4550 22.32 0.07 7.92 101 93.9 8.16 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

62 11-Jul-2017 11:30 Stream 157.8443 21.4547 22.74 0.07 7.94 102 95.0 8.19 

63 11-Jul-2017 12:10 Stream 157.8432 21.4554 22.96 0.07 7.95 104 95.7 8.21 

64 11-Jul-2017 12:50 Porewater 157.8430 21.4552 25.52 0.25 7.07 335 29.2 3.38 

65 11-Jul-2017 13:00 Stream 157.8423 21.4553  --   --   --   --   --   --  

66 11-Jul-2017 13:15 Stream 157.8419 21.4553 23.72 0.08 8.02 105 97.8 8.27 

67 11-Jul-2017 13:55 Agriculture 157.8479 21.4549  --   --   --   --   --   --  

68 11-Jul-2017 14:25 Stream 157.8491 21.4541 22.94 0.07 7.93 98 99.1 8.51 

69 11-Jul-2017 15:45 Stream 157.8521 21.4533 21.34 0.07 8.01 96 95.2 8.42 

70 11-Jul-2017 15:50 Porewater 157.8521 21.4533 22.67 0.09 6.69 127 19.0 1.63 

71 11-Jul-2017 16:35 Stream 157.8519 21.4523 21.52 0.07 8.02 96 95.3 8.41 

72 11-Jul-2017 16:55 Stream 157.8513 21.4531 21.70 0.07 7.86 97 93.3 8.20 

73 13-Jul-2017 9:40 Estuary 157.8387 21.4559 29.11 11.62 7.79 12769 78.0 5.64 

74 13-Jul-2017 9:50 Porewater 157.8387 21.4559 29.01 19.99 7.20 20922 13.8 0.95 

74D 13-Jul-2017 9:50 Porewater 157.8387 21.4559 29.01 19.99 7.20 20922 13.8 0.95 

75 13-Jul-2017 10:20 Estuary 157.8384 21.4555 26.64 7.77 7.34 8777 52.1 3.99 

76 13-Jul-2017 10:30 Porewater 157.8384 21.4555 27.19 14.66 7.26 15754 28.3 2.06 

77 13-Jul-2017 11:00 Porewater 157.8381 21.4555 28.11 3.70 6.72 4410 71.4 5.47 

78 13-Jul-2017 11:40 Porewater 157.8381 21.4553 27.78 5.58 6.84 6470 33.8 2.59 

79 13-Jul-2017 12:00 Porewater 157.8382 21.4558 27.91 14.21 6.99 15322 24.7 1.78 

80 13-Jul-2017 12:30 Porewater 157.8388 21.4559 29.43 17.23 7.43 18290 33.3 2.31 

81 13-Jul-2017 10:35 Estuary 157.8387 21.4554 23.35 0.29 8.05 392 86.5 7.35 

82 13-Jul-2017 11:10 Estuary 157.8380 21.4554 27.52 3.65 7.50 4286 90.1 6.88 

83 21-Aug-2017 9:26 Stream 157.8414 21.4447 23.23 0.09 8.25 120 107.8 9.20 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

84 21-Aug-2017 9:48 Porewater 157.8412 21.4447 23.58 0.10 7.06 138 70.8 6.00 

85 21-Aug-2017 10:23 Stream 157.8377 21.4477 25.11 0.07 8.06 92 111.8 9.22 

86 21-Aug-2017 10:32 Porewater 157.8377 21.4477 24.56 0.16 7.03 222 32.4 2.69 

87 21-Aug-2017 10:54 Stream 157.8360 21.4507 25.15 0.08 7.72 112 109.9 9.07 

88 21-Aug-2017 11:11 Porewater 157.8371 21.4484 25.16 0.18 7.14 241 34.7 2.85 

89 21-Aug-2017 11:39 Stream 157.8351 21.4526 26.28 0.08 8.88 115 131.3 10.60 

90 21-Aug-2017 11:45 Stream 157.8352 21.4528 28.40 0.08 9.10 111 127.1 9.87 

91 21-Aug-2017 11:55 Stream 157.8355 21.4533 26.75 0.08 9.14 115 128.0 10.25 

92 21-Aug-2017 12:02 Stream 157.8361 21.4540 27.48 0.31 9.14 423 134.8 10.64 

93 22-Aug-2017 7:50 Ocean 157.8369 21.5089 27.62 34.76 8.25 34345 85.5 5.54 

94 22-Aug-2017 8:15 Ocean 157.8443 21.4718 27.02 24.06 8.20 24692 80.5 5.60 

95 22-Aug-2017 8:26 Ocean 157.8438 21.4700 27.18 23.51 8.17 24186 85.2 5.94 

96 22-Aug-2017 8:40 Ocean 157.8398 21.4608 27.52 15.48 8.14 16559 90.7 6.57 

96D 22-Aug-2017 8:40 Ocean 157.8398 21.4608 27.52 15.48 8.14 16559 90.7 6.57 

97 22-Aug-2017 9:02 Ocean 157.8317 21.4590 28.11 32.57 8.27 32423 98.4 6.41 

98 22-Aug-2017 9:13 Ocean 157.8256 21.4541 28.21 34.42 8.26 34065 94.7 6.10 

99 22-Aug-2017 9:25 Ocean 157.8144 21.4500 28.36 34.69 8.32 34298 116.0 7.43 

100 22-Aug-2017 9:34 Ocean 157.8201 21.4529 28.40 34.84 8.24 34431 94.6 6.06 

101 30-Oct-2017 12:05 Ocean 157.8340 21.4593 26.03 18.93  --   --   --   --  

102 31-Oct-2017 8:45 Stream 157.8459 21.4819 20.61 0.06 8.21 83 93.3 8.38 

103 31-Oct-2017 9:15 Stream 157.8435 21.4665 24.79 0.13 7.87 183 76.2 6.31 

104 31-Oct-2017 9:57 Stream 157.8430 21.4623 23.24 0.17 7.67 227 33.8 2.89 

105 31-Oct-2017 10:25 Estuary 157.8404 21.4577 27.06 10.99 8.17 12420 94.2 7.11 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

105D 31-Oct-2017 10:25 Estuary 157.8404 21.4577 27.06 10.99 8.17 12420 94.2 7.11 

106 31-Oct-2017 11:12 Stream 157.8489 21.4545 21.75 0.07 8.12 100 99.2 8.71 

107 31-Oct-2017 11:55 Stream 157.8419 21.4435 22.77 0.08 8.20 117 96.0 8.31 

108 3-Nov-2017 7:45 Stream 157.8381 21.4475 23.07 0.09 7.89 122 99.0 8.48 

109 3-Nov-2017 8:05 Stream 157.8381 21.4528 23.75 0.12 8.27 160 113.6 9.60 

110 3-Nov-2017 8:25 Stream 157.8333 21.4475 24.63 0.10 8.74 144 124.0 10.31 

111 3-Nov-2017 9:00 Stream 157.8433 21.4375 22.75 0.07 7.63 103 63.2 5.44 

112 4-Dec-2017 11:20 Stream 157.8431 21.4667 22.96 0.13 7.80 174 84.9 7.24 

113 4-Dec-2017 11:40 Porewater 157.8431 21.4667 24.26 0.26 7.69 346 39.9 3.34 

114 4-Dec-2017 12:40 Stream -157.8549 21.4664 21.81 0.08 7.92 112 92.6 8.12 

115 4-Dec-2017 13:35 Stream 157.8474 21.4596 23.22 0.13 8.16 176 84.6 7.21 

116 5-Dec-2017 9:45 Ocean 157.8428 21.4683 21.04 28.30 8.44 28477 97.9 7.40 

117 5-Dec-2017 10:16 Porewater 157.8431 21.4679 23.64 8.41 7.96 9416 51.5 4.15 

118 5-Dec-2017 10:35 Porewater 157.8443 21.4698 22.71 23.36 7.76 23976 51.0 3.84 

119 5-Dec-2017 10:48 Ocean 157.8442 21.4712 21.60 29.62 8.46 29670 96.3 7.13 

120 5-Dec-2017 11:13 Porewater 157.8445 21.4721 23.01 0.66 7.35 857 69.1 5.90 

121 5-Dec-2017 11:46 Ocean 157.8424 21.4732 21.79 30.25 8.50 30235 103.9 7.65 

122 5-Dec-2017 11:57 Ocean 157.8430 21.4733 21.80 26.38 8.49 26738 101.2 7.62 

123 11-Dec-2017 12:08 Ocean 157.8283 21.4610 24.85 34.69 8.53 34074 132.4 8.95 

124 11-Dec-2017 12:48 Ocean 157.8292 21.4666 25.28 34.65 8.56 34194 125.4 8.48 

125 11-Dec-2017 14:00 Porewater 157.8260 21.4541 25.49 10.91 7.97 12199 38.1 2.92 

126 11-Dec-2017 15:02 Ocean 157.8308 21.4577 26.39 33.90 8.30 33579 83.2 5.52 

127 11-Dec-2017 15:40 Porewater 157.8317 21.4582 25.31 1.44 7.72 1817 41.3 3.35 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Temp 
(°C) 

Salinity 
(psu) 

pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

128 11-Dec-2017 16:04 Ocean 157.8319 21.4591 26.12 33.92 8.46 33600 106.5 7.11 

129 11-Dec-2017 17:24 Ocean 157.8427 21.4647 26.97 29.23 8.40 28910 105.0 7.09 

130 11-Dec-2017 18:12 Ocean 157.8416 21.4792 24.26 22.72 8.42 23397 91.5 6.73 

131 20-Dec-2017 10:50 GW 157.8419 21.4434 21.24 0.10 7.64 133 73.6 6.52 

131D 20-Dec-2017 10:50 GW 157.8419 21.4434 21.24 0.10 7.64 133   6.52 

132 20-Dec-2017 12:17 Ocean 157.8408 21.4608 22.83 27.97 8.29 28193 80.8 5.92 

133 20-Dec-2017 12:37 Stream 157.8433 21.4643 22.67 0.18 9.18 239 69.8 6.02 

134D 20-Dec-2017 12:37 Stream 156.8433 22.4643 23.67 1.18 10.18 240 70.8 7.02 

135 26-Dec-2017 17:20 Stream 157.8431 21.4419 20.68 0.14  --   --   --   --  

136 1-Feb-2018 10:20 GW 157.8573 21.4558 23.60 0.11 7.98 149 58.1 4.92 

137 1-Feb-2018 11:40 GW 157.8385 21.4575 25.72 0.12 8.01 169 42.7 3.39 

137D 1-Feb-2018 12:20 GW 157.8385 21.4575 25.72 0.12 8.01 169 42.7 3.39 

138 1-Feb-2018 13:15 GW 157.8388 21.4575 27.88 1.23 7.33 1570 30.9 2.35 

139 1-Feb-2018 14:00 GW 157.8315 21.4292 23.49 0.08 7.90 111 68.1 5.77 

140 2-Feb-2018 10:30 GW 157.8450 21.4522 23.66 0.09 7.39 130 82.8 7.01 

140D 2-Feb-2018 10:30 GW 157.8450 21.4522 23.66 0.09 7.39 130 82.8 7.01 

141 25-Sep-2017 10:00 Wastewater 157.7054 21.3388 29.35 0.35 7.61 468 35.8 2.72 

142 25-Sep-2017 10:30 Wastewater 157.7054 21.3388 29.31 0.33 7.48 445 43.6 3.27 

143 25-Sep-2017 10:45 Wastewater 157.7054 21.3388 29.32 0.49 7.72 657 36.3 2.74 

144 28-Feb-2018 10:00 Septic 157.8390 21.4576 -- -- -- -- -- -- 

144D 28-Feb-2018 10:00 Septic 157.8390 21.4576 -- -- -- -- -- -- 

145 28-Feb-2018 10:00 Septic 157.8390 21.4576 -- -- -- -- -- -- 

146 28-Feb-2018 11:34 Stream 157.8418 21.4291 -- -- -- -- -- -- 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
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(°C) 

Salinity 
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pH TDS 
ODO            

(% sat) 
ODO 

(mg/L) 

146D 28-Feb-2018 11:34 Stream 157.8418 21.4291 -- -- -- -- -- -- 

147 28-Feb-2018 11:52 Stream 157.8407 21.4298 -- -- -- -- -- -- 

148 28-Feb-2018 12:05 Stream 157.8390 21.4307 -- -- -- -- -- -- 

149 27-Apr-2018 9:00 Estuary 157.8390 21.4572 23.02 7.36 8.17 8326 84.9 7.00 

150 27-Apr-2018 9:10 Estuary 157.8390 21.4573 22.97 5.19 8.51 6021 94.0 7.83 

151 27-Apr-2018 9:30 Estuary 157.8390 21.4574 23.46 15.56 8.38 12977 76.0 5.89 

152 27-Apr-2018 9:40 Estuary 157.8390 21.4577 23.47 9.04 8.42 9676 88.1 7.15 

153 27-Apr-2018 10:30 Estuary 157.8339 21.4585 -- -- -- -- -- -- 

154 27-Apr-2018 11:00 Stream 157.8418 21.4433 21.47 0.08 8.45 108 93.7 8.28 
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APPENDIX D – Sample Results 

Summary of analytical data collected throughout the study area and within the time period of October 2016 to April 2018. DON was 

calculated as the difference between Total N and DIN, which were run as separate laboratory analyses. Thus, any negative values are due to 

propagation of analytical error and should be considered equal to zero. 

 

 

Sample 
No. 

Date Time Type X (long) Y (lat) 
Total P 
(uM P) 

Total N 
(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
(uM N) 

DIN   
(uM N) 

DON 
(uM N) 

Si 
(uM) 

1 7-Oct-2016 9:01 Estuary 157.8385 21.4570 0.77 12.85 2.21 11.57 13.92 -1.07 429 

2 7-Oct-2016 9:37 Estuary 157.8396 21.4601 0.84 14.99 2.28 6.85 9.42 5.57 374 

3 7-Oct-2016 9:57 Estuary 157.8401 21.4590 0.77 18.28 2.57 15.21 17.99 0.29 403 

4 7-Oct-2016 10:33 Estuary 157.8393 21.4562 0.81 15.78 0.14 4.50 4.85 10.92 433 

5 7-Oct-2016 10:52 Estuary 157.8404 21.4577 0.74 15.78 2.36 5.43 8.00 7.78 413 

6 7-Oct-2016 11:48 Stream 157.8452 21.4551 0.81 9.50 0.14 6.85 7.07 2.43 499 

7 7-Oct-2016 12:18 Estuary 157.8380 21.4553 0.77 15.71 2.14 6.35 8.71 7.00 451 

8 7-Oct-2016 12:45 Stream 157.8365 21.4545 1.29 16.85 0.71 5.28 6.14 10.71 428 

9 7-Oct-2016 13:03 Stream 157.8345 21.4481 0.45 18.28 1.00 6.64 7.78 10.49 413 

10 14-Oct-2016 9:18 Stream 157.8593 21.4459 1.29 14.64 1.21 8.00 9.28 5.35 431 

11 14-Oct-2016 10:00 Stream 157.8323 21.4453 0.32 7.07 0.29 0.36 0.71 6.35 428 

12 14-Oct-2016 10:16 Stream 157.8330 21.4462 0.39 17.85 0.21 12.99 13.28 4.57 434 

13 14-Oct-2016 10:55 Stream 157.8375 21.4396 0.48 16.49 0.14 7.35 7.57 8.92 479 

14 14-Oct-2016 11:28 Stream 157.8418 21.4435 0.90 12.42 0.21 12.21 12.49 -0.07 499 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Total P 
(uM P) 

Total N 
(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
(uM N) 

DIN   
(uM N) 

DON 
(uM N) 

Si 
(uM) 

15 14-Oct-2016 11:58 Stream 157.8436 21.4371 0.36 34.41 0.36 33.63 34.06 0.36 343 

16 14-Oct-2016 12:17 Stream 157.8444 21.4386 1.00 12.57 0.21 11.42 11.71 0.86 501 

17 23-Jan-2017 9:40 GW 157.8583 21.4464 1.32 17.28 0.14 14.06 14.28 3.00 543 

18 23-Jan-2017 10:20 GW 157.8675 21.4419 1.29 16.06 0.14 8.57 8.78 7.28 458 

19 25-Jan-2017 14:00 Stream 157.8521 21.4353 1.13 17.42 0.21 11.64 11.92 5.50 444 

20 25-Jan-2017 14:30 GW 157.8526 21.4356 1.42 17.56 0.14 11.57 11.78 5.78 579 

21 1-Mar-2017 9:45 Stream 157.8418 21.4436 1.26 28.77 1.43 12.42 14.06 14.71 240 

22 1-Mar-2017 12:30 Stream 157.8482 21.4551 0.97 21.56 0.86 5.35 6.28 15.28 356 

23 6-Mar-2017 10:25 Stream 157.8418 21.4436 1.00 22.35 0.21 16.49 16.78 5.57 483 

24 6-Mar-2017 11:20 Stream 157.8421 21.4428 0.87 21.20 0.29 15.92 16.28 4.93 484 

25 6-Mar-2017 12:00 Stream 157.8422 21.4423 1.19 21.42 0.21 14.21 14.49 6.93 488 

26 6-Mar-2017 13:00 Stream 157.8431 21.4422 0.94 19.70 0.21 15.21 15.49 4.21 484 

27 6-Mar-2017 13:45 Stream 157.8426 21.4406 0.97 21.70 0.14 15.14 15.35 6.35 496 

28 6-Mar-2017 14:30 Stream 157.8437 21.4394 0.90 19.63 1.07 14.71 15.85 3.78 489 

29 6-Mar-2017 15:00 Stream 157.8438 21.4387 1.00 17.71 0.29 12.42 12.78 4.93 494 

30 20-Mar-2017 14:30 Stream 157.8482 21.4551 0.87 9.28 0.36 7.00 7.43 1.86 488 

31 20-Mar-2017 14:35 GW 157.8482 21.4551 0.42 19.78 16.78 1.21 18.06 1.71 558 

32 20-Mar-2017 15:30 Stream 157.8419 21.4434 0.84 17.99 0.14 14.06 14.28 3.71 484 

33 20-Mar-2017 15:45 GW 157.8419 21.4434 4.58 16.35 2.36 11.35 16.35 0.00 528 

34 22-Mar-2017 9:40 Stream 157.8482 21.4551 0.84 9.71 0.50 3.50 4.07 5.64 491 

35 22-Mar-2017 10:50 Stream 157.8490 21.4551 1.10 8.64 0.29 6.28 6.64 2.00 486 

36 22-Mar-2017 11:47 Stream 157.8515 21.4531 0.97 22.99 0.14 10.14 10.35 12.64 488 

37 22-Mar-2017 12:36 Stream 157.8515 21.4532 1.19 13.85 0.21 8.07 8.35 5.50 489 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Total P 
(uM P) 

Total N 
(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
(uM N) 

DIN   
(uM N) 

DON 
(uM N) 

Si 
(uM) 

37D 22-Mar-2017 12:36 Stream 157.8515 21.4532 1.03 23.06 0.14 11.78 11.99 11.07 484 

38 22-Mar-2017 13:38 Stream 157.8527 21.4516 1.10 10.99 0.36 6.57 7.00 4.00 486 

39 10-Jul-2017 9:00 Stream 157.8419 21.4434 0.81 32.70 0.14 11.42 11.64 21.06 546 

39D 10-Jul-2017 9:00 Stream 157.8419 21.4434 1.00 29.70 0.21 11.71 11.99 17.71 548 

40 10-Jul-2017 10:00 GW 157.8419 21.4434 0.39 5.50 1.00 0.71 1.78 3.71 596 

41 10-Jul-2017 9:00 Porewater 157.8419 21.4434 0.94 28.06 0.14 10.49 10.71 17.35 549 

42 10-Jul-2017 12:20 Stream 157.8431 21.4419 0.84 24.92 0.29 10.07 10.42 14.49 551 

43 10-Jul-2017 12:20 Porewater 157.8431 21.4419 0.61 35.13 34.98 1.93 37.13 -2.00 408 

44 10-Jul-2017 14:30 Porewater 157.8437 21.4392 0.32 3.28 0.57 0.29 0.93 2.36 807 

45 10-Jul-2017 15:00 Stream 157.8437 21.4394 0.94 23.70 0.21 9.78 10.07 13.64 551 

46 10-Jul-2017 15:35 Stream 157.8437 21.4385 0.94 50.12 2.43 41.62 44.34 5.78 458 

47 10-Jul-2017 15:30 Porewater 157.8437 21.4385 0.55 52.12 3.57 12.49 16.42 35.70 443 

48 10-Jul-2017 16:05 Stream 157.8443 21.4385 0.90  --  0.64 9.92 10.64  --  549 

49 10-Jul-2017 16:10 Porewater 157.8443 21.4385 0.97  --  0.57 10.85 11.49  --  551 

50 10-Jul-2017 10:45 Stream 157.8421 21.4428 0.72 11.70 0.18 9.18 9.36 2.34 567 

51 10-Jul-2017 11:20 Stream 157.8422 21.4423 1.05 13.53 1.09 10.27 11.36 2.17 566 

52 10-Jul-2017 11:45 Stream 157.8431 21.4422 0.94 12.22 0.61 10.03 10.64 1.58 569 

53 10-Jul-2017 12:55 Stream 157.8426 21.4406 0.97 12.78 1.12 9.94 11.06 1.72 570 

54 10-Jul-2017 14:00 Stream 157.8437 21.4393 0.93 12.48 0.15 10.48 10.63 1.85 570 

55 10-Jul-2017 13:20 Stream 157.8437 21.4394 0.95 15.03 1.29 11.86 13.15 1.88 573 

56 11-Jul-2017 9:55 GW 157.8482 21.4551 2.26  --  13.21 0.71 14.28  --  627 

57 11-Jul-2017 9:35 Stream 157.8482 21.4551 0.90 10.28 0.57 5.85 6.50 3.78 538 

57D 11-Jul-2017 9:35 Stream 157.8482 21.4551 0.87 10.00 1.29 6.21 7.57 2.43 538 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Total P 
(uM P) 

Total N 
(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
(uM N) 

DIN   
(uM N) 

DON 
(uM N) 

Si 
(uM) 

58 11-Jul-2017 9:00 Porewater 157.8482 21.4551 1.00 5.50 0.86 2.07 3.00 2.50 597 

59 11-Jul-2017 10:25 Porewater 157.8475 21.4548 1.10 9.35 0.93 6.28 7.28 2.07 538 

60 11-Jul-2017 10:20 Stream 157.8475 21.4548 1.23 12.99 1.29 10.49 11.92 1.07 523 

61 11-Jul-2017 10:55 Stream 157.8460 21.4550 1.61 9.07 0.86 6.78 7.85 1.21 536 

62 11-Jul-2017 11:30 Stream 157.8443 21.4547 1.78 7.21 0.93 5.64 6.78 0.43 536 

63 11-Jul-2017 12:10 Stream 157.8432 21.4554 4.84  --  205.62 0.36 206.33  --  699 

64 11-Jul-2017 12:50 Porewater 157.8430 21.4552 1.42 12.78 1.93 5.21 7.35 5.43 536 

65 11-Jul-2017 13:00 Stream 157.8423 21.4553 2.45 13.07 14.99 0.07 15.14 -2.07 712 

66 11-Jul-2017 13:15 Stream 157.8419 21.4553 1.65 4.85 0.64 4.43 5.28 -0.43 533 

67 11-Jul-2017 13:55 Agriculture 157.8479 21.4549 19.53 38.84 7.14 23.20 32.13 6.71 536 

68 11-Jul-2017 14:25 Stream 157.8491 21.4541 1.03 9.92 0.71 5.50 6.28 3.64 528 

69 11-Jul-2017 15:45 Stream 157.8521 21.4533 1.07 4.21 0.14 7.64 7.85 -3.64 527 

70 11-Jul-2017 15:50 Porewater 157.8521 21.4533 0.84 1.78 0.36 0.21 0.64 1.14 760 

71 11-Jul-2017 16:35 Stream 157.8519 21.4523 1.19 7.07 0.36 7.00 7.43 -0.36 530 

72 11-Jul-2017 16:55 Stream 157.8513 21.4531 1.10 13.21 0.21 7.00 7.28 5.93 525 

73 13-Jul-2017 9:40 Estuary 157.8387 21.4559 3.68 15.92 3.28 3.50 7.14 8.78 303 

74 13-Jul-2017 9:50 Porewater 157.8387 21.4559 1.58  --  13.92 0.43 14.49  --  273 

74D 13-Jul-2017 9:50 Porewater 157.8387 21.4559 1.58  --  14.64 0.29 14.99  --  268 

75 13-Jul-2017 10:20 Estuary 157.8384 21.4555 3.39 28.91 18.92 2.93 22.13 6.78 398 

76 13-Jul-2017 10:30 Porewater 157.8384 21.4555 3.52  --  69.97 0.07 70.11  --  341 

77 13-Jul-2017 11:00 Porewater 157.8381 21.4555 0.68 12.99 0.36 6.93 7.35 5.64 568 

78 13-Jul-2017 11:40 Porewater 157.8381 21.4553 3.16  --  26.42 0.07 26.56  --  541 

79 13-Jul-2017 12:00 Porewater 157.8382 21.4558 0.77  --  22.85 0.07 22.99  --  361 
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Sample 
No. 

Date Time Type X (long) Y (lat) 
Total P 
(uM P) 

Total N 
(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
(uM N) 

DIN   
(uM N) 

DON 
(uM N) 

Si 
(uM) 

80 13-Jul-2017 12:30 Porewater 157.8388 21.4559 7.10  --  159.92 0.07 160.07  --  320 

81 13-Jul-2017 10:35 Estuary 157.8387 21.4554 1.99 17.82 3.25 8.40 11.65 6.17 526 

82 13-Jul-2017 11:10 Estuary 157.8380 21.4554 1.41 13.33 3.39 5.40 8.79 4.54 476 

83 21-Aug-2017 9:26 Stream 157.8414 21.4447  --   --  1.86 5.43 7.43  --  511 

84 21-Aug-2017 9:48 Porewater 157.8412 21.4447  --   --  2.71 2.21 5.00  --  511 

85 21-Aug-2017 10:23 Stream 157.8377 21.4477  --   --  5.93 0.86 7.00  --  373 

86 21-Aug-2017 10:32 Porewater 157.8377 21.4477  --   --  8.92 0.07 9.07  --  484 

87 21-Aug-2017 10:54 Stream 157.8360 21.4507  --   --  4.14 1.43 5.71  --  471 

88 21-Aug-2017 11:11 Porewater 157.8371 21.4484  --   --  19.28 0.07 19.42  --  539 

89 21-Aug-2017 11:39 Stream 157.8351 21.4526  --   --  9.28 0.14 9.57  --  478 

90 21-Aug-2017 11:45 Stream 157.8352 21.4528  --   --  1.43 0.36 1.93  --  374 

91 21-Aug-2017 11:55 Stream 157.8355 21.4533  --   --  1.07 0.50 1.71  --  463 

92 21-Aug-2017 12:02 Stream 157.8361 21.4540  --   --  2.50 0.36 2.93  --  421 

93 22-Aug-2017 7:50 Ocean 157.8369 21.5089 0.55  --  0.14 0.14 0.36  --  8 

94 22-Aug-2017 8:15 Ocean 157.8443 21.4718 1.13  --  1.78 0.07 1.93  --  73 

95 22-Aug-2017 8:26 Ocean 157.8438 21.4700 1.03  --  1.00 0.07 1.14  --  68 

96 22-Aug-2017 8:40 Ocean 157.8398 21.4608 0.97  --  3.14 2.36 5.71  --  251 

96D 22-Aug-2017 8:40 Ocean 157.8398 21.4608 1.00  --  3.71 3.00 6.93  --  262 

97 22-Aug-2017 9:02 Ocean 157.8317 21.4590 0.77  --  1.00 0.07 1.14  --  26 

98 22-Aug-2017 9:13 Ocean 157.8256 21.4541 0.65  --  1.36 0.14 1.57  --  14 

99 22-Aug-2017 9:25 Ocean 157.8144 21.4500 0.39  --  0.57 0.07 0.71  --  10 

100 22-Aug-2017 9:34 Ocean 157.8201 21.4529 0.61  --  1.07 0.07 1.21  --  9 

101 30-Oct-2017 12:05 Ocean 157.8340 21.4593 0.90 25.63 12.49 6.21 19.99 5.64 21 
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(uM P) 
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(uM N) 

NH3+NH4 
(uM N) 

NO2+NO3 
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(uM N) 
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(uM N) 

Si 
(uM) 

102 31-Oct-2017 8:45 Stream 157.8459 21.4819 0.61 10.42 1.50 4.71 6.28 4.14 491 

103 31-Oct-2017 9:15 Stream 157.8435 21.4665 1.03 34.20 4.36 12.57 16.99 17.21 297 

104 31-Oct-2017 9:57 Stream 157.8430 21.4623 1.39 35.41 2.43 13.35 15.85 19.56 246 

105 31-Oct-2017 10:25 Estuary 157.8404 21.4577 0.84 13.21 5.64 2.14 8.00 5.21 180 

105D 31-Oct-2017 10:25 Estuary 157.8404 21.4577 0.55 10.49 4.43 3.86 8.50 2.00 272 

106 31-Oct-2017 11:12 Stream 157.8489 21.4545 0.77 10.14 0.50 6.14 6.71 3.43 306 

107 31-Oct-2017 11:55 Stream 157.8419 21.4435 0.84 15.92 0.29 11.42 11.78 4.14 388 

108 3-Nov-2017 7:45 Stream 157.8381 21.4475 0.39 17.56 2.00 3.50 5.64 11.92 336 

109 3-Nov-2017 8:05 Stream 157.8381 21.4528 0.42 13.85 2.43 2.57 5.57 8.28 395 

110 3-Nov-2017 8:25 Stream 157.8333 21.4475 0.48 100.88 2.21 39.70 42.05 58.83 388 

111 3-Nov-2017 9:00 Stream 157.8433 21.4375 0.94 60.33 2.00 40.84 42.91 17.42 421 

112 4-Dec-2017 11:20 Stream 157.8431 21.4667 0.81 31.84 3.93 8.00 12.07 19.78 369 

113 4-Dec-2017 11:40 Porewater 157.8431 21.4667 0.39 204.90 1.36 137.79 139.50 65.40 460 

114 4-Dec-2017 12:40 Stream 157.8549 21.4664 0.42 25.35 0.43 9.64 10.57 14.78 450 

115 4-Dec-2017 13:35 Stream 157.8474 21.4596 0.87 220.18 4.85 72.11 77.68  --  350 

116 5-Dec-2017 9:45 Ocean 157.8428 21.4683 1.03 21.13 6.50 5.85 12.49 8.64 58 

117 5-Dec-2017 10:16 Porewater 157.8431 21.4679 0.74 32.63 33.56 0.14 33.77 -1.14 220 

118 5-Dec-2017 10:35 Porewater 157.8443 21.4698 2.29 6.43 5.85 0.07 6.00 0.43 193 

119 5-Dec-2017 10:48 Ocean 157.8442 21.4712 0.97 9.07 1.78 0.57 2.86 6.21 51 

120 5-Dec-2017 11:13 Porewater 157.8445 21.4721 0.58 96.45 1.07 55.76 57.40 39.05 391 

121 5-Dec-2017 11:46 Ocean 157.8424 21.4732 0.68 4.50 0.21 1.00 1.36 3.14 46 

122 5-Dec-2017 11:57 Ocean 157.8430 21.4733 0.77 5.21 0.50 0.57 1.14 4.07 56 

123 11-Dec-2017 12:08 Ocean 157.8283 21.4610 0.19 4.21 1.29 0.71 2.07 2.14 8 
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124 11-Dec-2017 12:48 Ocean 157.8292 21.4666 0.26 5.00 1.57 0.36 2.00 3.00 8 

125 11-Dec-2017 14:00 Porewater 157.8260 21.4541 1.32 13.28 13.92 0.07 14.06 -0.79 334 

126 11-Dec-2017 15:02 Ocean 157.8308 21.4577 0.36 7.57 1.43 0.64 2.14 5.43 13 

127 11-Dec-2017 15:40 Porewater 157.8317 21.4582 3.03 46.69 0.14 32.91 33.13 13.56 739 

128 11-Dec-2017 16:04 Ocean 157.8319 21.4591 0.42 4.57 0.79 1.07 1.93 2.64 16 

129 11-Dec-2017 17:24 Ocean 157.8427 21.4647 1.74 11.85 3.71 4.57 8.50 3.36 43 

130 11-Dec-2017 18:12 Ocean 157.8416 21.4792 1.78 15.06 1.50 1.43 3.14 11.92 114 

131 20-Dec-2017 10:50 GW 157.8419 21.4434 0.23 11.85 0.36 5.50 6.00 5.85 418 

131D 20-Dec-2017 10:50 GW 157.8419 21.4434 0.29 29.06 0.36 5.71 6.50 22.56 449 

132 20-Dec-2017 12:17 Ocean 157.8408 21.4608 3.55 16.49 3.71 6.64 10.71 5.78 62 

133 20-Dec-2017 12:37 Stream 157.8433 21.4643 1.42 73.04 14.99 38.62 55.47 17.56 289 

134D 20-Dec-2017 12:37 Stream 156.8433 22.4643 1.29 71.61 14.64 35.98 52.62 18.99 363 

135 26-Dec-2017 17:20 Stream 157.8431 21.4419 1.23 70.47 0.36 10.99 11.64 58.83 203 

136 1-Feb-2018 10:20 GW 157.8573 21.4558 1.42 2.28 0.29 2.71 3.07 -0.79 456 

137 1-Feb-2018 11:40 GW 157.8385 21.4575 6.52 8.92 4.14 6.21 10.42 -1.50 468 

137D 1-Feb-2018 12:20 GW 157.8385 21.4575 6.39 13.85 6.14 8.71 14.92 -1.07 452 

138 1-Feb-2018 13:15 GW 157.8388 21.4575 4.29 354.83 296.29 0.64 297.00 57.83 287 

139 1-Feb-2018 14:00 GW 157.8315 21.4292 1.84 12.07 0.14 5.21 5.43 6.64 291 

140 2-Feb-2018 10:30 GW 157.8450 21.4522 1.94 9.35 0.43 9.71 10.21 -0.86 499 

140D 2-Feb-2018 10:30 GW 157.8450 21.4522 1.84 10.42 0.36 9.64 10.07 0.36 437 

141 25-Sep-2017 10:00 WW 157.7054 21.3388 50.25 558.61 315.23 188.89 504.12 54.49 1078 

142 25-Sep-2017 10:30 WW 157.7054 21.3388 35.36 474.89 202.12 271.00 473.12 1.77 1070 

143 25-Sep-2017 10:45 WW 157.7054 21.3388 151.15 3855.44 3534.70 0.38 3535.08  --  1023 
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144 28-Feb-2018 10:00 Septic 157.8390 21.4576 262.86 5484.71 4620.85 0.88 4621.73  --  469 

144D 28-Feb-2018 10:00 Septic 157.8390 21.4576 262.58 5606.22 4719.85 1.06 4720.91  --  500 

145 28-Feb-2018 10:00 Septic 157.8390 21.4576 341.91 5878.75 5506.23 3.34 5509.57  --  389 

146 28-Feb-2018 11:34 Stream 157.8418 21.4291 1.43 12.87 0.07 11.28 11.35 1.52 601 

146D 28-Feb-2018 11:34 Stream 157.8418 21.4291 1.43 12.87 0.07 11.28 11.35 1.52 601 

147 28-Feb-2018 11:52 Stream 157.8407 21.4298 1.12 9.86 0.06 8.67 8.73 1.13 572 

148 28-Feb-2018 12:05 Stream 157.8390 21.4307 0.98 6.73 0.05 5.09 5.14 1.58 570 

149 27-Apr-2018 9:00 Estuary 157.8390 21.4572 0.64 18.51 1.80 10.83 12.63 5.88 361 

150 27-Apr-2018 9:10 Estuary 157.8390 21.4573 0.78 23.04 2.10 14.75 16.85 6.19 373 

151 27-Apr-2018 9:30 Estuary 157.8390 21.4574 0.80 24.18 3.80 14.16 17.96 6.22 323 

152 27-Apr-2018 9:40 Estuary 157.8390 21.4577 0.85 23.03 2.55 14.37 16.92 6.11 359 

153 27-Apr-2018 10:30 Estuary 157.8339 21.4585 3.43 107.77 8.64 49.60 58.24 49.53 216 

154 27-Apr-2018 11:00 Stream 157.8418 21.4433 0.78 21.88 0.07 16.10 16.17 5.71 452 
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