
GEOCHEMICAL DYNAMICS OF NEARSHORE SUBMARINE GROUNDWATER 
DISCHARGE: MAUNALUA BAY, O'AHU, HAWAI'I 

THESIS SUBMITTED TO THE GRADUATE DIVISION OF THE UNIVERSITY OF 
HAW AJ'J AT MANOA IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF 

MASTER OF SCIENCE 

IN 

GEOLOGY AND GEOPHYSICS 

AUGUST 2016 

By 

Christina M . Richardson 

Thesis Committee: 

Henrietta Dulai, Chairperson 

Brian Popp 

Kathleen Ruttenberg 

Keywords: ca rbonate chemi stry, coral reefs , groundwater, on-site sewage disposal systems, 

nitrogen, nutrients , stable isotopes , submarine groundwater discharge, wastewater 



ACKNOWLEDGEMENTS 

I thank my primary advisor, Henrietta Dulai, and my committee members, Brian Popp and 

Kathleen Ruttenberg, for supporting me throughout my M.S. pursuit. The projects presented 

herein would not have been possible without my committee members' assistance and guidance. 

I also thank Robert Whittier at the Hawai'i State Department of Health for providing me 

with on-site sewage disposal system locations and wastewater recharge models for the island of 

O'ahu. I thank fellow graduate student, Joseph Fackrell, for his endless support and technical 

advice. I thank Natalie Walls grove, Cassie Lyons, and Whitney Ko at the University of Hawai'i 

Stable Isotope Facility for helping me process samples and learn a range of stable isotope 

techniques. I thank Rebecca Briggs at the University of Hawai 'i S-LAB for her help with sample 

processing and training. I recognize Nancy Matsumoto and Kenneth Tom at the Honolulu Board 

of Water Supply for graciously providing access to wells for sampling. I also thank fellow 

graduate and undergraduate students who assisted me with field and lab work including: Trista 

McKenzie, Chad Moore, Christopher Shuler, Joseph Kennedy, Stuart Goldberg, and Florybeth 

La Valle. 

This project has been funded by grants from NOAA, Project #R/SB-11 , which is sponsored 

by the University of Hawai 'i Sea Grant College Program, SO EST, under Institutional Grant 

No. NA140AR4170071 (UNIHI-SEAGRANT-JC-15-01) from the NOAA Office of Sea Grant, 

Department of Commerce with additional support provided by the National Science Foundation 

Graduate Research Fellowship Program (DGE-J 329626), and the Harold T. Stearns Fellowship. 

The views expressed herein are those of the authors and do not necessarily reflect the views of 

NOAA or any of its sub-agencies. 

Finally, I thank my family, friends , and mentors who have supported me throughout my 

academic journey. 

II 



ABSTRACT 

Using a multi-disciplinary approach, wastewater signatures were examined in groundwater 

emanating from three coastal regions (Black Point, Kawaikui, and Wailupe) located on the 

southeastern shore of O'ahu in order to quantify the effects of on-site sewage disposal system 

(OSDS) effluent on groundwater quality. Black Point's aquifer, Waialae West, contained 328 

OSDS , primarily cesspools, and nearly 120 of these were within l km of the coast. For 

comparison, the aquifer feeding both Kawaikui and Wailupe contained a total of just 51 units. 

NQ3- concentrations (166 - 17 I µM) and o15N- N03- values (10.4 - 10.9%0) were elevated in 

groundwater discharging at Black Point relative to groundwater discharging at Kawaikui and 

Wailupe. Mixing relationships between up-gradient terrestrial groundwater and coastal 

groundwater in the Waialae West Aquifer indicated simple two-component mixing between a 

high N03-, high o15N- NQ3- value wastewater source and low NQ3-, low o15N- N0f value 

groundwater endmember. A spatial wastewater-recharge model was also used to corroborate the 

8 15N- NQ3- source designation and to estimate the relative volumetric contribution of wastewater 

effluent and associated N and P loads to terrestrial groundwater in the Waialae West Aquifer. 

The results from this model aligned with the groundwater geochemical data and indicated that 

wastewater composes up to 13 % of the Waialae West Aquifer's submarine groundwater 

discharge. 

In light of these findings, the relationships between coastal groundwater discharge and reef 

biogeochemistry at Black Point and Wailupe were investigated to better understand how 

differences in groundwater geochemistry may drive changes in proximal marine carbonate 

chemistry. An in situ sampling station was set up adjacent to the location of the primary 

groundwater spring at each location to monitor salinity, water temperature, pH, dissolved oxygen 

(DO), and submarine groundwater di scharge over 30 days in August 20 I 5 at Black Point and 25 

days in September 2015 at Wailupe. An additional high-resolution 24-hour sampling event was 

completed at four sites at each location, including the primary groundwater discharge point, to 

monitor changes in salinity, inorganic nutri ents, dissolved inorganic carbon (DIC), total 

alkalinity (TA) , and o13C-DIC values. Groundwater inputs had variable DIC ( 1780 - 3038 ~tM), 

low pHT (7.4 - 7.5), and high N03- (76 - J 62 µM) levels relative to ambient seawater. Sites at 

both locations experienced significant variability in physicochemical parameters (e.g. sa linity, 

Ill 



water temperature, pH, DO, DIC, TA, and nutrients) with the greatest variability occurring at 

sites closest to the groundwater seeps. These groundwater-induced physicochemical ranges 

aligned with trends in net community calcification (NCC) and production (NCP) rates, although 

community responses to these groundwater-induced physicochemical gradients were location

specific. Overall, sites closest to the groundwater inputs showed reduced daytime calcification 

rates and elevated dissolution rates at night relative to sites further from the groundwater 

discharge point at both reefs. NCC and NCP rates at Black Point were generally elevated relative 

to those at Wailupe, potentially as a result of the aforementioned wastewater-derived nutrient 

inputs. Further, coastal groundwater discharge was a major source of C02 to the atmosphere at 

our study locations, with groundwater-driven air-sea C02 exchange rates reaching up to 

82 mmol C m-2 d-1
, vastly exceeding air-sea C02 fluxes from biological processes. 
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CHAPTER 1. INTRODUCTION 

On-site sewage disposal systems (OSDS) serve nearly 15,000 households on the island of O'ahu 

and over 110,000 households across the state ofHawai'i (Whittier and El-Kadi, 2009 and 2014). 

More than eighty percent of these units are cesspools which are unlined underground pits with 

little to no primary sewage treatment. The potential for biological and chemical contaminants 

from OSDS, particularly cesspools, to enter their respective underlying aquifers and impact 

groundwater quality is emerging as a vital management and research topic in Hawai'i and many 

other regions of the world (Du et al., 2014, Foppen, 2002, Godfrey et al., 2007, Katz et al., 2010, 

Lamborg et al., 2013, Osenbrlick et al., 2007, Standley et al., 2008, Yerstraeten et al., 2005, 

Yoshioka et al., 2016). Quantifying wastewater impacts on proximal groundwater quality is 

challenging in a tropical island environment as the hydrogeologic variables that control 

wastewater transit and associated chemical transformations in individual aquifers are spatially 

heterogeneous and difficult to constrain. As such, relatively little research focusing on the effects 

of enhanced chemical loadings from OSDS on terrestrial and coastal groundwater quality has 

been accomplished in Hawai'i. 

Wastewater effluent may compromise: (l) drinking water supplies via biological pathogens and 

chemical contaminants and (2) coastal ecology through the delivery of excess nutrients, 

pathogens, and chemical contaminants via submarine groundwater discharge (SGD). In many 

regions of Hawai'i, groundwater serves as the primary conduit for discharge of fresh water to the 

coastal ocean (Eyre et al., 1986, Lee and Kim, 2007, Stearns and Yaksvik, I 935, Takasaki and 

Mink, 1982). OSDS-derived N and P loads to groundwater in Hawai'i are estimated to equal 

I 3,000 kg d-1 and 3,600 kg d-1
, respectively (Whittier and El-Kadi, 2009 and 2014). The role of 

groundwater as a land-ocean pathway for nutrients into ecologically important systems such as 

coral reefs remains poorly understood. Excess N and P loading of oligotrophic coastal waters can 

also affect reef ecosystem stability and productivity, shifting species assemblages from calcifiers 

to non-calcifiers such as turf algae (McCook, 1999). 

Previous studies in Maunalua Bay have documented SGD emanating from several portions of the 

coastline with elevated N and P loads relative to ambient seawater (Dimova et al., 2012, Ganguli 

et al. , 2014, Nelson et al., 20 I 5, Swarzenski et al. , 2013). While the locations of SGD in 



Maunalua Bay are well established through the aforementioned studies, the causes of the 

elevated and spatially variable nutrient concentrations in SGD remain unknown. Similarly, the 

volumetric extent of groundwater flow and associated nutrient concentration gradients across the 

bay remains unclear. No quantitative data exists documenting groundwater nutrient sources in 

the aquifers adjacent to Maunalua Bay and the role of groundwater in modulating nearshore 

carbonate chemistry in Maunalua Bay reefs. This study utilized a multi-tracer, quantitative 

approach to address gaps in knowledge about: (1) the geochemical composition of groundwater 

as it travels from ridge-to-reef in high-density OSDS regions adjacent to Maunalua Bay and (2) 

how this groundwater may be influencing nearshore coral reef carbonate system dynamics. 

In Chapter 2, groundwater nutrient sources in Maunalua Bay, O'ahu, were examined using N 

stable isotopes and a wastewater-recharge model. o15N-N03- values and inorganic nutrient 

concentrations were measured at three coastal sites and three terrestrial wells in the Waialae East 

and West Aquifers adjacent to Maunalua Bay. Using these parameters, the geochemical 

evolution of groundwater was examined as it travelled from ridge-to-reef. Findings from this 

chapter revealed the effects of proximal OSDS on both terrestrial and coastal groundwater N and 

P loads in the aquifers adjacent to Maunalua Bay. 

In Chapter 3, two of the aforementioned study areas with contrasting groundwater discharge 

geochemistry, Black Point and Wailupe, were sampled across a salinity gradient for inorganic 

nutrients, DIC, TA, and o13C-DIC values every three to six hours over a 24-hour sampling 

period. The high-resolution data were coJToborated with long-term (25 - 30 days) measurements 

of salinity, water level, water temperature, dissolved oxygen, pH, and 222Rn in water activities 

using an autonomous multi-parameter water quality meter and SGD Sniffer. Data acquired from 

these field campaigns were used to spatially and temporally parse out trends in: (1) groundwater

influenced marine carbonate chemistry, (2) air-sea C02 fluxes , and (3) net community 

calcification and net community production rates. Results obtained from this chapter shed light 

on both the variability and magnitude of coas tal grou ndwater inputs and concurrent changes in 

reef biogeochemistry. 
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CHAPTER 2. Sources and spatial variability of groundwater-delivered nutrients in 
Maunalua Bay, O'ahu, Hawai'i 

Published: Richardson, C. M. , Dulai , H., and R . Whittier, 2015. Sources and spatial variabil ity 

of groundwater-delivered nutrients in Maunalua Bay, O'ahu, Hawai'i . Journal of Hydrology: 
Regional Studies. Jn press. 

Abstract 

Study region: Maunalua Bay, O'ahu, Hawai'i 

Study focus: We examined submarine groundwater discharge (SGD), terrestrial groundwater, 

and nearshore marine water quality in two adjacent aquifers (Waialae East and Waialae West) 

with differing land-use and hydrogeologic characteristics to better understand the sources and 

spatial variability of SGD-conveyed nutrients . Nutrient concentrations and N03- stable isotope 

ratios were measured and integrated with SGD flux , land-use, and recharge data to examine SGD 

nutrient loads and potential sources in each aquifer. 

New hydrological insights for the region : Regionally elevated N03- concentrations (166-

171 µM) and 8 15N- NQ3-values (10.4- 10.9%0) were apparent in SGD in the Waialae West 

Aquifer, an area with high on-site disposal system density (e.g., cesspools). Coastal si tes sampled 

in the neighboring Waialae East Aquifer exhibited significantly lower values for these 

parameters, with 8 15N-N0f values ranging from 5.7-5.9%0 and NQ3- concentrations from 43-

69 µM. The isotopic composition of NQ3- in SGD originating from the Waialae West Aquifer 

was consistent with wastewater. Modeled recharge data corroborated the NQ3- stable isotope 

source designation. SGD emanating from Waialae West Aquifer was primarily influenced by 

two-component mixing of a wastewater source with low nutrient groundwater as wastewater 

effiuent accounted for more than 4% of total recharge and 54- 95 % of total N and P loads in the 

aquifer. 

Introduction 

Global declines in coral reef abundance are closely associated with increasing human pressures 

(Hughes et al., 2003 and Pandolfi et al., 2003). Projected trends of ocean warming and 

acidification will exacerbate coral reef deg radation , creating adverse human and eco logical 

consequences in locations such as the Hawaiian Islands where economic benefits of coral reefs 

are estimated to exceed $360 million yr 1 (Cesar and Yan Beukering, 2004 and Nicho ll s et al., 
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2007). Corals face additional local stressors which may intensify climate change induced effects 

and act synergistically to alter benthic community structure (Ateweberhan et al., 2013 and Smith 

et al., 2001). The impact of local stressors such as water pollution on coral health will rise as 

anthropogenic disturbances persist in the coastal environment. 

Nutrient pollution of coastal waters may arise from terrestrial non-point sources of N and P such 

as OSDS and fertilizer leachate. SGD is widely recognized as an important conduit for the 

transport of land-sourced N and P to coastal environments (Beusen et al. , 2013 , Moore, 

1999, Paytan et al., 2006, Rodellas et al. , 2015, and Slomp and Yan Cappellen, 2004). SGD 

water and nutrient inputs are comparable to surface water contributions in many coastal areas 

(Corbett et al. , 1999, Hwang et al., 2005, Johannes , 1980, Krest et al. , 2000, Lapointe and Clark, 

1992, and Taniguchi et al., 2008). Sustained nutrient loading of marine waters through SGD may 

promote critical ecological phase shifts in nearshore reef flats, both directly and indirectly, 

shifting dominance from coral to algae in systems with low grazing pressures (McCook, 1999). 

Deciphering the magnitude of SGD and associated interactions between SGD-derived nutrients 

and biological productivity is challenging, however, and the role of groundwater as a land-ocean 

pathway for nutrients into coral reefs remains poorly understood. 

Groundwater fluxes to the coastal waters of Hawai'i can be substantial in the context of global 

SGD rates (Ganguli et al., 2014, Kim et al. , 2003 , Knee et al., 2010, Lee and Kim, 

2007, and Swarzenski et al. , 2013). Moreover, much of this SGD is derived from shallow, 

unconfined basal aquifers that are especially susceptible to anthropogenic effects. OSDS 

leachate, which consists of household waste leaking to the water table from underground pits, 

represents a potential vector of anthropogenic N and P to Hawai'i's basal aquifers and their 

attendant SGD. O'ahu's dramatic population growth in the past century has resulted in 

concentrated areas of OSDS island-wide (Whittier and El-Kadi , 2009). The effects of high OSDS 

density on proximal coastal water quality are unknown. 

Elevated nutrient loading of SGD has been documented near the western edge of Maunalua Bay, 

O'ahu, an area with high OSDS density . Historically, Maunalua Bay was a vital economic and 

recreational resource in the Hawaiian Islands, supporting fishpond aquaculture during the l 8-

201h centuries (Atkinson, 2007). Widespread declines in coral reef coverage have been linked to 
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urbanization of Maunalua Bay and, indirectly, overfishing (Wolanski et al., 2009). Ongoing reef 

degradation is primarily attributed to sediment runoff and nutrient loading of streams and 

groundwater discharging into the bay (Dimova et al., 2012, Ganguli et al. , 2014, Swarzenslci et 

al., 2013 and Wolanski et al., 2009). The sources of these nutrients and the spatial variability of 

SGD nutrient fluxes across the bay remain unclear. 

In this study, we address issues in determining nutrient sources and variability within the bay by 

using stable isotope ratios of 15N and 180 of N03- as a proxy for N03- source. Analysis of o15N

N03- and 8 180-N03- values can provide diagnostic data for inferring N sources and stages of N 

cycling in aquatic environments (Kendall and McDonnell, 1998). N03- concentrations coupled 

with N03- stable isotope data may yield evidence of anthropogenic perturbations in a range of 

physical settings (Aravena et al., 1993, Aravena and Robertson, 1998, Cole et al. , 

2006, and McClelland et al., 1997). This study aims to examine the relationship between land

use and SGD composition in Maunalua Bay by: (l) sampling nutrient concentrations of 

groundwater and coastal waters to establish a baseline understanding of nutrient profiles across a 

salinity gradient, (2) monitoring SGD fluxes via 222Rn in water timeseries measurements to 

assess the spatial variability of nutrient delivery to these waters, and (3) utilizing o15N- N03- and 

o180 - N03- values in conjunction with land-use and recharge patterns to evaluate potential 

sources of N and Pat each site. 

Background 

Study Area 

The study area was focused on regions of known SGD along the coastline of Maunalua Bay on 

the southeastern shore of O'ahu, Hawai'i (Figure 2. la). A preliminary salinity and 222Rn survey 

of the Maunalua Bay coastline indicated that SGD is concentrated at three main locations: Black 

Point, Wailupe, and Kawaikui (Figure 2.1 b). These site locations exhibited low salinity and 

elevated 222Rn activities during the survey, characteristics analogous to regions of SGD. Surface 

water inputs were negligible at all river mouths and drainages during the survey except for 

Wailupe Stream. Three upland wells (Aina Koa I, Aina Koa JI , and Palolo Tunnel) were sampled 

to provide supplemental geochemical data for comparison to the coastal site groundwater 

enclmembers (Figure 2.1 c). The Palolo Tunnel well, a horizontal shaft tapping high-level dike 

impounded groundwater, sits in the ridge line of the Ko'olau Mountains and is located adjacent to 
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the Waialae West Aquifer boundary. As the geochemical composition of high-level groundwater 

near the undeveloped Ko'olau crest is likely to be fairly uniform, we consider the Palolo Tunnel 

well to have a background terrestrial groundwater signature. The Aina Koa wells are located in 

the Waialae West Aquifer. 

Geology 

Maunalua Bay is an 8 km embayment flanked by remnants of rejuvenated stage volcanism at the 

base of the Ko'olau Mountains. Cinder cone vent deposits and tuff deposits enclose the perimeter 

of the bay (Stearns and Vaksvik , 1935). The Ka'au Rift Zone and a series of northeast trending 

dikes confine groundwater into two distinct areas in southeast O'ahu: Waialae East Aquifer and 

Waialae West Aquifer (Eyre et al., 1986 and Takasaki and Mink, 1982). The Ka'au Rift further 

delineates the hydrogeologic boundaries of the southeastern section of the island by acting as a 

barrier to lateral groundwater flow between the groundwater division of Black Point and the 

surrounding watersheds west of Black Point. As such, Black Point's SGD is supplied by Waialae 

West Aquifer, an entirely separate aquifer than that of Wailupe and Kawaikui which reside in 

Waialae East Aquifer. Low- permeability alluvial deposits fill the valley regions of the Ko'olau 

Mountains in the study area (Eyre et al., 1986). Regions of SGD in Maunalua Bay tend to fall in 

places where volcanic, high-permeability rocks outcrop near the coast as these deposits convey 

water readily compared to their alluvial counterparts (Eyre et al., 1986). 

Hydrology 

Runoff and recharge account for about 33% and 66% of total inflow (rain, fog, irrigation, septic, 

and direct recharge inputs) to the soil moisture zone reservoir excluding evapotranspiration in 

both aquifers, respectively (Engott et al. , 2015). As such, SGD likely serves as the primary 

delivery mechanism of terrestrial water to the coast in this area. Groundwater is recharged 

primarily at high elevations in the Ko'olau Mountains and subsequently percolates through dike 

compartments into the freshwater basal lens of the island . Perennial water flow occurs 

exclusively at the headwaters of streams that intersect dike-impounded groundwater near the 

crest of the Ko ' olau Mountains (Eyre et al. , 1986). Streams are flashy and intermittent below 

their headwaters , discharging to the ocean only during periods of extended rainfall (Takasaki and 

Mink, 1982). 
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Figure 2.1 (a) Overview of the Hawaiian Islands and O'ahu. Maunalua Bay is enclosed within 

the black box . (b) Coastline salinity survey of Maunalua Bay. (c) Simplified geologic map of 

Maunalua Bay, O'ahu. Coasta l sites and well locations are shown as circular and triangular 

markers, respectively. Wells are symbolized as fol lows for all subsequent figures: AK I is Aina 

Koa I, AK II is Aina Koa II, and PT is Palolo Tunnel. Aqu ifer and watershed boundaries are 

represented by solid lines. The Ka'au Rift Zone is shown as a double solid line. Spatia l 

boundaries used for recharge calculations are indicated by the dotted lines in the Waialae West 

Aquifer. The Waialae East Aquifer is separated into two subsections based on watershed 

boundaries which individually contain Wailupe and Kawaikui. 
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Climate 

O'ahu experiences mild temperatures and moderate humidity year-round. Prevailing 

northeasterly winds are strongest during the summer (21 km hr- 1
) and less substantial during 

winter (14 km hr- 1
) (Nichols et al. , 1997). Due to orographic effects, the southeastern region of 

O'ahu receives extremely variable amounts of precipitation. In the Black Point area, nearly 

297 cm of rain fall annually at the crest of the Ko'olau Mountains, decreasing to 63 cm at the 

coast (Giambelluca et al., 2013). Likewise, the ridges of the Kawaikui and Wailupe area receive 

195 cm of precipitation annually which drops to 80 cm at the coast (Giambelluca et al., 2013). 

Precipitation is predominantly seasonal, with nearly 70% occurring during the months of 

October- April (Nichols et al., 1997). 

Methods 

Water sample collection and processing 

Water samples were collected from coastal waters, submerged springs, beach piezometers, and 

upland wells during sampling events in January- Apri l 2015. At each coastal site, grab samples 

were taken synchronously along five points of a shore perpendicular transect starting at the 

location of the groundwater seep or spring and extending out into marine waters. Transect 

lengths were selected to capture the full salinity gradient at each location. Transects extended 

offshore 120 m, 250 m, and 75 m for Black Point, Wailupe, and Kawaikui , respectively. Samples 

were taken at each transect point in time series every hour over five- eight hours to capture the 

potential effects of tide, wind, and currents on observed nutrient profiles. 

Samples were originally collected in acid-cleaned 500 mL HDPE bottles. Samples for nutrients, 

salinity, and N03- stable isotope analyses were subsampled from the 500 mL bottles. Nutrient 

and N03- stable isotope water samples were filtered through a 0.2 µm nylon filter into acid

cleaned 60 mL HDPE bottles. Nutrient samples were stored in a refrigerator at 4 °C and 

NQ3 stable isotope samples were frozen at - 20 °C immediately after co ll ection. Three 

production wells were additionally sampled, with nutrient and N03- stable isotope subsamples 

filtered at the point of collection using a 0.45 µm inline capsule filter. These well water samples 

were processed and stored as the coastal samples above. 
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Nutrient samples were analyzed for TDN, TDP, N03- + N02- , PQ43- , NH4+, and SiQ44- using a 

SEAL AutoAnalyzer 3HR at the University ofHawai'i SOEST Laboratory for Analytical 

Biogeochemistry. N03- + N02- concentrations were used as a direct proxy for 

N03- concentration herein based on past data that indicate N02- is consistently found in 

quantities below 0.2 µMat each site (Holleman, 20 I l ). The procedures for TDN and TDP follow 

fully automated methods with on-line di gestion as outlined in Yu et al., 2004. NQ3- , PQ43- , 

NH4+, and SiQ44- were measured using the following establi shed methods:A rmstrong et al., 

1967, Grasshoff et al., 2009, Murphy and Ril ey, 1962 and Kerouel and Ami not, 

1997 and, Grasshoff et al., 2009, respectively . Thirteen blind duplicates were partitioned from a 

total of 106 nutrient samples (Black Point, n = 40; Kawaikui , n = 26; and Wailupe, n = 40). 

Sample precision at one SD was as follows: 1.2 µM TON, 0.06 µM TOP, 0.6 µM NQ3- + N02- , 

0.01 µM PQ43- , 0.13 µM NH4+, and 4 µM SiQ44- . Salinity samples were run on a Metrohm 856 

Conductivity Module. 

N03- stable isotope samples were processed at the University of Hawai'i Stable Isotope 

Biogeochemistry Lab using denitrifer methods (Bohlke et al., 2003, Casciotti et al., 

2002,Mcllvin and Casciotti, 2010, Mcil vin and Casc iotti , 2011 and Sigman et a l., 2001). 8 15N

N03- and 8 180 - N03- values were measured using a Thermo Finnigan MAT 252 coupled with a 

GasBench II interface and presented in per mil notation (%0) with respect to AIR for 8 15N and 

VSMOW for 8 180 values. Nitrate stable isotope values were normali zed to USGS-32/34/35 

per Bohlke et al. (2003) and Mcllvin and Casciotti (2011 ). Twelve duplicates were subsampled 

from a total of 57 N03- stable isotope samples (B lack Point, /1 = 18; Kawaikui , n = 19; 

Wailupe, n = 14; n = 2 for each well). Sample precision within one SD was 0.3%o for 815N values 

and 0.4%0 for 8 180 va lues. 

222Rn groundwater fluxes 

SGD fluxes were calculated using in situ :m Rn measurements durin g water sampling events at 

Black Point, Kawa ikui , and Wailupe in January and April of 2015. An additi onal on-site 

monito ring station was set up at Black Point and Wailupe to establish a 222Rn groundwater 

endmember using a piezometer in stall ed in submerged sp rings at a depth of I m. 

Endmember 222Rn time seri es measurements were taken every thirty minutes for five hours at 
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Black Point (n = 10) and seven hours at Wailupe (n = 14) during the water sampling 

period. 222Rn grab samples were collected in 250 mL bottles over four hours from a beach spring 

at Kawaikui (n = 3) using a piezometer at 0.5 m depth and from each of the three wells (n = 2 for 

each well) for groundwater endmember determination. Grab samples were analyzed the same 

day using a radon in air monitoring system (RAD H 20, Durridge) and decay-corrected. 

Groundwater endmember 222Rn concentrations were averaged for each site for use in subsequent 

calculations. 

A coastal surface water sampling station was positioned adjacent (within 15 mat Black Point, 

and 10 mat Kawaikui and Wailupe) to the groundwater source at each site. Water was 

continuously pumped from a fixed depth through an air- water exchanger and looped into a radon 

in air monitoring system (RAD AQUA, Durridge) for measurement at thirty minute integrated 

periods. 222Rn in water activities were calculated by correcting 222Rn in air measurements to 

salinity and temperature data recorded by a multi-parameter water quality probe (Schubert et al., 

2012). A CTD diver was deployed during each time series for depth-correction of 222Rn 

inventories. Surface water 222Rn inventories were used to calculate advection rates of 

groundwater at each site using a transient box model that accounts for 222Rn evasion to the 

atmosphere, radioactive decay, and mixing losses (Burnett et al., 2001 and Burnett and Dulaiova, 

2003). 

Recharge model description 

Total groundwater flux in the terrestrial domain of the study area was assumed to equal recharge 

as calculated by Engott et al., 2015 . Recharge was computed using a soil-water balance model 

with daily time-steps that capture the dynamic relationship between rainfall, runoff, and 

evapotranspiration. Water inputs to the model include rainfall (Giambelluca et al., 2013), 

irrigation, and seepage rates from OSDS systems utilizing soil treatment (Whittier and El-Kadi , 

2009). Water losses in the model include direct runoff and evapotranspiration (Giambelluca et 

al., 2014). The algebraic sum of the water inputs and water outputs were added to soil storage. 

Any amount that exceeded the soil storage capacity in the root zone was considered recharge. 

Seepage from cesspools to the aquifer was considered separately from direct recharge since the 
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infiltration zone of these units is typically beneath the root zone where evapotranspiration will 

occur. 

OSDS seepage rates were taken from Whittier and El-Kadi (2009) . The number of OSDS units 

(cesspools, septic systems, aerobic , and soil units) were based on available wastewater records 

provided by the Hawai 'i Department of Health supplemented by indirect methods that included 

analyzing building, property tax , and water billing records to identify parcels with wastewater 

disposal. The location of the candidate parcels was compared to sewer infrastructure coverages. 

Parcels within service areas were assumed to be connected to a sewer and removed from 

consideration. All parcels identified as having an OSDS using the indirect methods were further 

assumed to be served by cesspools, the dominant OSDS in Hawai'i . The effluent discharge rate 

for residential OSDS was assumed to be 0 .75 1113 d- 1 based on current wastewater regulations 

(HDOH, 2004). For non-residential parcels, the effluent discharge rate was based on estimates in 

Metcalf and Eddy, 1991. The flux of N and P was incorporated into the recharge coverage by 

doing a spatial join of the OSDS coverage from Whittier and El-Kadi (2009). The join summed 

the N and P fluxes for all of the OSDS that fell within each recharge coverage polygon. This 

comprehensive recharge model was used herein to quantify the following for each aquifer or 

watershed: ( 1) the number and types of OSDS in each study area, (2) total recharge, (3) 

wastewater recharge, (4) background N and P loads, and (5) wastewater N and P loads. 

Statistical analyses 

One-way ANOV A was used to test for homogeneity in mean groundwater endmember 

compositions for inorganic nutrient concentrations and nitrate stable isotope values across site 

locations. A post hoc Tukey HSD analysis was performed when significant (p < .01) differences 

were detected. Tukey HSD results are reported at p < .001 as two asterisks(**) and p < .OS as 

one asterisk(*). Well geochemical data were not included in stati stical analyses as sample size 

was limited. 

Results 
222R11 inventory a n.d fluxes 

SGD endmember 222Rn in water activities ranged from 86 dpm L- 1 at Kawaikui to 

250 dpm L 1 at Wailupe, and 740 dpm L- 1 at Black Point (Table 2.1) . Terrestrial groundwater in 
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the Black Point hydrogeologic subdivision , Waialae West Aquifer, revealed unique 222Rn 

signatures that decrease with distance from the coast, from 150 dpm L- 1 at Aina Koa I to 

28 dpm L- 1 at Aina Koa II. While 222Rn activities peaked at Black Point, advection rates were 

highest at Wailupe on average (Table 2.2). Average advection rates ranged from 0.50 m d- 1 at 

Kawaikui to 1.1 m d- 1 at Wailupe. Black Point, Kawaikui, and Wailupe coastal surface 

water 222Rn concentrations responded to changes in water level from tide while direct 

measurements of 222Rn from the groundwater sources remained constant during the sampling 

periods, showing no tidal influence (Figure 2.2). Advection rates were subsequently scaled to 

discharge rates using a conservative spatial estimate of the area of coastal waters that contributed 

to the measured 222Rn activities. This estimate was determined using previous 222Rn and salinity 

spatial surveys that depict areas of groundwater influence for Black Point, Wailupe (Nelson et 

al., 2015) and Kawaikui (Figure 2.1 b). Discharge rates were then divided by the width of the 

groundwater plume and scaled to shoreline fluxes. Shoreline fluxes were multiplied by the length 

of the shoreline thought to contribute SGD as estimated by the coastline salinity survey to 

calculate total SGD fluxes at each site. Total discharge rates varied site-to-site with Black Point 

conveying the largest volume of SGD to coastal waters at 15,000 m3 d- 1
• Wailupe and Kawaikui 

SGD fluxes averaged 13 ,000 m3 d- 1 and 5000 m3 d- 1
, respectively. 

Site Salinity 222Rn activity 

dpm L-1 

Black Point 
4.6 740 ± 11 

(n= I 0) 

Kawaikui 
2.0 86 ± 18 

(n=3) 

Wailupe 
2.3 250 ± 5 

(n=l4) 

Palolo Tunnel 
0.1 22 ± 12 

(n=2) 

Aina Koa I 
0.4 150 ± 30 

(n=2) 

A ina Koa II 
0.2 28 ± 9 

(n=2) 

Table 2.1. Mean and SD (1 a) of groundwater radon activities for each sampling location. 
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Figure 2.2. Time series 222Rn in water values for (a) Black Point, (b) Wailupe, and (c) Kawaikui 
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Water level is represented by the dashed line. Error bars represent the SD (20) of 222Rn 

measurements. Advection rates (circular markers) are plotted for (d) Black Point, (e) Wailupe, 

and (f) Kawaikui. 

Site Advection rate Shoreline flux Shoreline length Total flux 

Minimum Mean Maximum 

m ct ·1 m ct · 1 m ct · 1 m3 m·l ct ·l m m3 ct ·l 

Black Point 0.1 0.8 ± 0.4 2.3 5 1 300 15 ,000 

K awaikui 0. 3 0.5 ± 0. 3 0.6 25 200 5,000 

Wailupe 0.4 1.1 ± 0.4 1.9 43 300 13,000 

Table 2.2. SGD advection rates and corresponding shoreline fluxes to coastal waters. Mean 

advection rates include SD ( 10). Tota l flux is an estimate of site-wide SGD contributions. 

Nutrient concenrrarions in groundwater and coasrct! ware rs 

As coastal groundwater endmembers va ri ed in sa linity spatially, measured water constituents 

were unmi xed to a sa linity of zero to estab li sh ana logous endmembers for comparison at all s ites 

using the followin g equation: 

13 



(l) 

where C1 is the unmixed concentration, C111ix is the mjxed concentration, C2 is the marine 

endmember concentration, S111ix is the salinity of the mixed concentration, S1 is the salinity of 

unmixed groundwater, and S2 is the salinity of the marine endmember. Groundwater 

endmembers were calculated using the mean of five piezometer measurements at each site that 

were unmixed to a salinity of zero using Eq. ( 1) (Table 3.3). The marine endmembers were 

unique to each site and based on mean nutrient concentrations of the five most saline marine 

samples collected at each site. 

Site Salinity TDN TDP PQ43- SiQ44- NQ3- NH4+ DO 
µM µM µM µM µM µM % saturation 

Black Pointcw 4.6 172 3.6 3.5 800 169 0.07 79.1 

Black PointMARINE 34.5 7 0.5 0.2 6 0.5 0.35 

Kawaikuicw 2.0 57 6.0 2.3 747 43 0.12 95.1 

KawaikuiMARINE 32.5 8 0.5 0.3 48 J.3 0.43 

Wailupecw 2.3 72 2.0 1.9 781 69 0.08 93.4 

WailupeMARINE 34.3 9 0.4 0.2 7 1.9 0.47 

Palolo Tunnel 0.1 18 3.7 1.3 482 15 0.01 98.l 

Aina Koa I 0.4 72 5.3 2.0 804 59 0.35 95.9 

Aina Koa II 0.2 44 6.0 2.2 694 38 0.09 98.2 

Table 2.3. Mean groundwater (GW) and marine endmember nutrient composition at Black 

Point, Kawaikui, and Wailupe (n=S for each site). Mean well nutrient compositions of Palolo 

Tunnel, Aina Koa I, and Aina Koa II are also included (n=2 for each well). Dissolved oxygen 

(DO) values are listed for all groundwater sampled. 

A one-way ANOY A showed signifi cant spatial differences between groundwater endmembers 

(F(2, 12) = 12.97, p < .001 ). Tu key HSD post hoc comparisons revealed that groundwater 

compositions differ significantly for all constituents except for NH 4+across sites (p < .00 I , .OS). 

Black Point N species concentrations were nearly three times greater than Kawaikui and 
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Wailupe, except for NH4+ which showed no spatial differences as concentrations were generally 

near detection limit. TDN levels ranged from 198 ~LM at Black Point to 60 µM and 76 µMat 

Kawaikui and Wailupe, respectively (Table 2.4). Nitrate content followed a similar trend to TDN 

at each site, ranging from 46- 195 µM. Terrestrial well N species concentrations in Waialae West 

Aquifer were significantly lower than Black Point N species concentrations and fell more closely 

to Kawaikui and Wailupe endmember nutrient data for nearly all water constituents. Kawaikui 

and the terrestrial wells exhibited the highest TDP concentrations (3.7- 6.4 µM) while 

PQ43
- concentrations were highest at Black Point (4.1 µM). 

Site TDN TDP P043· Si044- N03· Nff4+ 
µM µM µM µM µM µM 

Black Point 
198 ± 0.8 ** 4.1 ± 0.1 ** 4.1 ± 0.02** 922 ± 31 ** 195 ± 2.4 ** 0.03 ± 0.09 

Kawaikui 
60 ± 3.0** 6.4 ± 0.4** 2.5±0.1 ** 795 ± 7* 46 ± 0.1 ** 0.14 ± 0.08 

Wailupe 
76 ± 1.3** 2.1 ± 0.1 ** 2.1 ± 0.03 ** 835 ± 14* 74 ± 2.4*'' 0.06 ± O.Q7 

Table 2.4. Hypothetical freshwater endmembers at zero-salinity for Black Point, Kawaikui, and 

Wailupe. Statistical significance of nutrient endmembers between sites is represented by two 

asterisks (**)for p < .001, and one asterisk(*) for p < .05. SD of mean endmember values are 

included for each constituent (10, n=5). 

Nutrient distributions were analyzed at each site relative to salinity and classified by examining 

their behavior with respect to a two-endmember mixing line that connects the groundwater and 

marine water endmembers at each site. Mixing lines were defined using the groundwater 

endmembers from Table 2.3. Deviations from this line in excess of two SD of the analytical and 

mixing line slope uncertainties were considered non-conservative. Mixing line slope uncertainty 

was included as groundwater and marine endmember variation may represent a source of error in 

residual values. N03-concentrations were largely non-conservative at Black Point and Wailupe, 

and conservative at Kawaikui (Figure 2.3). These non-conservative deviations were best 

exhibited by negative residuals in N03- content in mid- salinity waters at Black Point and 

Wailupe. The positive residuals in NO:i content in mid-salinity waters at Kawaikui fell primarily 

within the thresholds set for conservative behavior. NH./ concentrations deviated positively from 

mixing lines at all sites and were largely non-conservative at Black Point. TDP levels deviated 
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from the predicted mixing lines at each site and PQ43-content showed non-conservative behavior 

across all sites (Figure 2.4). SiQ44- content exhibited non-conservative behavior which peaked in 

brackish waters at Black Point and Wailupe. Kawaikui's distribution of Si044- concentrations 

appeared to be mostly conservative. 

Coupling groundwater discharge to nutrient concentrations 

SGD nutrient fluxes were calculated using the total SGD flux for each site and groundwater 

endmember nutrient concentrations from Table 3 (Table 2.5). SGD delivered nearly 

2,700 mol d- 1 of TDN to the coast at Black Point while Wailupe averaged 970 mol d- 1
• Kawaikui 

TDN fluxes were small in comparison, but still significant at 290 mol d- 1
• N03- fluxes reflected 

observed trends in TDN fluxes. TDP and P043
- fluxes were below 56 mol d- 1 at all sites. 

SiQ44- fluxes ranged from 3,800 to 12,000 mol d- 1while NH4+ fluxes were below 1.1 mo] d- 1
• 

Spatial variability of N01· stable isotopes 

815N- N03- and 8180 - N03- values ranged from 3.1 - 11.8%0 and 2.0- 6.7%0, respectively (Table 

2.6). One-way ANOV A showed significant differences in N03 - stable isotope ratios between 

sites (F(2,48) = 8.01 , p < .001). Tukey HSD post hoc results indicated that differences in Black 

Point spring and coastal water N03- stable isotope values relative to Kawaikui and Wailupe were 

statistically significant (p < .001 ). Wailupe and Kawaikui overlapped in 8 15N- N03- values while 

Black Point's values clustered independently (Figure 2.5a). Black Point 815N- N03- and 8180 -

N03- values were invariable with N03-concentration and elevated relative to Kawaikui and 

Wailupe (Figure 2.5b). Similarly, Wailupe and Kawaikui N03- stable isotope values were 

distributed uniformly across the N03-gradient. The Aina Koa wells fell within the cluster of 

815N- N03- and 8 180 - N03- values for Kawaikui and Wailupe. The Palolo Tunnel groundwater 

exhibited the lowest 8 15N- N03- and 8180 - N03- values. 
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Figure 2.3. TDN, N03- , residual N03- , NH4+, and residual NH4+ concentrations as a function of 

salinity by site. Solid lines represent conservative mixing lines between coastal groundwater and 
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respectively. Residual s refer to dev iati ons from the mixing line. The slope (m) of the mixing 

lines used for residual calculati ons and the corresponding slope uncertainties are di splayed in the 

upper ri ght corn er of relevant plots. Dashed lines represent the upper and lower boundaries of 

total uncerta inty (20). 
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Figure 2.4. TDP, P043- , residual PQ43- , SiQ44
- and residua l SiQ44

- concentrations as a function 

of salinity by site. Solid lines represent conservative mixing lines between coastal groundwater 

and marine endmernbers. Square and circular markers represent groundwater and coastal 

samples, respectively. Residuals refer to dev iations from the mixing line. The s lope (m) of the 

mixing lines used for res idual calculations and the corresponding slope uncertainties are 

displayed in the upper ri ght corner of the relevant plots. Dashed lines represent the upper and 

lower boundaries of total uncertainty (20). 
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Site TDN TDP PQ43- SiQ44- NQ3- NH4+ 
mol ct·1 mol ct ·1 mol ct·1 mol ct·1 mol ct ·1 mol ct·1 

Black Point 2,700 56 55 12,000 2,600 I . I 

Kawaikui 290 30 12 3,800 220 0.6 

Wailupe 970 27 26 11 ,000 930 LI 

Table 2.5. Nutrient fluxes at each site for TDN, TDP, P043-, Si044-, NQ3-, and NH4+ using total 

SGD fluxes and groundwater endmember nutrient concentrations. 

Site olSN 0180 
%0 %0 

Black Point 
I 0.9 ± 0.5** 5.0 ± 0.7* 

(n= l 8) 

Kawaikui 
5.7 ± 0.4 3.4 ± 0.6 

(n=l9) 

Wailupe 
5.9 ±0.7 3.5 ± 0.9 

(n=l4) 

Aina Koa I 
5.9 ±0.1 4.7 ± 0.4 

(n=2) 

Aina Koa II 
5.4±0.1 3.2 ± 0.5 

(n=2) 

Palolo Tunnel 
3.1±0.1 2.0 ±0.5 

(n=2) 

Table 2.6. Average 8 15N- N03- and 8 180 - N03- values at each site. SD (l 0) of mean values are 

included for each location. Tukey post hoc results are displayed as two asterisks(**) for p 

< .001, and one asterisk(*) for p < .05 . Well s were not included in statistical analyses as sample 

size was limited (n = 2). 
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Figure 2.5. (a) N03- stable isotope ratios of 15N and 180. (b) N03- concentrations and o15N

N03 - values for all waters sampled. 

Discussion 

Magnitude of total SGD fluxes 

200 

SGD's influence on coastal waters in Maunalua Bay was largely site-dependent. While Black 

Point and Wailupe receive the majority of SGD via preferential flow conduits that manifest as 

discrete submarine springs, Kawaikui is a diffuse, seepage-dominated site with most 

groundwater percolating through layers of beach deposits before exiting to the ocean. Advection 

rates resembled those previously published for Maunalua Bay (Ganguli et al., 

2014 and Swarzenski et al., 2013). Total SGD fluxes were compared to recharge rates for each 

respective aquifer using the recharge model from Engott et al., 2015. For all subsequent 

calculations, Wailupe and Kawaikui recharge rates were defined by their respective watershed 

boundaries as the Waialae East Aquifer extends well east of the coastal sites sampled (Figure 

2. lc). In agreement with coastline survey 222Rn and salinity data, the three sites sampled 

accounted for substantial portions (55- 81 %) of recharge in their hydrologic basins (Table 2.7). 

These values may be overestimated as modeled recharge rates do not include re- circulated 

seawater flux es whereas total SGD nuxes incorporate both fre sh and marine components. 

Spatial distributions of geochemical parameters 

Sites showed spatially di stinct biogeochemi ca l differences in coastal groundwater composition. 

SGD nutrient loadings were hi ghest at Black Point for all water constituents. Nitrogen 
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concentrations among the three coastal sites were locally-specific with Wailupe and Kawaikui 

most similar in N composition and indistinguishable in their 815N- N03-(5 .7- 5.9%o) and 8 180 -

N03- (3.4-3.5%0) values. Similar to N03- concentrations, 8 15N- N03- (10.9 ± 0.5%0) and 8180 -

N03- (5 .0 ± 0.7%0) values were highest at Black Point, suggesting different terrestrial N sources 

or pathways from the other sites. Coastal groundwater 222Rn activities were elevated at Black 

Point (740 dpm L- 1
) relative to Kawaikui and Wailupe as well (86-250 dpm L- 1

). The spatially

distinct geochemical signature of Black Point SGD may provide further insight into groundwater 

transit in the Waialae West Aquifer. Among the terrestrial wells, N03- Jevels, 222Rn activities, 

and N03- stable isotope ratios increased with proximity to the coast. N03- concentration and 

815N- N03- values increased from Palolo Tunnel (15 µM, 3.1 ± 0.1 %0), an assumed terrestrial 

groundwater endmember for high-level , dike-confined water, to Aina Koa II (38 µM , 

5.4±0.1 %0), the intermediate well in the flow path, and Aina Koa 1 (59 µM , 5.9 ± 0.1 %0), the 

furthest down-gradient well sampled in the Waialae West Aquifer. Similarly, 8180 - N03- values 

revealed a progression from 2.0 ± 0.5%o at Palolo Tunnel to 3.2 ± 0.5%o at Aina Koa 11 and 

4.7 ± 0.4%0 at Aina Koa I. Black Point's sustained high N03-and P043- loading via SGD and the 

increase in 815N- NO:i- values relative to the up-gradient terrestrial wells in the Waialae West 

Aquifer indicates additional N and P inputs between the coast and the well locations . 

Additionally , the elevated 222Rn activity in Black Point SGD suggests a different aquifer 222Rn 

production rate compared to the upland wells which show much lower activities (22-

150 dpm L- 1
). This may be due to a change in geology and possibly geochemistry proximal to 

the coast. While the addition of nutrients is not dependent on the increased 222Rn levels at Black 

Point, the presence of the two are possibly related. Wastewater sources may produce reducing 

groundwater conditions that mobilize iron and manganese. These elements capture radium as 

they are oxidized, producing a local 222Rn source (Dulaiova et al., 2008 and Gonneea et al., 

2008) . Oxygen concentrations at Black Point were slightly reduced relative to up-gradient 

groundwater (Table 2.3). 
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Site 
Total SGD 

flux per site 
111 3 ct-1 

Waialae West Aquiferuppcr 

Waialae West Aquifer1owcr 

Waialae West Aquifer101a1 (Black Point) 15 ,000 

Waialae East Aquifer (Kawaikui ) 5,000 

Waialae East Aquifer (Wailupe) 13,000 

Total 
recharge 

111 3 d-1 

16,000 

4,400 

20,000 

9,000 

16,000 

SGD flux as a percentage 
of total recharge 

75 

55 

81 

Table 2.7. Total SGD flux estimates with corresponding site in parenthesis, total recharge rates 

for each aquifer, and estimated percentage of SGD flux out of total recharge. 

rY 5N- N03- values as a proxy ofN03- source in the Waialae East Aquifer 

All sites exhibited uniformity in 8 15N- N03- values between SGD and recipient coastal waters, 

indicating that SGD is the dominant N source and that although SGD may emanate from several 

vents, it originates from a common source at each location. While no terrestrial groundwater data 

exist for the Waialae East Aquifer, well nutrient compositions may be analogous to that of 

Waialae West Aquifer as the areas are similarly affected by urbanization and hydrologically 

constrained by comparable climate patterns and lithology. Similarities between Wailupe SGD, 

Kawaikui SGD, and the well series geochemical compositions provide evidence of a common 

dominant N source or pathway. Kawaikui, Wailupe, and Aina Koa I and II have 

indistinguishable 8 15N- N03-values and similar N concentrations which most closely resemble a 

soil N source. Typical isotopic values for soil 8 15N- N03- range from 3 to 8%0 while fertilizers 

cover a slightly larger range from - 4 to 4%o (Freyer and Aly, 1974, Heaton, 1986 and Kendall 

and McDonnell, 1998). Without upland well data in the Waialae East Aquifer, however, it is 

difficult to decipher if the measured N03- stable isotope values at Kawaikui and Wailupe 

originate from similar source types as those in Waialae West Aquifer and if these N03- stable 

isotope values are indicative of a soil N source rather than fertilizer or dilute wastewater-derived 

N. 

(J1 5N- NOi values as a proxy of NOi source in rh e Waiala e West Aquifer 

Although 8 15N- N03 and 8 180 - N03 values can be ambi guous as stand-alone indicators of 

N03- source, especially if values overlap known ran ges for more than one source type, the large 
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spatial distinction in N03- stable isotope ratios and elevated NO:i- level s at Black Point clearly 

indicate an additional source or biogeochemical process separate from that of the other sites 

sampled. The values identified at Black Point overlap with past studies that report wastewater 

o15N- N03- values of 10 to 20%0 (Aravena et al., 1993, Kendall and McDonnell , 1998, Kreitler et 

al., l 978 and Kreitl er and Browning, 1983). The e levated 8 15N- NQ3- and 8 180 - N03- values at 

Black Point do not appear to be the result of single-source fractionation processes such as 

denitrification. Differentiating between fractionation of a N03- source and mixing of sources can 

be done graphically by comparing the natural logarithm of N03- concentration and the inverse of 

NQ3- concentration to 8 15N-N03- values (Kendall and McDonnell , 1998). Denitrification of 

N03- in Black Point SGD would manifest as elevated o15N- N03- values and low 

N03- concentrations relative to the upland wells sampled (Figure 2.6a). Instead, the high o15N

NQ3- values found at Black Point correspond to higher N03- levels than those found up-gradient, 

indicating the addition of N03- with elevated o15N- N03- values closer to the coast. The coupled 

NQ3- concentration and 8 15N- N03- values observed in the Waia lae West Aquifer support simple 

two- component mixing between the Palolo Tunnel endmember and a hypothetical high 

N03- concentration, high o15N-N03- value source (Figure 2.6b). While there do not appear to be 

net fractionation processes occurring between the sites sampled , the source of the elevated 

NQ3- stable isotope signature in Black Point SGD may still potentially originate from either a 

wastewater or denitrifi ed fertilizer source. The observed NQ3- stable isotope ratios at Black Point 

could be the result of mixing with a denitrified fertilizer source under the assumptions that there 

are sufficient chemical species to act as an electron donor as well as suboxic to anoxic conditions 

in the infiltration zone. We predicted the original fertilizer source N03-concentration needed to 

account for the observed N03- stable isotope ratios and N03-concentrations at Black Point. A 

hypothetical denitrified fertilizer source N03-concentration of 739 µM was estimated using a 

simple mass balance as follows: 

(2) 

where C1 is the NO:i concentration in Waialae West Aquiferuppcr (A ina Koa I NO:i

concentrati on. 59 µM), C2 is the N03- concentration in Waialae West Aq uiferiowcr (fertilizer 

O:i input), C3 is the cumulative N03- concentration (zero-sa linity Black Point SGD NO:i

concentration, 195 µM), R1 is the fraction of recharge in Waialae West Aquiferuppcr (0.8), R2 is 
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the fraction of recharge in Waialae West Aquifenower (0.2), and R3 is the total fraction of recharge 

(J ). Recharge values are listed in Table 2.7 and separated based on the boundaries defined 

in Figure 2. lc. This mass balance assumes that all recharge in Waialae West Aquifenower is 

affected equally by denitrified fertilizer leachate. A hypothetical denitrified fertilizer source 

815N- N03- value was then approximated using the mixing relationship between the Black Point 

SGD endmember and Aina Koa l 8 15N-N03- and l/[NQ3-] values (Figure 2.6b). The mixing line 

is defined as: 

(3) 

where the hypothetical source 8 15N-N03- value is equal to 12.6%0. A simplified Rayleigh 

equation was used to calculate the original fertilizer N03- concentration in recharge based on an 

enrichment factor within the range for denitrification of groundwater and a 815N- N03- value 

commonly reported for fertilizer sources: 

8 =80 + £In (C/Co) 

where 6 is the denitrified source 8 15 N- N03- value (12.6%0), bo is the initial source 815N

N03- value (0%o), c is the enrichment factor (- 25%0), C is the denitrified source 

(4) 

N03- concentration (739 µM) and Co is the initial fertilizer N03-concentration (Aravena and 

Robertson, 1998, Bottcher et al., 1990, Kendall and McDonnell, 1998,Mengis et al., 

l 999 and Vogel et al., 1981). An original fertilizer N03- concentration of 1,223 µM would be 

needed to account for the assumed denitrified fertilizer N03-concentration and 815N-N03- value. 

Specific to O'ahu, a groundwater N concentration of 1,223 µM far exceeds the maximum 

groundwater N concentration of 543 µM observed beneath intensely cultivated fields in the Pearl 

Harbor Aquifer (Ling, J 996). Fertilizer N03- concentrations of this magnitude are typically only 

found in groundwater severely impacted by intensive agricultural practices ( Liao et al., 

2012 and Yaliela and Bowen, 2002). Black Point has no history of intensive agriculture, 

however, and the suboxic to anoxic conditions necessary for denitrification were not observed in 

any groundwater sampled in the Waialae West Aquifer (Table 2.3) (Frans et al., 2012). This 

denitrified fertili zer source hypothesi s is highly improbable based on the above discussion as 

well as known land-use characteristics that instead depict a high prevalence of OSDS sites in the 

Waialae West Aquifer. 
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Figure 2.6. (a) The natural logarithm of N03- concentration versus o15N-N03- values for 

Waialae West Aquifer groundwater. (b) Relationship between the inverse of N03- concentration 

and o15N-N03- values for Waialae West Aquifer groundwater. The solid line represents the 

mixing relationship between Palolo Tunnel and Aina Koa I. The dotted line represents the 

mixing relationship between the Black Point SGD endrnember and Aina Koa I, and is extended 

out to approximate where the hypothetical second source's endmember falls (Eq. (3)). 

Wastewater as a NOi source in Waialae West Aquifer 

The majority of OSDS in the Black Point area are in the form of cesspools with nearly 118 units 

residing on parcels within 1 km of the sampling location and 82 units within 500 m. The 

potential effects of wastewater leachate on Black Point SGD composition are particularly evident 

when comparing the total OSDS sites in the watersheds of both Wailupe and Kawaikui which 

cumulatively amount to S 1 units, or just 16% of the approximately 328 OSDS units in the 

Waialae West Aquifer (Table 2.8). Three hypothetical sewage N03- concentrations were 

considered based on minimum, average, and maximum DIN values reported for cesspools in 

previous studies to quantify corresponding hypothetical source o 15 N- NQ3 - values using Eq. (3): 

1,100 µM, 4,300 µM, and 7,300 ~tM (Lowe et al., 2009, Whittier and EI-Kadi, 2009 and WRRC, 

2008). Since N03- was the predominant constituent of DJN in Black Point SGD (NH4+composed 

less than 0. l % of DIN), we assume that any original NH4 + from the cesspools underwent 

nitrification . As such, cesspool DJN concentrations were assumed to equal NQ3- concentrations. 

Aina Koa l N03- concentrations and 8 15N- N0J values were chosen to represent the aggregate 
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source endmember signature of upland groundwater aside from wastewater effluent as 80% of 

recharge occurs up-gradient of Aina Koa I. Predicted 8 15N-N03- values for the cesspool source 

ranged from J 2.7- 13.1 %0 depending on cesspool N03- concentration. These 815N-N03- values 

are consistent with previously published values for the wastewater sources discussed above. 

The recharge model was used to determine the relative volumetric contributions of wastewater 

effluent in each groundwater basin (Engott et al., 2015 and Whittier and El-Kadi, 2009). 

Wastewater effluent accounted for 4.4% of total recharge in the entire Waialae West Aquifer 

compared to just 0.7% and 0.3% of Waialae East Aquifer-Wailupe and Waialae East Aquifer

Kawaikui, respectively (Table 2.9). As such, denitrification of a wastewater source in Waialae 

West Aquifer is unlikely, even if the source itself is anoxic, as sewage effluent is diluted at a 

ratio of 1 :23 by up-gradient oxic groundwater. To substantiate the aquifer-scale estimates, we 

calculated the relative volumetric contribution of the wastewater source solely based on 

N03- concentrations in the aquifer using the following equation: 

where Fw is the fraction of N03- originating from wastewater, C1 is the first source's 

N03 - concentration (Aina Koa I N03- concentration, 59 µM), C2 is the intermediate 

(5) 

N03- concentration (zero-salinity Black Point SGD NQ3- concentration, 195 µM), andC3 is the 

second source's N03- concentration (sewage N03- concentrations, I , 100 - 7,300 µM) . This 

method suggests that 2- 13% of groundwater is contributed by sewage effluent. This range 

encompasses the 4.4% calculated based on recharge fractions. In comparison, we calculated the 

exact N03- content needed to account for the 4.4% wastewater effluent observed in the Waialae 

West Aquifer to be 3, 150 µM by rearranging Eq. (5). A cesspool source that contributes 

3, 150 µM of N03- to the underlying aquifer as opposed to the hi gher concentrations cited above 

is possible as N from OSDS leachate may be attenuated in the vadose zone through minimally 

fractionating processes close to the source (e.g. sorption of ammonium, immobilization of 

organic N). Additionally, these estimates assume that N is well-homogeni zed within the aquifer 

between each source. While this may be true for the upper region of Black Point, the distribution 
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and concentration of OSDS units along the coast likely exhibit a disproportional , proximal effect 

on Black Poin t SGD that may not be well represented by the recharge and effluent volumetric 

ratios. While the exact proportion of wastewater in SGD at Black Point cannot be preci sely 

defined based on existing data, there is strong evidence that supports that Black Point SGD is 

influenced by OSDS leachate. 

Site Aerobic Cesspool Multiple Soil Septic 

Waialae West Aqu iferupper 25 

Waialae West Aquifer1ower 2 260 5 13 23 

Waialae West Aqu ifer1a1a1 2 285 5 13 23 

Waialae East Aquifer - Kawaikui 9 

Waialae East Aqu ifer - Wailupe 40 

Table 2.8. Total number and types of on-site sewage disposal systems in each aquifer. 

Site Recharge 
Wastewater Wastewater recharge as a 

recharge percentage of total recharge 
1113 ct · I 1113 ct · I 

Waialae West Aq uiferupper 16,000 68 0.4 

Waialae West Aq ui feriower 4,400 850 16 

Waialae West Aq uifer101a1 20,000 920 4.4 

Waialae East Aquifer - Kawaikui 9,000 30 0.3 

Waialae East Aquife r - Wailupe 16,000 II 0 0.7 

Table 2.9. Model-derived values for recharge, wastewater, and total recharge in each aquifer. 

Wastewater contributi on is expressed as percentage of tota l recharge. 

Modeled TN and TP fluxes from wastewater efflu ent were compiled for each aq uife r to evaluate 

the signifi cance of tota l SGD N and P loads as a percentage of total N and P loads in each 

aquifer. Background N and P loads were accounted for by spatia lly parsing out fluxes in the 

following areas of the Waialae West Aquifer: (I) Ko 'o lau Ridge-Palolo Tunnel, (2) Palolo 

Tunnel-Aina Koa II , and (3) Aina Koa II -coast (Figure 2. 1 c). We iteratively solved fo r recharge 

TDN and TDP concentrat ions based on observed well concentrations in the areas defined above 
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using a simple mass balance. Background N and P fluxes were calculated by multiplying the 

recharge volume for each spatial component by recharge concentration and then adding 

wastewater derived N and P fluxes to determine total fluxes. SGD N and P contributions were 

quantified by multiplying total SGD fluxes by the SGD endmember concentrations at each site 

from Table 2.3 . At Black Point, SGD delivered nearly 40% of total N and 11 % of total Pin the 

Waialae West Aquifer, a refl ection of the conservative nature of N and non-conservative 

behavior of Pin the subsurface as well as the large overall fraction of recharge that discharges at 

Black Point (Table 2.10 and Table 2.1 l ). Both Kawaikui's and Wailupe 's SGD N fluxes were 

larger than prescribed by wastewater effluent alone. We suspect the presence of an additional 

source that is well-homogenized between the areas, such as soil N, supplying relatively low 

nutrient concentrations to the coast similar in form to Aina Koa I's nutrient composition. 

Wastewater Recharge N Total N SGDN 
SGD N as a 

Site percentage of 
N load load load load 

total N 

kg ct·1 kg ct ·1 kg ct·1 kg ct·1 

Waialae West Aquiferuppcr 4 20 24 

Waialae West Aquiferiowcr 46 23 69 

Waialae West Aquifer101n1 50 43 93 38 41 

Waialae East Aquifer - Kawaikui 2 4 

Waialae East Aquifer - Wailupe 6 14 

Table 2.10. Total N fluxes for wastewater effluent and recharge in each aquifer compared to 

total SGD TDN load ings at each site. 
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Wastewater Recharge P Total P SGDP 
SGD Pas a 

Site percentage of 
Pload load load load 

total P 
kg ct -I kg ct -I kg ct -I kg ct -I 

Waialae West Aquiferupper 1.2 0.6 1.8 

Waialae West Aquiferiowcr 13.2 0.2 13.3 

Waialae West Aquifer101a1 14.4 0.8 15.2 1.7 11 

Waialae East Aquifer - Kawaikui 0.5 0.9 

Waialae East Aquifer - Wailupe 1.7 0.8 

Table 2.11. Total P fluxes for wastewater effluent and recharge in each respective aquifer 

compared to total SGD TDP loadings at each site. 

8 180 -N0 3- values were unclear in interpretation of N03- source in groundwater in this study. 

Complex biogeochemical cycling often interferes and attenuates the original 0 signature and 

measured 8180 - NO:i- values are typically highly-altered from original compositions in the 

subsurface (Minet et al., 2012). In the case of sewage-derived N03- , the amine group 

containing 15 N in urea is mineralized to ammonia and subsequently nitrified to N03- . As this 

occurs, 0 from both atmospheric oxygen and water may be incorporated into the resultant N03-, 

altering its 0 isotopic content (Kool et al., 2007 and Kool et al., 2011). As such, the elevated 

8 180 - N03- values observed at Black Point relative to the other coastal sites could represent a 

difference in fractionation processes such as the inclusion of atmospheric oxygen or exchange 

with oxygen in water. 

Behavior of SGD-delivered nutrients in nears ho re waters I 
Nutrient distributions varied with salinity at each site and showed evidence of non-conservative 

behavior for N03- , NH4+, and Si044- . At Black Point and Wailupe, negative residuals in 

N03- and Si044- content overlapped with positive residual s in NH4+ in mid-salinity waters. The 

negative residual NO:i- content may be an indication of autotrophic utili zation. While SGD 

conveyed negli gible amounts of NH4+, there were large dev iations in NH4+ concentrations from 

mixing lines in brackish waters at all sites. Salinity-mediated desorption of NH4+ from sediments 

may be responsibl e for the observed peaks of NH4 +at mid-salinity ranges between the three sites. 

NH4+ adsorbs onto sediments at low salinities when the ac tivity of competing ions is low and 

becomes entrained in more saline waters as competition for particle exchange sites from other 
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ions increases (Boatman and Murray, 1982, Seitzinger et al., 1991 and Weston et al., 2010). 

Alternatively, the non-conservative behavior of NH4+ may provide evidence of local production 

in coastal waters. Although residuals in PQ43
- content indicated non-conservative behavior at 

each location , there were no clear trends in the magnitude and direction of the residuals. 

Similarly, NH4+ and Si044- residuals did not reveal clear relationships at Kawaikui. At Black 

Point and Kawaikui , Si044
- concentrations showed large deviations from mixing lines in mid

salinity waters and may provide supporting evidence of biological assimilation of SGD

conveyed nutrients such as N03 - in coastal waters. 

Conclusions 

These findings illustrate the utility of synthesizing SGD nutrient fluxes and NOJ- stable isotope 

parameters together with land-use and recharge data in determining the contribution of terrestrial 

sources to coastal nutrient loading via SGD. In addition to exploring nutrient dynamics for each 

study site, we demonstrate that OSDS leachate is likely responsible for the elevated SGD N 

content observed at Black Point. These results should aid in restoration efforts aimed at curbing 

nutrient pollution in Maunalua Bay by providing regulators with source determination 

information. Additionally, these findings shed light on the magnitude and spatial va1iability of 

SGD-conveyed nutrients to coastal waters in the study area and allow us to better understand the 

capacity of these nutrients to perturb nearshore ecological dynamics. Future efforts should 

address potential biogeochemical transformations in similar nearshore environments affected by 

elevated SGD N and P loads . 
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CHAPTER 3. Submarine groundwater discharge drives biogeochemistry in two Hawaiian 
reefs 

In prep. for submission to Limnology and Oceanography: Richardson, C. M., Dulai , H., 

Popp, B. , Ruttenberg, K., and J. Fackrell, 2016. Submarine groundwater discharge drives 

biogeochemistry in two Hawaiian reefs . 

Abstract 

Groundwater inputs are typically overlooked as drivers of environmental change in coastal reef 

studies. We examined two contrasting fringing reefs with variable pC02 (1460 - 4400 µatm), 

low pHT (7.4 - 7.5), high N03- (76 - 162 µM) groundwater inputs using 30-day continuous time 

series measurements of salinity, water temperature, pH, dissolved oxygen, and 222Rn. We 

supplemented the long-term measurements with high-resolution 24-hour nutrient, dissolved 

inorganic carbon (DIC), total alkalinity (TA), and cPC- DIC measurements to evaluate 

differences in groundwater-induced and biologically-driven changes in marine carbonate 

chemistry. While groundwater geochemical compositions were spatially heterogeneous at our 

study areas, groundwater acted as a source of C02 to the atmosphere at both locations across 

salinity gradients, with air-sea C02 fluxes ranging from 0.2 - 82 mmol C m-2 d-1
• Groundwater 

inputs contributed to wide ranges in DIC (4 - 822 µM), TA (l - 453 µM), and pC02 (0 - 1524 

µatm) variabi lity in nearshore waters. We observed changes in pHT from groundwater inputs of 

0.01 - 0.40 pHT units and mean daily changes of 0.04 ± 0.08 to 0.18 ± 0.16 pHT units at sites 

located closest to the groundwater springs. Further, our data revealed a shift in reef metabolism 

from net dissolution to net calcification across this groundwater-driven physicochemical 

gradient. At sites with high levels of groundwater exposure, di ssolution rates were elevated. Our 

findings shed light on the importance of considering groundwater inputs when exami ning coastal 

ocean carbonate chemistry. 
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Introduction 

Atmospheric C02 levels are projected to reach 730 to 1090 ppm by 2100 due to rising 

anthropogenic C02 inputs (Joos et al., 2001 , Wigley and Raper 2001, Wigley 2004, Meehl et al., 

2005, IPCC 2007). Oceanic uptake of atmospheric C02 is raising marine pC02 and lowering pH 

as the dominant dissolved carbonate species in seawater shifts from C032- and HC03- towards 

HC03-and H1C03, a process known as ocean acidification (OA) (Quere et al., 2012). Declines in 

pH and the saturation state of seawater with respect to carbonate minerals such as aragonite 

(Daragoni1e) associated with OA conditions will impact diverse marine biota (Doney et al., 2009) . 

Oceanic pH is predicted to decrease by 0.3 - 0.4 pH units as a result of OA by the end of the 

century (Orr et al ., 2005, Doney et al ., 2009, Feely et al., 2009). These declines in pH are 

expected to reduce calcification and increase dissolution of coral reefs (Andersson et al., 2009, 

Dove et al., 2013 , Shaw et al., 2016), but in situ studies documenting these connections remain 

insufficient as replication of OA conditions is challenging. Changes in seawater carbonate 

chemistry from OA in nearshore reefs may be exacerbated by terrestrial nutrient inputs delivered 

via freshwater discharge which fuel the production and subsequent remineralization of organic 

matter, leading to increases in seawater pC02 and declines in pH (Sunda and Cai , 2012). 

The occurrence of freshwater, specifically submarine groundwater discharge (SGD), has been 

widely documented in coral reefs in Asia (Cardenas et al., 20 10, Blanco et al ., 2011, Wang et al., 

2014) , Australia (Stieglitz 2005, Santos et al., 2011), the Caribbean (Lewis, 1987), North and 

Central America (Paytan et al., 2006, Street et al., 2008, Lapointe et al ., 2010, Crook et al., 2012 

and 2013), and the Pacific (Cardenas et al., 2010, Cyronak et al., 2013). Groundwater discharge 

into reefs may simulate many of the anticipated effects of OA through the addition of high DIC, 

low pH, and low D ,uagonite freshwater, which creates a natural acidification gradient. The effects 

of groundwater discharge and associated material fluxes on carbon cycling remain largely 

overlooked in coastal reef studies, however. 

Groundwater discharge can also increase the pC02 of receiving seawater through the delivery of 

terrestrial inorganic and organic C, driving air-sea C02 exchange. While surface water inputs 

have been shown to influence air-sea C02 exchange in temperate (Zhai and Dai, 2009, Maher 
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and Eyre, 20 J 2), subtropical (Jiang et al., 2008, Lohrenz et al., 2010), and tropical (Sarma et al., 

2001, Kortzinger, 2003) systems, the effects of groundwater discharge on seawater pC02 and air

sea C02 exchange remain understudied. Submarine groundwater discharge is thought to be on 

the same order of magnitude as riverine discharge worldwide (Moore, 2010, Kwon et al., 2014). 

As a result, groundwater-impacted reefs and similar nearshore areas will likely factor into future 

assessments of global ocean C budgets . 

We examined spatial and temporal variations in carbonate system parameters in two contrasting 

Hawaiian reefs, Black Point and Wailupe, with localized regions of groundwater discharge 

located in Maunalua Bay on the southeastern coast of O'ahu. Previous studies in this region 

observed significant differences in both dissolved inorganic N concentrations and N sources 

between the two areas (Richardson et al., 2015). Effluent from proximal on-site sewage disposal 

systems mixes with terrestrial groundwater and elevates N loads in groundwater discharge at 

Black Point relative to Wailupe. Differences between these two locations provide a unique 

opportunity to examine how changes in groundwater geochemistry impact nearshore marine 

carbonate chemistry. We set out to quantify how cool, nutrient-rich, variable DIC, low pH, and 

low Daragonite groundwater inputs affect seawater carbonate chemistry and coral reef 

biogeochemistry. 

The present study considers how groundwater discharge: (1) modifies coastal carbonate 

chemistry, (2) affects air-sea exchange of C02 in reefs, and (3) creates physicochemical 

gradients that impact reef production and calcification. We monitored salinity, water 

temperature, pH, dissolved oxygen, and submarine groundwater discharge rates using an 

autonomous sampling platform over a period of 25 - 30 days to supplement high-resolution 24-

hour time series measurements of inorganic nutri ents and carbonate system parameters at both 

locations. Using these data, we investigated the effects of spatially distinct groundwater solute 

fluxes on inorganic and organic carbonate system processes as well as air-sea C02 fluxes across 

salinity gradients. Combined, our findings reveal the interplay between physical and biological 

controls on nearshore carbonate chemistry and their rol e in regulatin g reef community responses . 
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Study region 

Site details 

Maunalua Bay is an 8 km embayment located on the island of O'ahu, Hawai'i, with three 

primary regions of groundwater discharge: Black Point, Kawaikui, and Wailupe (Richardson et 

al., 2015). Two of these groundwater-influenced coastal locations, Black Point and Wailupe, 

were considered for this study (Figure 3.1). Three sites along roughly shore-perpendicular 

transects that spanned salinity gradients were monitored at each location. Site A at Black Point 

was approximately 5 m offshore of the dominant groundwater discharge point while site A at 

Wailupe was situated within 2 m of the dominant groundwater discharge point. These discharge 

points are roughly 0.5 m in diameter and thought to be fed by preferential flow of fresh 

groundwater through fractures or lava tubes. The seeps discharge low salinity groundwater at a 

relatively constant rate, but shut off during high tides associated with spring tidal ranges. Both 

sites also experience diffuse groundwater seepage from portions of the shoreline. The 

groundwater springs monitored herein were selected over the seepage faces as they are expected 

to discharge a significantly greater volume of groundwater (Dimova et al., 2012, Ganguli et al., 

2014, Swarzenski et al. , 2014, Richardson et al., 2015). Additionally, the diffuse seepage faces 

and groundwater springs at each study area have approximately identical geochemical 

endmember compositions (Swarzenski et al., 2014, Richardson et al., 2015), so groundwater 

inputs from the springs and seepage faces produce consistent mixing profiles. However, the 

groundwater endmembers are not uniform between the two sampling locations. Groundwater 

discharging at Black Point originates from an entirely separate aquifer than groundwater 

discharging at Wailupe. Previous studies have found marked differences in their respective 

nutrient and trace metal compositions (Ganguli et al., 2014, Swarzenski et al., 2014, Nelson et 

al. , 2015 , Richardson et al. , 2015). 
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Figure 3.1. (a) Overview of the Hawaiian Islands and a close-up of the island of O'ahu with the 

study region , Maunalua Bay, framed by a black box, (b) close-up of M aunalua Bay with general 

stud y area locations indicated by black boxes, (c) Black Point study area, and (d) Wailupe study 

area. A, B , and C denote sampling sites. Approximate reef cover is indicated by the turquoi se 

regions. 

Benthic structure 

In general , community structure at both study areas resembles algal-dominated reefs. Sand, 

rubbl e, and macroal gae dominate benthic cover at sites A and B at Black Point, while coral cover 

is highest along the outer perimeter of the reef flat (s ite C). Seasonal blooms of the green 

macroalgae, Bryopsis pennata, persisted in the water column and benthos at all si tes during the 

Black Point sampling event. Benthic cover at Wailupe is dominated by macroalgae, with percent 

cover ranging from 30 - 50% on average (Amato, 20 I 5). Sand and rubble constitute nearly 20 -

50% of the benthos at all s ites and corals are fo und predominantly offshore with cover est imated 

as 2- 5% at site C (Amato, 20 15). 

Methods 

Long-term instrument deployments 

A portable Nal(Tl) scint ill at ion detector, or 'SG D Sniffer ' (Ortec, Inc.) was used to measure 

222Rn in water over one hour integrated time periods using the method of Dulai et al. (20 15). The 

SGD Sniffer was encased in an aluminum frame and deployed in a stationary position over 

periods of 30 days at Black Point (A ugust 20 15) and 25 days at Wailupe (September 20 15). A 

conductivity-temperature-depth (CTD) diver (Schlumberger, Inc.) and a multi-parameter water 

quality meter (YS I V2-2) were attached to the frame and used to s imultaneously monitor sa lini ty 
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(± 0.01 ppt), water temperature(± 0.15 °C), dissolved oxygen (DO)(± 0.2 mg C 1), pHNBS (± 0.2 

units), and depth(± 0.5 cm) at 15-minute intervals . Floats kept the frame buoyant and the sensors 

at the same depth (0.2 m below sea level) throughout its deployment. Rainfall data was acquired 

for each sampling period from USAF Station 911820 based out of the Honolulu International 

Airport, approximately 15 km west of the study locations (http://www.ncdc.noaa.gov/). 

24-hour sampling events 

Two 24-hour sampling events were completed at the three marine sites and the dominant 

groundwater spring at each location to monitor salinity, nutrients, dissolved inorganic carbon 

(DIC), total alkalinity (TA), and 8 13C- DIC values (Figure 3.1 ). Water samples were collected 

every three hours at Black Point (n = 9 for each site) and every three to six hours at Wailupe (n = 

6 at each site). Discrete samples were collected from an approximate depth of 0.2 m below sea 

level. Marine sampling sites at each location were selected to capture the full salinity gradient 

(fresh - marine), with one sampling site at each location (Site B at Black Point and site A at 

Wailupe) co-located with the autonomous sampling platform. Groundwater was sampled via 

peristaltic pump from a piezometer installed in the dominant submarine spring at each location. 

An upward-looking acoustic Doppler current profiler (ADCP, Nortek Aquadopp) was deployed 

for a three-day time period overlapping the SGD Sniffer deployment and 24-hour sampling 

events at both locations to monitor current direction and velocity proximal to the SGD Sniffer 

location (Supplementary Material, Section 3 .SI). Photosynthetical I y active radiation (PAR) was 

monitored using an Odyssey Logger for the duration of each 24-hour sampling event. 

Water sample processing 

All water samples were originally collected in acid-cleaned 1 L bottles and sub-sampled 

immediately after collection. Water samples for salinity, nutrients, DIC, and TA were analyzed 

at the University of Hawai'i ' s SO EST Laboratory for Analytical Biogeochemistry (S-LAB). 

Nutrient samples were filtered using 0.2 µm nylon filters into 60 mL HDPE bottles and analyzed 

using a Seal Analytical AA3 HR AutoAnalyzer for N03- + N02- , P043- , NH4+, and Si044- . Ten 

blind duplicates were partitioned from a tota l of 80 nutrient samples (Black Point, n = 40, and 

Wailupe, n = 40). Sample precision at one standard deviation (SD) was as follows: 0.7 µM 
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N03- + N02- , 0.02 µM P043
- , 0.1 µM NH4+, and 9.6 µM Si044- . Salinity samples were analyzed 

using a Metrohm 856 Conductivity Module and had a sample precision of 0.01 within one SD. 

Samples for DIC and TA were sub-sampled into combusted 500 mL borosilicate bottles with l % 

headspace and injected with 0.1 % by volume of saturated HgCb solution to inhibit biological 

activity. Borosilicate glass stoppers were greased with Apeizon and secured with tape to ensure 

that the samples remained gas-tight. DIC concentration was determined using a Marianda 

VINDTA 3D at S-LAB, with analytical accuracy evaluated using certified reference materials 

from A. Dickson at Scripps Institution of Oceanography (Dickson et al., 2003). All DIC samples 

were analyzed in duplicate. TA samples were analyzed in triplicate on a Metrohm 905 Titrando 

using Gran titrations (Gran, 1952) at S-LAB. DIC and TA sample precision within one SD was 

0.8 µMand 3.1 µM, respectively. 

Water samples for o13C- DIC analysis were collected in crimp-top 20 mL vials and poisoned with 

0.5 % by volume of saturated HgCb solution to inhibit biological activity. The stable isotope 

ratios of 13C/12C of DIC were determined using the method of Salata et al. (2000) at the 

University of Hawai'i's Stable Isotope Biogeochemistry Lab. o13C-D1C values were measured 

using a Thermo Finnigan MAT 252 coupled with a GasBench II interface. Results are reported in 

units of%o relative to PDB and normalized to the standards NBS-18 and NBS-19 using the 

accepted values of -5.04%0 Vienna Pee Dee Belemnite (VPDB) and 1.95%0 VPDB , respectively. 

Sample precision within one SD was 0.1 %0. 

Long-term data corrections 

Long-term YSI pH data (NBS scale, pHNBs) were corrected and adjusted to total scale (pHT) 

using: (1) discrete samples from the 24-hour sampling events and (2) two additional samples 

collected at the end of the YSI deployments (using the regression corrections y = I .Ox - 0.08, r2 = 

0.99 (Black Point) and y = 0.28x + 5.68, r2 = 0.94 (Wailupe)). Prior to thi s correction, discrete 

sample salinity values were normali zed to the corresponding salinity from the long-term time 

series data to avo id sa linity mismatches between pH measurements. Discrete sample pH was 

calculated in C02SYS (Pierrot et al., 2006) in both NBS scale and total sca le using DJC and TA 

as discussed in detail bel ow (Section 3.5.3). To examine differences in the data sets prior to 
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correction, we compared the calculated discrete sample pHNBS to the YSI-measured pHNss 

values. Black Point YSI and discrete sample pHNss data formed a 1: 1 relationship as expected (y 

= 1.02x + 0.002, r2 = 0.99) while Wailupe pHNss data differed in a predictable manner from the 

discrete samples (y = 3.2x - I 7.8, r2 = 0.93) . Although the Wailupe discrete sample pHNss data 

and YSI pHNBS data did not match up as expected (1: 1), we have no reason to believe that the 

correction applied is not valid since: (I) the regression between the two data sets was 

significantly positively correlated (p < 0.001 ), (2) average con-ected pHT differed from discrete 

sample pHT by no greater than 0.01 pHT units at Wailupe and 0.02 pHT units at Black Point, and 

(3) drift was negligible as linear regressions used to de-trend pHNss had slopes of 0 at both sites 

(Black Point: y = 0.0009x - 31.1, r2 = 0.00, Wailupe: y = 0.0006x - I 9.2, r2 = 0.01). 

Additionally, the long-term time series pH data is primarily used herein to provide only 

qualitative reference to the 24-hour high-resolution samples. 

Calculations 
222Rn box models 

Groundwater endmember 222Rn activities were monitored at both locations during each 24-hour 

sampling period (Black Point, n = 9; Wailupe, n = 6) . These values were used in conjunction 

with CTD depth data(± 0.5 cm) and 222Rn values from the SGD Sniffer to calculate groundwater 

advection rates using a transient mass balance model as described by Dulai et al. (2015). 

Advection rates were up-scaled to location-wide fluxes using the spatial bounds from Richardson 

et al. (2015). 

Salinity normalization of geochemical data 

Time series groundwater endrnember data collected from the 24-hour sampling period was used 

to normali ze all of the geochemical data as ide from o13C- DIC values to a common reference 

salinity as follows: 

( 1) 

where C 1 is the unmix ed concentration , C111ix is the concentration of the groundwater-marine 

mi xture, C2 is the marine endmember concentration , S,,,;x is the salinity of the groundwater-
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marine mixture, S1 is the average salinity of the groundwater endmember, and S2 is the salinity of 

the marine endmember. The reference salinity, 35.2, was establi shed as a marine endmember 

based on 2014 Station ALOHA sea surface data adapted from Dore et al. (2009). 

8 13C- DIC values were salinity normalized to remove the effect of physical mixing with 

groundwater. The salinity effect was removed using: 

R mix = ((fmarineCnix)(Rmarine)) + ((fgwCnix)(Rgw) / Cmix (2) 

where Rmix is the expected isotopic ratio of a groundwater-marine mixture, Cmix is the DIC 

concentration of the mixture, R marine is the isotopic ratio of the marine endmember, fmarine is the 

ma1ine water fraction, Rgw is the average isotopic ratio of the groundwater endmember, and fgw is 

the groundwater fraction (Sansone et al. , 1999). The marine endmember was chosen as the 

average 13C/ 12C isotopic ratio of the four most saline samples, with two selected from the 

nighttime sampling period and two selected from the daytime sampling period. The isotopic 

ratios, Rmi x, were then converted to 8 13C- DIC values using: 

813C- DIC = ((Rmix - Rstd)/Rstd)* lOOO (3) 

where Rsid is the isotopic ratio of the standard, VPDB. The diffe rence between the predicted 

mixed 813C- DIC values using Eq. (3) and the observed values were considered to represent the 

aggregate change in 813C- DIC values due to reef metabolic processes. 

Carbonate system parameter determination 

C02SYS (Pierrot et al., 2006) was used to calculate additional carbonate system parameters 

from discrete sample DIC and TA concentrations based on carbonic acid constants from 

Mehrback et a l. (1973) , as refi t by Dickson and Millero ( 1987). We also included corresponding 

sample Si044- and total P concentrations as input parameters since groundwater from our study 

area had elevated SiQ44
- and total P content relative to ambient seawater. Output temperatures 

were pulled from Onset TidbiT v2 Temp Loggers(± 0.2 °C) or Schlumberger CTD di vers(± 0.1 

°C) deployed at each sampling station. 
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Carbonate system parameters were determined for both in situ and salinity normalized water 

samples where DIC, TA, temperature, total P, and Si044- were unmixed to a salinity of 35.2 

using Eq. (1) to isolate the effects of physical mixing between groundwater and marine water 

from overall carbonate system parameters. When unmixed total P and SiQ44- concentrations were 

negative, we used 2014 Station ALOHA sea surface nutrient data adapted from Dore et al. 

(2009). Seawater saturation state with respect to aragonite was also calculated in C02SYS and 

used as a proxy for low Mg-calcite mineral phases. 

Net community calc~fication and net community production rates 

Rates of net community calcification, NCC, (mmol C m-2 h-1
) were calculated as a function of 

time at each sampling site relative to the Station ALOHA marine endmember as follows: 

NCC= -0.5 (~TA) x (p h I 1) (4) 

where Li TA is the change in salinity normalized TA between the nearshore and marine sites 

(mmol kg-1 
), p is the density of seawater (kg m-3), h is the mean water depth (m), and r is the 

residence time (h) (e.g. Riebesell et al., 2010). Average water column depths were based on CTD 

diver data from each site. A mean depth of 0.80 m and 0.55 m were used for Black Point and 

Wailupe, respectively. Water residence times (1) were calculated from ADCP data as follows: 

-r = VII (5) 

where Vis the mean volume of water and I is the inflow rate (Sheldon and Alber, 2006). The 

inflow rate was calculated based on mean cun-ent speed from ADCP data and depth data from 

CTD divers. Mean residence times for Black Point and Wailupe were 2.5 and 3.3 hours, 

respectively. To corroborate these residence times, we also considered residence times for each 

site along the reef flat using a salt budget calculation that accounts for freshwater inputs per 

methods from Sheldon and Alber (2006); 

1 = V / QFwx (e> / 0 - SAvG) (6) 

where Vis the mean volume of water, Qrw is the volume of groundwater discharge, a is the 
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average marine salinity (35.2), and SAvc is the average measured salinity. Groundwater discharge 

rates were pulled from the SGD Sniffer data and based on daily mean SGD at each location. At 

Black Point, the mean residence time for site A (2.6 hours) was consistent with the residence 

time we calculated using the ADCP data (Eq. (5)). However, sites B and C had much smaller 

residence times ranging from 0.5 - 1.4 hours since their respective salinity ranges were much 

closer to that of the reference marine salinity. At Wailupe, Eq. (6) produced much smaller 

residence times compared to our estimate using Eq. (5), ranging from 0.1 - 1.0 hours on average. 

Because this equation takes into consideration groundwater discharge, new and potentially 

significant errors are introduced into these calculations that cannot be constrained . Additionally, 

the use of site-specific residence times could bias NCC and NCP rates. To avoid these biases, we 

only considered the ADCP mean residence times which were genera lly greater than the estimates 

produced from Eq. (6). Longer residence times will result in more conservative estimates of 

NCC and NCP rates as well. 

Net community production (NCP) rates were subsequently calculated as follows: 

NCP = -h x p x((/1DIC -0.5 x 11TA) I 1) - Fc02 (7) 

where LJDIC is the change in salinity normalized DIC content between the nearshore sites and the 

marine endmember (mmol kg-1
) , and Fc02 is the air-sea C02 flux (mmol C m-2 hr-1

). Air-sea C02 

fluxes were estimated as discussed below. 

Mean daily NCC and NCP rates at Black Point were calculated by averaging the four daytime 

samples (09:00 - 18:00) and four nighttime samples (18:00 - 06:00). Since there were two 

06:00 samples, we only considered the average of the two samples for our mean daily NCC and 

NCP rates. At Wailupe, the sampling intervals were not consistent and taking the mean of the 

NCC or NCP rates would have resulted in si gnificant time biases . As such, we transformed our 

data to a 3-hour sampling scale using linear regressions between each sampling interval (07:00 -

12:00, 12:00 - 15:00, etc.) and NCC or NCP rate to predict NCC and NCP rates for the 

" mi ssing" intervals . We performed the subsequent calculations per the methods described above. 

We calculated uncertainties in NCC and NCP rates taking into account: ( 1) uncertainties from 
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salinity normalization of DIC and TA, and the sample precision of salinity, DIC, and TA 

measurements, (2) a conservative error of approximately± 25 % on residence times based on the 

standard deviation of calculated residence times since errors associated with the calculated 

residence times cannot be resolved, and (3) errors of± I 0% on water density and water depth to 

account for changes in depth across sites. 

Air-sea C02 fluxes 

Air-sea C02 fluxes were calculated for in situ and salinity normalized water samples to examine 

the effects of groundwater on C02 exchange. We extrapolated the net effects of groundwater on 

air-sea C02 fluxes by comparing in situ pC02 to salinity normalized pC02 and using these values 

for subsequent calculations. The aggregate change between the salinity normalized air-sea C02 

flux and the in situ air-sea C02 flux was assumed to equal changes from groundwater inputs. 

Air-sea C02 exchange rates were calculated using the following equation from Wanninkhof, 

( 1992): 

Fc02 = k x s (1'.pC02) (8) 

where Fc02 is the air-sea C02 flux, k is the gas transfer velocity, sis the solubility of C02, and 

L1pC02 is the difference between air and water pC02. Positive air-sea C02 flux indicates a flux 

from the sea to the atmosphere. The pC02 of air used in this calculation was based on globally 

averaged marine surface annual mean C02 data for 2015 (399.45 ± 0. l 0) (Ed Dlugokencky and 

Pieter Tans, NOAA/ESRL, www.esrl.noaa.gov/gmd/ccgg/trends/). The solubility of C02 was 

calculated from Weiss et al. (l 974) as follows: 

(9) 

where {C02] is the concentration of C02 and.fC02 is the fugacity of C02 as determined by 

C02SYS . Gas transfer velocities, k, were estimated from Ho et al. (2006) (Eq . (10)), Nightingale 

et al. (2000) (Eq. ( 11 )) , Wanninkhof ( 1992) (Eq . ( 12)), and Borges (2004) (Eq . ( 13)) to produce a 

range of estimates similar to Macklin et al. (2014) as the selection of a singl e k parametrization 

in poorly-constrained systems is challenging: 
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k = 0.266u2(600/Sc)0
·
5 (10) 

k = (0.33u + 0.222u2)(600/Sc)0 5 (11) 

k = 0.3lu2(660/Sc)0 5 (12) 

k = 1+1.719w05h-05 + 2.58u (13) 

where u is the wind speed at a height of I 0 m (m s-1 
), Sc is the Schmidt number, w is the current 

speed (cm s- 1
), and his the water depth (m). The Schmidt number was derived from known 

constants and based on water temperature measured in situ using CTD divers (Robbins et al., 

2010). The current speed was based on a 3-point moving average of ADCP data. The wind speed 

was based on values measured at the USAF Station 911820 based out of the Honolulu 

International Airport durin g each sampling period (http://www.ncdc.noaa.gov/). We also 

temperature-normalized pC02 to 27.1 °C, the mean sea surface temperature (SST) between 

locations, to compare the magnitude of air-sea C02 exchange between study areas. Temperature

normalization was done as follows: 

Co ( Co )0 0423(T -T ) np 2 = p 2 mean meas (14) 

where npC02 is temperature-normalized pC02, Tmcan is the reference temperature (°C) , and 

Tmeas is the in situ temperature (°C) (Takahashi et al., 2002). Errors on air-sea C02 fluxes were 

calculated by prescribing wind data an error of± I 0 % and by utilizing the following calculated 

sample precisions within one SD for pC02, fC02, and [C02], respectively: 12 µatm , 12 µtam, 

and 0.4 µM. 

In situ and temperature-normalized air-sea C02 fluxes presented herein are based on the average 

fluxes produced using gas transfer velocities from Eq. (I 0 - 12) . Air-sea C02 fluxes calculated 

based on Eq. ( 13), which takes current speed into consideration, are presented separately. 

Air-sea C02 fluxes were also up-scaled to an area under the assumption that the three nearshore 

sampling sites at each location cumulative ly represented site-wide C02 dynamics. The total areas 

43 



for each location were based on data from Richardson et al. (2015) where the shoreline lengths 

were estimated as 300 m at both locations and the perpendicular lengths from onshore to 

offshore were estimated as 175 mat Black Point and 300 mat Wailupe. These were conservative 

spatial estimates as groundwater likely persists beyond these shoreline and seaward bounds 

(Dimova et al., 2012, Kelly et al., 2013, Nelson et al., 2015). Estimates assumed that sites A and 

B comprised 10% of each study location, and the remaining area (80%) was tied to site C air-sea 

C02 fluxes. These conservative estimates were based on spatial salinity surveys from Nelson et 

al. (2015). 

Results 

Long-term time series trends 

Mean salinity was lowest at Wailupe, 29.5 (n = 2692, SD= 3.2) and ranged from 13.2 - 35.2. At 

Black Point, mean salinity was 32.1 (n = 2872, SD= 2.0) with a range of 21.2 - 35.6 (Figure 3.2, 

Table 3.1 ). Water temperature was cooler on average at Wailupe (26.6 ± 1.7 °C) with greater 

variability compared to Black Point (28 .1±1 .1 °C). The mean daily pHT at Black Point was 7.97 

(n = 2872, SD= 0.19) . The mean daily pHT at Wailupe, 8.05 (n = 2692, SD= 0.04), was slightly 

higher than the daily average at Black Point. The range in pHT at Wailupe, 7.93 - 8.17, was 

smaller in magnitude than at Black Point, where minimum and maximum values were 7.61 and 

8.38, respectively. Similar to pH, DO showed greater variability at Black Point, ranging from 1.6 

- 16.4 mg L-1 compared to 1.5 - 11.8 mg L-1 at Wailupe. Black Point groundwater discharge also 

showed greater daily variations compared to Wailupe, and groundwater inputs at both study 

areas were temporally variable (Table 3. l ). Location mean groundwater fluxes were relatively 

similar, however, as Black Point and Wailupe groundwater discharge averaged 11700 m 3 d-1 and 

I 0500 m3 d-1
, respectively. 
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Figure 3.2. Time series salinity, sea surface temperature (SST), water level (WL), pHT, 

dissolved oxygen (DO) , and submarine groundwater discharge (SGD) for sampling site B at 

Black Point and site A at Wailupe. Rainfall data is included in the salinity time seri es as a grey 

hi stogram plot. Shaded areas denote time periods that correspond to the 24-hour high-resolution 

sampling events. 

Parameter Black Point Wailupe 

Mean Range Mean Range 

Salinity 32.1 ± 2.0 2 1.2 - 35.6 29.5 ± 3.2 13.2 - 35.2 

SST ("C) 28.1± 1.l 25.7 - 3 1.1 26.6 ± 1.7 22.9 - 32.3 
pH-r 7.97±0.19 7.6 1 - 8.38 8.05 ± 0.04 7.93 - 8. 17 

WL (m) 1.1 3 ±0.17 0.79 - 1.8 0.65 ± 0.18 0.27 - l.1 4 

DO (mg L·1) 6.8 ± 3. l 1.6 - 16.4 6.4 ± 2.0 1.5 - I 1.8 

SGD (m3 ct· 1) 12000 ± 5900 3800 - 28000 11 000 ± 3000 3800 - 18000 

Table 3.1. Mean salinity, sea surface temperature (SST) , pHT, water level (WL) , di ssolved 

oxygen (DO), and submarine ground water discharge (SGD) for the long- term time seri es data. 

The standard deviation over the time series and the range of va lues observed are inc luded for 

each parameter. 
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High-resolution 24-hour time series data 

Groundwater nutrient and inorganic carbon loads 

Groundwater discharge nutrient and inorganic C fluxes were calculated using the Jocation

specific mean daily discharge rate and the mean in situ groundwater endmember concentration 

for each constituent (Table 3.2). Constituents were sampled at the discharge point, and therefore 

represent true concentrations ex iting the subterranean estuary and di scharging to the reef. N03-

fluxes were greatest at Black Point (1900 mol d-1) relative to Wailupe (740 mol d-1). P043- fluxes 

were nearly four times greater at Black Point (43 mol d-1
) compared to Wailupe (18 mol d-1

). 

Si044-fluxes were comparable at both sites, ranging from 8500 - 8700 mol d-1
• Groundwater 

NH4 +fluxes were negligible at both sites; endmember concentrations were close to detection 

limits. DIC fluxes were significantly greater at Black Point, with inputs of 36000 mol d-1 of DIC, 

while Wailupe groundwater delivered 19000 mol d-1
• Similarly, TA fluxes at Black Point (34000 

mol d-1
) were nearly double those observed at Wailupe (18000 mol d-1

). 

Parameter Black Pointgw Wailupegw Station ALOHA 

Mean Range Mean Range Mean 

Salinity 4.9 ± 0.2 4.7 - 5.2 2.0 ± 0.5 1.3 - 2.5 35.2 

SST ("C) 24.7 ± 0.3 24. 1 - 24.9 22.9 ± 1.2 21.9 - 24.9 
222Rn (dpm L-1) 490 ± 60 260 - 500 121±8 96- 158 

N03-(µM) 163 ± 1.1 162 - I 65 71±6 59 -76 0.03 

P043- (µM) 3.7 ± 0.04 3.65 - 3.8 1.7±0.12 1.6 - 1.9 0.16 

SiQ44- (µM) 740 ± 13 7 10 - 750 810 ± 52 733 - 886 1.24 

NH4+(µM) 0.15 ± 0 .07 0.1 - 0.25 0.18 ± 0 .03 0. 16 - 0.2 

DIC (µM) 303 8 ± 6 3032 - 3046 1780 ± 40 1733 - 1842 2003 ± 8 

TA (µM) 2,945 ± 8 2939 - 2965 1743 ± 37 171 6 - 1783 2323 ± 5 

pffr 7.40 ± 0.02 7.36 - 7.44 7.53 ± 0.07 7.42 - 7.62 8.06 ± 0.01 

naragonitc 0 .5 ± 0.03 0.5 - 0.6 0.3 ± 0.05 0.3 - 0.4 

pC02 (µatm) 4000 ± 220 3600 - 4400 1800 ± 320 1460 - 2300 370 ± 10 

i5 13C-DJC (%0) - I 3.6 ± 0.2 - 13.8 - - 13.3 -I 5.1 ± 0.4 - 16.4 - - 15.1 

Table 3.2. Groundwater endmember composition at Black Point (n = 9) and Wailupe (n = 6). 

Data used for the marine endmember, Station ALOHA (n =4) , is also displayed. Sea surface 

temperature is abbrev iated as SST. The standard deviation of the measurements made over the 

24-hour sampling periods are included. Standard deviations for Station ALOHA were calculated 

from measurements made from 2012 - 20 14. 
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Long-term time series overlap with 24-hour time series data 

Long-term time series salinity and 222Rn data followed changes in tide at both sites (Figure 3.3). 

As tide rose at Black Point, salinity increased to a maximum of 35 .6, and 222Rn activities 

approached detection limits, suggesting that the groundwater springs shut off between 12:00 -

I 5:00 (Figure 3.3). Similarly, at Wailupe, salinity peaked at 32.9 at high tide and dropped to 13.2 

at low tide, with 222Rn activities reaching a maximum of 100 dpm L-1 at low tide and a minimum 

at detection limits at high tide. DO and pHT generally co-varied at both sites with the highest DO 

concentrations occurring in concert with maxima in pHT. However, at Wailupe, the minimum 

pHT occurred at -21 :00 and was out of sync with DO. This pH minimum instead coincided with 

low tide when groundwater discharge was greatest, as evidenced by low salinities and elevated 

222Rn activities at -21:00 at Wailupe (Figure 3.3). Groundwater discharge for Black Point and 

Wailupe averaged 4660 m3 d-1 and 13000 m3 d-1 for each 24-hour sampling period, respectively. 
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Figure 3.3. Long-term time series data for the time periods that corresponded to the 24-hour 

sampling events. Salinity and 222Rn in water data are shown for (a) Black Point and (c) Wailupe. 

Dissolved oxygen (DO) and pHT data are shown for (b) Black Point and (d) Wailupe. Tide (a, c) 

and photosynthetically active radiation (PAR) (b, d) are indicated by the shaded grey regions. 

Groundwater effects on in situ carbonate chemistry 

Diel changes in DIC and TA lined up with salinity, tide, and 813C-DIC values at Black Point 

(Figure 3.4). At Wailupe, diel trends in DIC and TA were less apparent (Figure 3.4). Instead, 

DIC and TA both increased at low tide when salinity was lowest and groundwater discharge was 

greatest. Ranges in DIC (J 782 - 2779 µM) and TA (2249 - 2803 µM) were greatest at site A at 

Black Point (Table 3.3). At Wailupe, ranges in DIC were greatest at site C (1900 - 2036 µM) 

while the greatest range in TA occurred at site A (2000 - 2239 µM) (Table 3.4). In situ pHT at 

Black Point was temporally and spatially variable, with the greatest ranges at site A (7 .37 - 8.25) 

and the smallest ranges at site C (7.67 - 8.21 ). At Wailupe, in situ pHT ranges were comparable 

across all sites , ranging from 7.93 - 8.12. In contrast, D.aragon ite was different at both study 

locations across all sites with a clear spatial gradient (Tables 3.3 and 3.4). 
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Nearly all sampling locations showed salinity-driven pH effects due to groundwater inputs. We 

observed mean reductions in pHT from groundwater inputs of 0.01 - 0.13 pHT units across sites at 

Black Point with an overall range in reduction of 0.0 - 0.40 pHT units (Table 3.3). Groundwater

induced changes in pHT at Wailupe lowered in situ pHT on average by 0.0 - 0.05 pHT units at all 

sites with a range of change of 0.0 - 0.13 pHT units (Table 3.4 ). Groundwater discharge reduced 

mean Daragonite by 0.2 - 0.9 and 0. 1 - 0.9 units across all sites at Black Point and Wailupe, 

respectively. Groundwater-derived DIC accounted for 7 - 822 µM of the total DIC 

concentrations at Black Point (Table 3.3). Groundwater contributions to TA were similar in 

magnitude at Black Point, accounting for positive residuals of 1 - 453 µM. The salinity effect at 

Wailupe accounted for negative residuals in DIC and TA of 4 - 209 µMand 17 - 423 µM, 

respectively (Table 3.4). High salinity samples (salinity (S) = 34. l - 34.9, n = 8) from Black 

Point showed salinity effects in excess of measurement error as well, ranging from 15 - 38 µM 

of DIC (µ = 26 ± 9 µM) and 4 - 23 µM of TA (µ = 13 ± 7 µM). Brackish water samples (S = 
27.9 - 32.9, n = 13) received , on average, 167 ± 83 µM of DIC and 105 ± 63 µM of TA from 

groundwater at Black Point. Groundwater discharge at Wailupe lowered DIC and TA 

concentrations of high salinity samples (S = 33.9 - 34. l, n = 5) by 4 - 10 µM (µ = 7 ± 3 µM) and 

17 - 20 µM (~t = 18 ± 1 µM), respectively. Wailupe groundwater discharge lowered brackish 

water sample (S = 27 .6 - 32.3, n = 6) DIC and TA concentrations by 33 ± 19 µM and 85 ± 35 

µM , respectively. 
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Trends in salinity normali zed carbonate chemistry 

Diel trends were apparent at both study locations as nDIC and nTA showed minima during the 

day and maxima at night (Figure 3.5). Minimum nDIC and nTA concentrations and maximum 

n8 13C- DIC values lagged peak PAR by 1 - 3 hours at both sites. Ranges in nDIC and nTA 

values were greatest at site A at Black Point (Table-3.3). At Wailupe, site B accounted for the 

greatest range in nDIC whereas site A showed the greatest range in nTA (Table 3.4). Peak nDIC 

and nTA concentrations and minimum n8 13C-DIC values occurred immediately prior to sunri se 

at Black Point. In general, W ailupe peak nDIC and nTA concentrations occurred around 21 :00 

and 06:00 - 07:00. Ranges in nDIC were nearly two times greater at Black Point (1756 - 2423 

µM) compared to Wailupe (1895 - 2047 µM). Similarly, TA ranges were significantly greater at 

Black Point (2232 - 2547 µM) compared to Wailupe (2275 - 2424 µM). 

Black Point Site A Site B Site C 

Mean Range Mean Range Mean Range 

Salinity 2S.4 ± 6.9 12.2 - 34.6 29.9 ± S.8 I S.4 - 34.9 33.4 ± 2.0 28 .7 - 3S .0 

SST ("C) 2S.9 ± 2.2 24. 1 - 30.S 27.S ± 1.S 2S .9 - 29.8 27.S ± 0.9 26.6 - 29.0 

N03·(µM) S2 ± 38 1.4 - 12 1 29 ±40 0.9 - 13 1 7.S ± II 0.3 - 34 

PQ43· (µM) 1.4 ± 0.9 0.2 - 2.8 0.6 ± 0.S 0.2 - 1.9 0.2 ± 0.2 0.1 - 0.8 

SiQ44· (µM) 243 ± 177 14 - S66 11 6 ± 140 8.2 - 470 36 ±43 3 - 137 

NH4+(µM) 1.0 ± 0.3 0.6 - 1.4 0.8 ±0.3 0.4 - 1.6 0.4 ± 0.1 0.2 - 0.S 

DIC (µM) 2392 ± 373 1782 - 2779 2 182 ± 318 1775 - 2806 2052 ± 182 181 9 - 2374 

nDIC (µM ) 2070 ± 260 1756- 2423 2033 ± 205 1760 - 234 1 1996± 143 1798 - 2 19 1 

ADIC (µM) 322 ± 227 25 - 822 149 ± 132 IS - 46S SS± S4 7 - 183 

TA(µM) 2S60 ± 193 2249 - 2803 24 13 ± 169 2237 - 2804 2317 ± 75 2241 - 2484 

nTA(µM) 2364 ± 100 2235 - 2547 2326 ± 93 2234 - 2537 2282 ± 38 2232 - 2360 

ATA (µM) 196 ± 130 7 - 4S3 87 ± 81 4 - 267 34 ± 39 I - 12S 

pffr 7 .79 ± 0 .32 7.37 - 8.25 7.88 ± 0.26 7.50 - 8.24 7.94 ± 0.20 7.67 - 8.21 

npffr 7.92 ± 0.29 7.58 - 8.34 7.96 ± 0.22 7.70 - 8.26 7.95±0. 19 7.72 - 8.22 

ApHT 0.1 3 ± 0.12 0.03 - 0.40 0.07 ± 0.08 0.00 - 0.26 0.01 ± 0.02 0.00 - O.OS 

!1;.1rngonitc 2.4 ± 1.8 0.9 - S.3 2.9 ± l. S 0.9 - S.3 3.1 ± 1.2 1.7 - 4.8 

n!1arago nite 3.5 ± 1. 8 1.6 - 6.3 3.4 ±1.4 1.9 - 5.4 3.3 ±I. I 2. 1 - 4.9 

o13C-OJC (%0) -5.2 ±4.2 -10.9 - 2.0 -2.3 ± 3.5 -9 .8 - 1.8 -0.5 ± 2.0 -4.9 - 1.7 

no 13C-DIC (%0) -0.9 ± 1.8 -2.3 - 2.7 0. 1 ± 1.7 -2. 1 - 2.6 0.7 ± I .4 - 1.9 - 2.4 

Table 3.3. Black Point seawater geochemistry including in situ and sa linity normalized values 

for disso lved inorganic carbon (DIC), tota l alkalinity (TA), D aragonitc, pHT, and 8
13C-DIC values. 

Delta(~) represents the change between sa linity normali zed values and in situ va lues. Sea 

surface temperature is abbreviated as SST. 
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Wailupe Site A Site B Site C 

Mean Range Mean Range Mean Range 

Salinity 25.6 ± 7.4 13.4 - 3 1.8 30.4 ± 5.3 20.6 - 34.0 33.9 ± 0.3 33.3 - 34.1 

SST ("C) 25.8± 1.4 24.6 - 27.7 26.6 ± 1.6 24.5 - 28.4 26.9 ± 1.4 25.5 - 28.6 

NQ3·(µM) 15 ± 14 4.0 - 40 5.9 ± 9.4 0.3 -24 0.2 ± 0.1 0.2 - 0.3 

PQ43- (µM ) 0.8 ± 0.4 0.3 - 1.4 0.4 ± 0.3 0.2 - 1.0 0.1±0. 1 0. 1 - 0.2 

SiQ44- (µM ) 199 ± 168 45 - 473 89 ± 130 6 - 333 6±5 2 - 15 

NH4+(µM ) 0.3 ±0.2 0. 1 - 0.5 0.6 ± 0. 1 0.4 - 0.8 0.5 ± 0.3 0.3 - 1.2 

DIC (µM) 193 1 ± 37 1894 - 1980 195 1 ±50 1890 - 20 14 1974 ± 56 1900 - 2036 

nDIC 2008 ± 76 19 17 - 2 106 1987 ± 68 1895 - 2047 1982 ± 59 1905 - 2047 

1WIC (µM) -77 ± 78 -209 - -18 -36 ± 44 - I 18 - -5 -8 ± 3 -13 - -4 

TA (µM ) 2 158 ± 94 2000 - 2239 22 18 ± 68 2093 - 226 1 226 1± 6 2258 - 2273 

nTA 2333 ± 57 2280 - 2424 2302 ± 30 2277 - 2360 2282 ± 7 2275 - 2292 

!\TA (µM) - 175 ± 148 -423 - -55 -84 ± 97 -267 - - 19 -20 ± 5 -30 - - 17 

pHT 8.02 ± 0.06 7.93 - 8.09 8.02 ± 0.08 7.94 - 8.12 8.01 ± 0.07 7.92 - 8. 10 

npffr 8 07 ± 0.04 8.04 - 8. 13 8.04 ± 0.07 7.96 - 8. 12 8.01 ± 0.07 7.92 - 8. 10 

i\pffr 0.05 ± 0.05 0.0 1 - 0. 13 0.02 ±0.03 0.00 - 0.08 0.00 ± 0.00 0.00 - 0.00 

Q ilr<lJ!Oll ilc 2.8 ± 0.9 1.5 - 3.7 3.1 ±0.9 2. 1 - 4.2 3.3 ±0.6 2.6 - 4. 1 

nf!aragonite 3.7 ± 0. 3 3.4 - 4 .1 3.6 ± 0.6 3.0 - 4.3 3.4 ± 0.6 2.7 - 4.2 

o13C-DI C (%0) -3.4 ± 3.7 -9.5 - 0.0 -0.9 ± 2.7 -5.6 - 1.5 0.7 ± 0.6 0. I - 1.5 

no 13C-DIC (%0) 0.0 ± 0.6 -0.4 - 1.0 0.4 ± 0.6 -0.2 - 1.2 0.4 ± 0.6 -0.2 - 1.2 

Table 3.4. W ailupe seawater geochemistry including in situ and salinity normali zed values fo r 

di sso lved inorganic carbon (DIC), total a lkalinity (TA), r2aragoni1c, pHT, and 8 13C-DJC values. 

Delta (6) represents the change between salinity normalized va lues and in situ values. Sea 

surface temperature is abbreviated as SST. 

Spatial comparisons of air- sea CO? flu xes 

All sites at both study locati ons acted as a net source of C02 to the atmosphere (Table 3.5). Site 

A at Bl ack Point outgassed C0 2 at a rate of 40 - 110 mmol C m-2 d-1 whil e site A at Wailupe 

released C0 2 at a rate of 0.3 - 8.8 mmol C m-2 d-1
• Black Point cumul ati ve in situ air-sea C0 2 

flu xes ra nged from 2.9 - 40 mmol C 111 -2 d-1 across all sites whil e flu xes calc ul ated based on Eq . 

(1 3) ranged from I 5 - JI 0 mmol C m-2 d-1
. Wailupe in situ air-sea C0 2 fl uxes were much 

small e r in magnitude and ra nged between 0 .1 - 0 .3 mmol C 111·
2 d-1 whil e flu xes estimated using 

Eq. ( 13) were hi gher, ra ngin g from 5.8 - 8.8 mmol C m-2 d-1
• Groundwater a ir- sea C02 f lu xes 

were highest at Black Point reaching 30 - 82 mmol C m-2 d-1 at site A. Jn compari son, site A at 

W ailupe re leased 2.0 - 12 mmol C m-2 d-1 due to gro undwater di scharge. Temperature 

normalized air-sea C02 exchange rates were comparable to in s itu values as well (Tab le 3.5) . 
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Air-sea C02 flux (mmol C m·2 d·1) 

In situ llux Flux * T norm. llux 

SGD Total SGD Total SGD Total 

Black Point 

Site A 30 ± 1.5 40 ± 1.4 82 ± 2 1 110 ± 21 40 ± 1.6 46 ± 1.4 

Site B 6.0 ± 0.7 7.5 ± 0.5 16 ± 6.2 30 ± 6.2 6.0 ± 0.7 7.6 ± 0 .5 

Site C 1.3 ± 0.5 2.9 ± 0.4 4.9 ± 3.9 15 ± 3.8 2.3 ± 0.6 2.4 ± 0.4 

Wailupe 

Site A 2.0 ± 0.2 0.3 ± 0.1 12 ± 2.2 8.8 ± 2.2 l.6 ± 0.2 1.0 ± 0.2 

Site B 0.9 ±0.2 0.2 ±0.2 6.2 ± 2.2 7.1±2.2 1.0 ± 0.3 0.5 ± 0.2 

Site C 0.2 ±0.2 0.1 ±0.1 0.5 ± 2.0 5.8 ± 2.0 0 .2 ± 0.2 0.2 ± 0.2 

Table 3.5. Air-sea C02 fluxes for Black Point and Wailupe. In situ fluxes are the mean air-sea 

C02 fluxes calculated using gas transfer velocities from Eq. (10 - 12). Flux * was calculated 

using gas transfer velocities from Eq. (13) which takes into consideration current speed. 

Temperature normalized (T norm) fluxes are based on Eq. (14). Submarine groundwater 

discharge is abbreviated as SGD. 

Net community calcification and net community production rates 

Hourly NCC and NCP rates were examined for all sites at Black Point and Wailupe (Table 3.6). 

In general, NCC and NCP increased during the day and subsequently decreased at night at both 

study locations (Figure 3.6). At Black Point, hourly NCP peaked from I 2:00 - 15:00 and 

transitioned to net respiring by 21:00. Daily NCP indicated a spatial progression from net 

respiration (negative NCP) at sites A and B (-51 - -167 mmol C m·2 d.1
) to net photosynthesis 

(positive NCP) at site C (31 ± 161 mmol C m·2 d.1
). The greatest NCPctay rate occurred closest to 

the groundwater source, site A (5 I ± 8.0 mmol C m-2 hr-1
), and was counterbalanced by more 

negative NCPnight rates (-65 ± 16 mmol C m-2 hr. 1
). NCCnight at site A was greater than NCCctay, 

resu lting in net dissolution (negative NCC) at a rate of -91 ± 38 mmol C m·2 d.1
. In comparison, 

sites B and C were net calcifying (positive NCC) with daily NCC rates between 52 ± 35 and 186 

± 22 mmol C m·2 d·1
• 

At Wai lupe, we observed a similar progression from net respiration and dissolution at site A to 

net photosynthesis and calcification at sites Band C. Hourly NCP rates were similar in 

magnitude across all sites, ranging from 5.3 - 8.2 mmol C m·2 hr-1 during the day and -5. J - - 5.7 
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mmol C m-2 hr-1 at night. Daily NCC rates indicated net dissolution at site A (-32 ± 11 mmol C 

m-2 d-1) and net calcification at sites Band C (24 ± 8 to 85 ± 10 mmol C m-2 d-1
). Minimum 

hourly NCC rates occurred at 21 :00 for sites A and B. Time series trends in hourly NCC rates 

showed a shift from net calcification to net dissolution at 21 :00 for sites A and B, and a 

subsequent transition back to calcification by 03:00, only to reverse again to net dissolution by 

06:00 (Figure 3.6). 

NCC<lay NCCnight NCPday NCPnight NCC NCP 

(mmo l C 111-2 hr- 1) (mmol C 111-2 ct -1) 

Black Point 

Site A 5.8±1.4 - 13±2.0 51±8.0 -65 ± 16 -91 ± 38 -167±215 

Site B 9.2 ± 1.5 -4 .8 ± 0.8 40 ± 18 -45 ± 11 52 ± 35 -5 1 ± 251 

Site C 11 ± 1.6 4.5 ± 0.9 33 ± 6.0 -3 1 ±7.0 186 ± 22 3 1 ± 161 

Wailupe 

Site A 0.7 ± 0.5 -3 .4 ± 0.8 5.3 ± 1.4 -5.6 ± 1.2 -32 ± 11 -2.9 ± 21 

Site B 2.6 ± 0.5 -0.7 ± 0.6 8.2 ±1.4 -5.1±1.4 24 ± 8 38 ± 24 

Site C 3.9 ± 0.6 3. 1±0.6 6.4 ± 1.5 -5.7 ± 1.3 85 ± 10 16 ± 23 

Table 3.6. Net community calcification (NCC) and net community production (NCP) rates for 

each site during daytime and nighttime. Daytime is defined as 09:00 to 18:00 while nighttime 

extended from 18:00 to 06:00. The mean NCC and NCP rates are presented for each time period 

with calculated uncertainties. 
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Figure 3.6. Time seri es net community calcification (NCC) rates at (a) Black Point and (c) 

Wailupe. Net community producti on (N CP) rates are shown for (b) Black Point and (d) Wailupe 

as well. Uncertainty is included for all rates. 

Discussion 

Results obtained from thi s study indicate several maj or bi ogeochemical and methodological 

consequences of groundwater di scharge in to reefs . Groundwater-derived DIC and TA compri sed 

large frac tion s (up to 30%) of in situ coastal water DIC and TA, and changes in the values of 

these parameters from groundwater di scharge variability were frequ ently greater than changes 

due to bi ologica l processes (up to 17%). Failure to address and qu antify groundwater-derived 

constituent frac ti ons will impact studi es analyzing reef bi ogeochemi stry via changes in carbonate 
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chemistry if groundwater is present. DIC contributi ons from ground water di scharge to coastal 

waters also resulted in air-sea C02 exchange at the nearshore sites that mos t closely refl ected 

those previously observed in estuarine systems rather than coral reefs . The magnitude of the C0 2 

flu x estimates in this study reveal that reefs and simil ar coastal phys iographic areas with 

groundwater discharge may be signifi cantl y greater sources of C0 2 to the atmosphere than 

previously thought. Groundwater-induced phys icochemi cal gradi ents ac ross reef fl ats al so 

impacted reef producti on and calcificati on, sheddin g li ght on how reef communiti es may respond 

to emerging OA conditions. 

Methodological implications of groundwater discharge on in situ carbonate chemistry 

The spati al and temporal vari ability of ground water-induced changes in nearshore marine 

carbonate chemistry reported herein ra ises several issues with prev ious attempts at distinguishing 

vari ability due to physical mi xing of groundwater wi th seawater from biologicall y-dri ven 

vari ability. Prev ious studies have detail ed a wide range of DIC (45 I - 7433 µM ) and TA (7 81 -

71 34 µM ) concentrations in groundwater emanating from tropi ca l islands (Schopka and Derry, 

20 J 2, Cyronak et al., 201 3 and 2014, Lantz et a l. , 201 4, Fackrel I, 2016) . M any of the 

groundwater DIC and TA concentrations reported in the above studies were simil ar to or greater 

than those measured in this stud y. As ground water endmember DIC and TA concentrations 

become increasingly elevated relati ve to ambient seawater concentrat ions, ground water-deri ved 

DIC and TA will account for more substanti al porti ons of DIC and TA in mixed salinity water 

samples. Shaw et al. (201 4) compiled DIC and TA data for twenty prev ious studi es that 

calcul ated NCC and NCP using changes in DIC and TA as proxies fo r reef metaboli sm . 

Groundwater contributions to coastal DIC and T A concentrati ons observed in thi s study, 

parti cul arly in hi gh salini ty samples, were we ll within many of the commonl y observed di e! 

ranges in DIC and T A used to calcul ate NCC and NCP in prev ious studi es compiled by Shaw et 

al. (20 14). Dail y changes in TA ranged from 0 - 20 µM fo r seven of the ten summari zed studi es 

and mean changes in DIC were be low SS µM fo r seven out of the nine studi es reportin g these 

va lues (S haw et al. , 20 14). Of the studi es that menti oned freshwater influence, most normali zed 

carbonate system para meters (DIC and TA) by ass uming freshwater inpu ts had assoc iated DIC 

and TA in puts of 0 µ M (i.e. nDJ C =DIC I Jn situ sa li ni ty x Reference sa linity) or d id not spec ify 

freshwater C endmember pa rameters. 
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Salinity normalization of carbonate system parameters must be done using a non-zero 

endmember when groundwater inputs are suspected, since zero-endmember salinity correction 

often results in spurious trends (Friis et al., 2003). We compared the results of salinity 

normalization using the zero-endmember method to the non-zero endmember method for our 

DIC and TA data at both study locations. Black Point DIC concentrations were consistently 

overestimated using the zero-endmember method, ranging from a mean excess of 50 µM at a 

salinity range of 34 - 34.5 to a mean excess of 560 µMat a salinity range of 28 - 33. TA showed 

similar discrepancies, with mean excesses of 47 µMat a salinity range of 34 - 34.5 and 530 µM 

at a salinity range of 28 - 33. Wailupe DIC concentrations were overestimated on average by 59 

µM for a salinity range of 34 - 34.5 and 270 µM for a salinity range of 28 - 33. Excess TA 

contributions from the zero-endmember method were nearly identical to DIC estimates at 

Wailupe. Changes in DIC and TA concentrations of this magnitude will result in over- or under

estimation of NCC and NCP without proper salinity normalization of carbonate system 

parameters. 

Groundwater as a source of C02 to the atmosphere in reefs 

Air-sea C02 flux spatial comparisons 

Spatial variability in air-sea C02 exchange rates, both across sites and locations, reflected 

differences in the dominant processes controlling C02 sink and source behavior in MaunaJua 

Bay. Wailupe location-wide pC02 ranges (313 - 637 µatm) were similar to previously observed 

ranges of pC02 in other tropical to subtropical reefs (240 - 700 µatm) (Gattuso et al., 1993, 

Frankignoulle et al., 1996, Gattuso et al., 1997, Bates et al., 2001). More specifically, in 

Hawaiian reefs and coastal waters, changes in pC02 have been shown to fluctuate between 200 -

800 µatm with annual air-sea C02 fluxes of 0.0 - 1.8 mol C m-2 yr-1 (Table 3.7; Dru pp et al., 

20 J 3). Wailupe air-sea C02 exchange rates (0.0 - J. J mol C m-2 yr-1
) were similar in magnitude 

to annual air-sea C02 fluxes from other Hawaiian reefs, although C02 fluxes calculated based on 

gas transfer velocities from Eq. ( 13) produced greater C02 exchange rates (2.1 - 3.2 mol C m-2 

yr-1
) (Table 3.5). At Black Point, ranges in pC02 (215 - 2400 µatm) and annual C02 fluxes (2.7 -

15 mol C m-2 yr-1
) at sites closest to the groundwater springs were greater than those reported in 

the previously mentioned reef studies . Black Point air-sea C02 fluxes derived from Eq . ( 13) were 
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consistently greater than rates observed in other Hawaiian reefs as well, with overall ranges 

between 5.4 - 40 mol C m-2 yr-1 across the reef flat. Instead , annual air-sea C02 fluxes at Black 

Point most closely resembled those reported in estuarine environments where fluxes can reach up 

to 75 mo] C m-2 yr-1 (Table 3.7; Frankignoulle et al., 1998). 

C02 emjssions from estuarine systems are often attributed to high organic C inputs which fuel 

respiration (Cai and Wang 1998, Borges et al., 2003). Differences between in situ and salinity 

normalized air-sea C02 fluxes indicated that groundwater overshadowed any of the C02 emitted 

from biological processes on the reef at the nearshore sites at both study locations, however 

(Table 3.5). Elevated air-sea C02 fluxes at Black Point were primarily driven by the large 

disequilibrium between atmospheric pC02 and groundwater pC02. This disequilibrium persisted 

even in bracbsh waters, vastly overshadowing air-sea C02 fluxes from biological processes on 

the reef. Groundwater discharge may become elevated in inorganic C content, and consequently 

pC02, during its transit in carbonate aquifers where dissolution of CaC03 causes inorganic C 

species to accumulate in groundwater. More specifically, Black Point DIC may be elevated by 

both dissolution of carbonate aquifer deposits and respiration of wastewater-derived organic 

matter (Supplementary Material, Section 3.S2). Wailupe groundwater pC02 content was similar 

to ambient marine water pC02. As such, the disequilibrium between atmospheric and 

groundwater-influenced marine pC02 was smaller in magnitude compared to Black Point, 

resulting in smaller air-sea C02 fluxes and lower groundwater contributions to C02 source 

behavior. 

Global significance 

Global carbon budgets must consider the potential for other reefs and coastal areas to have 

similar groundwater pC02 inputs as the reported range in air-sea C02 exchange rates, once up

scaled, could impact estimated global C02 emissions from the coastal ocean. Globally, only a 

small portion of the world ' s oceans are underlain by coral reefs (0.28 x 106 km2) (Borges et al., 

2005). Groundwater inputs have been documented in numerous coastal settings beyond reefs and 

are believed to be a common occurrence in coastal zones worldwide (Bokuniewicz et al. , 2003). 

These coastal areas comprise a significantly larger area of the world's oceans than reefs alone 

(26 x 106 km2) (Borges et al., 2005). As a result, global coastal ocean C02 budgets may shift as 

groundwater-enhanced C02 emissions from coastal zones remain unaccounted. 
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Study area 

Hog Reef, Bermuda 
Kaneohe Bay, Hawa i' i 

Lady Elliot Island, Great Barrier Reef 
Mamala Bay, 1-lawai'i 
Moorea, French Pol ynesia 
Okinawa Reef, Japan 
Yonge Reef, Great Barrier Reef 
Black Point, Hawa i' i 

Wailupe, 1-l awai 'i 

Temperate estuaries* 
Tropical es tuari es* 
Cora l reefs * 
Coastal ocean* 

Air-sea C02 flux 
(mol C m·2 yr- 1) 

l.2 
l.2 - 1.8 

-0.7 
-0.0 1 - 0.05 
-3.7 
1.8 
I. I - 1.5 
1.0 - 15 (Eq. ( 10 - 12)) , 
5.4 - 40 (Eq . ( 13)) 
0.03 - 0.12(Eq.(10-12)) , 
2.1 - 3.2 (Eq. ( 13)) 

46 
17 
l.5 
-0.15 

Reference 

Bates et al. (200 I ) 
Faga n and Mac kenzie (2007), 
Massa ro et al. (20 12), Drupp et al. 
(20 13) 
Shaw and McNeil (2014) 
Dru pp et al. (20 13) 
Gattuso et al. ( 1997) 
Ohde and Van Woes ik (1999) 
Frankignoulle et a l. ( 1996) 
This study 

This study 

Borges et al. (2005) 
Borges et al. (2005) 
Borges et al. (2005) 
Borges et al. (2005) 

Table 3.7. Modified from Borges et al. (2005). Negative air-sea C02 flux indicates a flux from 

the atmosphere to the sea. (*) indicates average exchange rates for physiographic units from 

Borges et al. (2005). 

Methodological impact of groundwater discharge on air-sea C02 flux 

Previous studies on air-sea C02 exchange rates in nearshore reefs have generally neglected the 

potential for differences in C02 evasion and invasion rates due to high pC02 groundwater inputs. 

Aside from Cyronak et al. (20 14), no quantitative data exists documenting the role of 

groundwater discharge in C02 dynamics in coral reef ecosystems. Cyronak et al. (2014) 

estimated C02 evasion rates for a groundwater endmember using 222Rn-derived advection rates 

and an endmember free-C02 concentration. These rates provide high boundary estimates for the 

groundwater endmember, but do not provide insight on in situ C02 dynamics since groundwater 

instantaneously mixes with seawater at the point of di scharge. 

Similar to the anal ysis by Sadat-Noori et al. (2015), we were able to parse out total and 

gro undwater-dri ven air-sea C02 flux es across a sa linity gradient. This allowed for more 

appropriate up-sca ling of air- sea C02 fluxes as our sites at each location covered large sa linity 

gradien ts. We compared the use of a location-wide air-sea C0 2 flux to three site-specific in situ 

C02 flux es for areal up-scaling. Single measurement air-sea C0 2 flux es overestimated annual 
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C02 inputs to the atmosphere by up to 470% at Black Point and 190% at Wailupe (Table 3.8). 

While these estimates are spatially and temporally specific to our study, it is crucial that other 

studies include multiple sampling locations that are representative of a range of mixing scenarios 

at sites with freshwater inputs as the use of a single location may result in mischaracterization of 

net C02 fluxes . 

Up-scaled air-sea C02 flux 
(mol Cd 1

) 

GW Total Estimate* 

Black Point 

Site A 160 210 2100 

Site B 30 39 390 
Site C 50 120 150 

Total 240 370 

Wailupe 

Site A 20 2.9 29 

Site B IO 1.4 14 
Site C 12 5.7 7. 1 
Total 42 10 

Table 3.8. Up-scaled in situ air-sea C02 fluxes with single site estimates indicated by(*). 

Drivers of reef metabolism 

Net community calcification 

Reefs were net dissolving at sites closest to the groundwater sources at both study locations 

(Table 3.6). Multiple environmental stressors brought on by groundwater inputs may act 

synergistically to drive dissolution and/or reduce calcification. Seawater geochemical parameters 

such as salinity, temperature, nutrients, pH, and n aragonite are known to affect calcification 

(Fabricius, 2005, Fabry et al., 2008, Doney et al., 2009, Ries et al., 2009). The individual effects 

of the aforementioned parameters on NCC were difficult to constrain since many of these 

constituents co-vary and/or were calculated based on dependent variables. Groundwater 

di scharge remains the most likely cause for the trends in NCC across both reef flats though since: 

(I) seawater geochemi stry was a fun ction of gro undwater geochemistry (Tables 3.3 and 3.4) and 

(2) th e resulting seawater geochemistry from gro undwater inputs likely increased NCP and 

suppressed NCC as discussed in the following section. 
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Cool, fresh groundwater inputs have been shown to stress corals and exceed calcifying 

organisms' physical thresholds (Coles and Jokiel , 1992, Jokiel et al., 1993, Lough and Barnes, 

2000, Fabricius, 2005). Similarly, low pH conditions can support elevated bioerosion rates 

(Wisshak et al., 2012, Barkley et al., 2015 , Silbiger et al., 2016) and enhance dissolution of 

CaC03 sediments (Cyronak et al., 20 I 3 and 2016). Bioeroders are currently regarded as one of 

the primary drivers of reef erosion (Andersson and Gledhill, 2013) and may play an important 

role in the dissolution of Maunalua Bay reefs. Low pH conditions as a result of groundwater 

discharge and respiration coincided with periods of net dissolution at both study locations 

(Figures 3.3 and 3.6). Dissolution can also occur via under saturation of seawater with respect to 

carbonate mineral phases (Andersson and G ledhill , 2013, Eyre et al. , 2014). Minima in Darngonitc 

at Black Point and Wailupe were similar to and even lower (0.89 units) than previously recorded 

minimum va lues (1.13 units) in similar reef studies (summarized by Shaw et al., 2012). These 

minima in Daragonitc were due to groundwater inputs as salinity normalized Daragonite all remained 

above 1.6 units al both study locations (Tables 3.3 and 3.4). Based on qualitative observations 

during sampling, li ve coral cover was also lowest at the nearshore sites at both stud y locations. 

Since NCC reflects the net balance between calcification and dissolution processes, this disparity 

in benthic cover could lead to lower calcification rates relative to the offshore sites, allowing 

dissolution to dominate overall NCC rates at the sites closest to the groundwater sources. The net 

respiring conditions at the nearshore sites may also support dissolution of carbonate materials 

since heterotrophs release C02 and H2CO:i , which decreases water column TA (Andersson and 

Gledhill, 2013). 

Net community production 

At both locations, autotrophic utilization of DIC reached daily maxima midday when PAR was 

e levated, while respiration drove DIC production at night (Figure 3.6). Typically, photosynthesis 

and respiration on reefs offset each other, resulting in near-zero daily integrated NCP rates 

(Atkinson, 201 J ). For reefs with significant geochem ica l variability from groundwater discharge, 

this relationship may shift. At Black Point, respiration dominated photosynthesis at sites A and 

B, resulted in daily NCP rates of -167 and -51 mmol C m-2 d-1
, respectively. Similarly at 

Wailupe, site A was slightly net respiring at -2 .9 mmol C m-2 d-1
• Net respiration has been 

observed in other reefs in and beyond Hawai'i (Shamberger et al., 201 J, Muehllehner et al. , 
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2016) and in particular, those experiencing inputs from wastewater (Smith et al., 1981, Kinsey, 

1985). Groundwater discharge at Black Point is composed of a substantial fraction of wastewater 

from proximal cesspools (Richardson et al., 2015). The delivery of C, N, P, and organic matter 

from cesspools via groundwater could fuel the net heterotrophic conditions at sites A and B at 

Black Point and help to account for the elevation in NCP rates at all Black Point sites relative to 

Wailupe. Ranges in N03· and P043· observed across both reef flats were significantly elevated 

relative to ambient seawater, and Richardson et al. (2015) observed large deviations from 

conservative mixing lines between salinity and N03", NH4+, and Si044- at both locations. 

Compared to Wailupe, Black Point samples showed much greater negative residuals in NOf , 

NH4 +, and Si044", indicative of biological uptake by autotrophs (Richardson et al., 2015). The 

wide ranges in nDIC and nTA herein and the previously observed negative residuals in NOf and 

Si044- concentrations relative to conservative mixing trends provide evidence that photosynthesis 

is elevated from these inputs, fueling production of organic matter which is subsequently 

remineralized. Remineralization of organic matter has been shown to drive pH declines in other 

coastal ecosystems with nutrient inputs on the same order of magnitude observed herein once 

groundwater has been accounted for (Sundai and Cai, 2012, Wallace et al., 2014). 

Additionally, groundwater discharge at both sites is oxic (Richardson et al., 2015). If peak 

groundwater discharge occurs at night when respiration has driven DO levels below groundwater 

endmember DO concentrations, then groundwater will act as a source of DO to surrounding 

seawater, potentially enabling respiration when it would otherwise not occur due to DO minima. 

The dip and subsequent increase in NCP rates from 21 :00 to 03:00 at Wailupe may reflect this 

process and also help explain the decrease in NCC at 21 :00 since respiration introduces C02 and 

H2C03 into the water column, which can increase dissolution of CaC03 materials (Figure 3.6). 

Groundwater discharge at Wailupe elevated DO levels around 21 :00 as evidenced by the 

difference between in situ DO and salinity normalized DO (nDO) (Figure 3.7) . 
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Figure 3.7. Differences between in situ dissolved oxygen (DO) concentrations and salinity 

normalized dissolved oxygen (nDO) concentrations at (a) Black Point and (b) Wailupe. 

Limitations 

The cumulative effect of groundwater discharge on nearshore carbonate chemistry at both 

locations was site dependent because salinity ranges, exposure to physicochemical parameters, 

and mixing dynamics were not comparable between sites. Because of these differences, 

comparison between the two study areas is difficult. Additionally, differences in benthic 

composition between study locations, as well as between individual sampling sites within these 

locations, complicate the assessment of biological effects on carbonate system parameters. While 

these data herein show interesting trends in NCC and NCP rates, more studies must be completed 

to assess the reproducibility, seasonality, and long-term variability of these processes as we only 

show data from two 24-hour sampling events. The 24-hour sampling events can be put in 

perspective of long-term trends though by examining SGD over the month long monitoring 

performed at each site (Figure 3.2). At Black Point, the 24-hour sampling represents a low-flow 

period in a relatively dry month followed by intense rain events that increased SGD. At Wailupe, 

the 24-hour period sampling was performed during average SGD conditions. The NCC and NCP 

calculations also used mean water depth and residence times, parameters which we know vary in 

time and space. Admittedly, our use of a mean residence time for all sites oversimplifi es these 

complex systems. Sensitivity calculations indicate that the trends present in our data exist even 

as residence times are increased to 24 hours or decreased to as little as I hour, however. 
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Salinity nonnalized c5 13C- D!C values corrobo rate reef metabolism trends 

Photosynthetic organisms preferentially take up DIC containing the li ghter stable isotope of C 

(1 2C), leading to an increase in 8 13C- DIC values in the residual pool of DIC. As heterotrophs 

reminerali ze the 13C-depleted organic matter produced by photosynthesi zers, low 8 13C- DIC 

value DIC is reintroduced to the DIC pool. In contrast, calcification and dissolution do not 

fractionate DIC substantially (Smith and Kroopnick, 1981 , Zeebe and Wolf-Gladrow, 2001). As 

such, the n8 13C-DIC values reported herei n are primarily a function of bulk ocean 13C/ 12C and 

changes in 13C/12C ratios from DIC generated and utili zed by respiration and photosynthesis, 

res pecti vel y. 

At Black Point, the mean n8 13C- DIC value (-0.9 ± l .8%0) and consistently lower n8 13C- DIC 

values observed at site A relati ve to the other sites were in line with the prev iously di scussed 

NCP calculations which indicated net heterotrophy. Respiration will drive n8 13C- DIC values 

below bulk ocean stable C isotopi c values typical of open ocean conditions around Hawai'i 

(~ 1. 2%o at Station ALOHA) (Brix et al. , 2004). ln contrast, mean n8 13C- DIC values from site B 

and s ite Cat Black Point were O. l ± l.7%o and 0.7 ± 1.4%0, respectively. These shifts in mean 

13C/ 12C rati os, from low (site A) to high (site C) relative to bulk ocean 8 13C- DIC values, 

corroborate the observed change in NCP rates from net heterotrophy to net autotrophy at Black 

Point. At Wai lupe, mean n8 13C- DIC va lues were lowest at site A (0.0 ± 0.6%0) while sites Band 

Chad mean n8 13C- DIC values of 0.4 ± 0.6%0. These differences in mean n8 13C- DIC values 

support the observed shift in NCP from net respiration at site A to net photosynthesis at sites B 

and C. Differences in the magnitude of n8 13C- DJC value ranges between study locations also 

supported NCP ca lculations which showed that respiration and photosynthesis were significantly 

elevated at Black Point compared to Wailupe. As respirati on and photosynthesis increase in 

magn itude, a greater fraction of the DIC pool is influenced by these biological processes, which 

shift n8 13C- DIC values away from open ocean stable C isotopi c va lues. 

We also calculated enrichment facto rs for the observed n8 13C- DIC values at both study locations 

to determine: ( 1) if there are differences across stud y locations and (2) if observed enri chment 

factors align with those previously repo rted for cora l reefs. Enrichment fac tors quantitatively 

ex press the tendency of biological and physical processes to discriminate against specifi c stable 
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isotopes of a substrate material. In the case of DIC used and produced by biological processes in 

reefs, enrichment factors should reflect the occurrence of photosynthesis. Enrichment factors 

were calculated using the following equation: 

£ = ~8x I In (f) ( 15) 

where c: is the enrichment factor, L1'5xis the change in the 8 13C- DIC value between the original 

and remaining DIC, andf is the ratio of remaining DIC relative to the marine end member DIC. 

Enrichment factors appear as the slope of the line on a plot of n8 13C- DIC values versus the In (f) 

(Figure 3.8). Enrichment factors at Black Point (- 15 %0) and Wailupe (-16%0) were within the 

range of values, -14 to -18%0, commonly observed in reefs (Land et al. 1975, Smith and 

Kroopnick , 1981 ) (Figure 3.8). The consistency of these values with previous studies 

corroborates our use of n8 13C- DIC values as a proxy for C cycling. 
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Figure 3.8. Relationship between the natural log of the fraction of sa linity normalized dissolved 

inorganic carbon (nDIC) remaining relative to the marine endmember DlC content and salinity 

corrected n8 13C- DJC values for (a) Black Point and (b) Wailupe with 95 % confidence interval s 

(dashed lines) for the regression. 
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Conclusions 

We measured month-Jong and 24-hour changes in groundwater flux as well as basic water 

quality and carbonate system parameters across a salinity gradient in two contrasting 

groundwater-impacted reefs along the southeastern coast of O'ahu. Groundwater discharge into 

these reef systems resulted in changes in marine carbonate chemistry (e.g. pH and Daragoniie) on 

the same order of magnitude as those predicted with future OA conditions. Groundwater 

inorganic C loadings were spatially heterogeneous at our two study areas, thus highlighting the 

need for high-resolution groundwater endmember data in future studies. Salinity normalized 

carbonate data revealed spatial trends in reef metabolism at both sites, generally resulting in a 

transition from net respiration and dissolution to net production and calcification as exposure to 

groundwater decreased, although community responses to environmental variables were reef

specific. Overall, high groundwater exposure sites showed low daytime calcification rates and 

elevated dissolution rates at night relative to low groundwater exposure sites at both reefs. To our 

knowledge, this study is the first to comprehensively evaluate a suite of carbonate system 

parameters and their variability due to both coastal groundwater inputs and biological processes. 

As freshwater discharge impacts many tropical reefs, either as riverine or groundwater inputs, 

salinity normalization with adequately characterized endmembers must become standard if 

freshwater is detected. The ability of groundwater to modify and drive proximal ocean carbonate 

chemistry in reefs is spatially and temporally variable. Future efforts should address the long

term variability of C02 dynamics as well as NCC and NCP in other reefs with varying levels of 

groundwater exposure. 
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Supplementary Material 

Physical dynamics 

Mean current speed was 4.5 cm s· 1 (n = 962, SD = 2.5) and mean current direction was 149 

degrees at Black Point (n = 962, SD= 75) (Figure 3.S l ). Wailupe current speed and direction 

data averaged 5.2 cm s· 1 (n=1011, SD= 3.9) and 193 degrees (n = 1011, SD= 77), respectively. 

Current direction at Black Point was correlated to tide (n = 962, r2 = 0.48) with current directions 

tending towards 220 degrees at high tide ( 1.0 - 1.2 m) and J 00 degrees at low tide (0.6 - 0.8 m). 

At Wailupe, current direction shifted from approximately 250 degrees at hi gh tide (0.8 - 1.0 m) 

to 83 degrees at low tide (0.5 m) (n = 1011 , r2 = 0.23). 
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Figure 3.Sl. Time series water leve l, current speed, current direction, mean significant wave 

height, and wind speed data for Black Point and Wailupe. Time series data at Black Point and 

Wai I upe were collected from 08/ I 0/ 15 I I :00 - 08113115 I 8:00 and 09/25/ 15 04:00 - 09128115 

14:00, respectively . 
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Sources of DIC in groundwater using !513C- DJC values 

Based on Richardson et al. (2015), wastewater from on-site sewage disposal systems may 

account for up to 4 L % of Black Point coastal groundwater discharge N content. Differences 

between groundwater N03- sources at Black Point and Wailupe are primarily the result of these 

added wastewater contributions. Oxidation of wastewater derived organic C may also account 

for a significant fraction of DIC in Black Point groundwater discharge. We assume herein that 

differences between Wailupe and Black Point groundwater DIC content are due to both 

dissolution of carbonate rocks in the aquifer and oxidation of wastewater derived organic C. We 

calculated the excess DIC concentration and associated o13C- DIC value of the Black Point 

coastal groundwater endmember relative to the Wailupe coastal groundwater endmember using a 

simple mass balance. The differences in DIC content and 13C stable isotope signatures between 

the two sites were then used to parse out the relative DIC contributions of the two assumed 

excess DIC sources in the Black Point aquifer. Using previously published o13C-DIC values of 

0%o for carbonate rocks (Clark and Fritz, 1997) and -26%0 for DIC oxidized from wastewater

derived DOC (Griffith et al., 2009), we calculated the fraction of DIC from the aforementioned 

sources as follows: 

where or is the final o13C- DIC value of the remaining DIC signature in Black Point SGD 

(-l 0.8%0), Fr is the excess DIC content in Black Point SGD (1258 µM), Ow is the o13C- DIC value 

of DIC derived from oxidation of wastewater organic C (-26%0), Fw is the fraction of DIC in 

Black Point SGD contributed by wastewater, Oc is the o13C- DIC value of DIC derived from 

dissolution of carbonate rock, and Fe is the fraction of DIC in Black Point SGD contributed by 

di sso lution of carbonate rock. Wastewater and carbonate rock contribute 550 and 710 µM of the 

excess DIC in Black Point SGD relative to Wailupe SGD, respectively . 

Dejfeyes diagrams 

Deffeyes diagrams are commonly used to qualitat ively examine the biological (NCC and NCP) 

drivers responsible for die! changes in nDIC and nTA concentrations (Suzuki and Kawabata, 

2003). The theoretical effects of NCC and NCP are indicated using vectors that represent known 

stoichiometric changes in carbonate chemistry: 2 mol of TA and I mol of DIC are used for 1 mo! 
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of CaC03 produced (calcification), and 1 mo! of DIC is used while TA remains unchanged for 1 

mol of organic C produced (photosynthesis). 

We examined changes in nDIC and nT A concentrations to better understand differences in reef 

biogeochemistry across our sites at each location (Figure 3.S2). Changes in nDIC and nTA 

content were strongly positively correlated at all sites (r2 > 0.73) except for sites Band Cat 

Wailupe (r2 < 0.50), where NCC and NCP were decoupled. NCC:NCP ratios were calculated 

using the slope of the linear regressions of nDIC and nTA to examine the relationship between 

photosynthesis-respiration (NCP) and calcification-dissolution (NCC) at each site: 

NCC:NCP ratio= 1/((2/m)- I) 

where mis the slope of the linear regression between nDIC and nTA (S uzuki and Kawahara, 

2003). All NCC:NCP ratios were below 1, indicating that NCP was the dominant biological 

driver of changes in nDIC and nTA at each site. The NCC:NCP ratios ranged from 0.14 - 0.23 at 

Black Point and from 0.03 - 0.55 at Wailupe. Site A and site Bat both Black Point and Wailupe 

had the greatest NCC:NCP ratios. 

Black Point Wailupe 

2550 od o• ",.f 
;§I 2375 di • - I • I 0 • Site A ::!: I I • :1. 

!~t~ --1-J---> 
!~t~ _ _j ____ ,. 0 Site B 2375 2325 <( • Resp. I Resp. 

0 Site C t- •o '~ I e c: 0 'af9 • I 4boo 
~ /Ji 2275 ~ I Jio o 

2200 t- J CJ (a) t (JI I (b) 
I I I I 

1750 2075 2400 1900 1975 2050 

nDIC (µM) nDIC (µM) 

Figure 3.S2. Deffeyes diagram of salinity normalized disso lved inorganic carbon (DIC) and total 

alkalinity (TA) at Black Point and Wailupe. 
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CHAPTER 4. CONCLUSIONS 

Hawai'i recently passed legislation prohibiting the construction of new cesspools in all areas of 

the state on March 21, 2016 (i.e. Hawai ' i Administrative Rules, Chapter 11-62). The future of 

OSDS in Hawai' i, and the management of wastewater leachate from existing OSDS such as 

cesspools is sti ll widely debated, however. The research presented in this thesi s can serve as an 

important aid for community members and lawmakers, as it helps elucidate the potential effects 

of OSDS-derived wastewater on the nearshore environment. 

Chapter 2 of this thesis is one of the first studies to document wastewater originating from OSDS 

discharging into Hawai 'i's coastal ocean. This wastewater source designation was corroborated 

with spatial modeling of wastewater effluent contributions and provides the most probable 

explanation for the elevated nutrient content and nitrate stable isotope values observed in SGD at 

Black Point originating from the Waialae West Aquifer. 

Chapter 3 of this thesis focuses on the impact of coastal groundwater discharge on nearshore 

carbonate chemistry, and resulting shifts in reef metabolism and C02 dynamics at two 

contrasting study areas in Maunalua Bay. Net dissolution occurred at sites closest to the 

groundwater sources. These findings of net dissolution have global implications for reefs since 

changes in oceanic carbonate equilibria due to ocean acidification are well represented by 

groundwater discharge into reefs. Additionally, groundwater was the primary driver of air-sea 

C02 fluxes at these two locations, dominating over the cumulative C02 sink-source behavior of 

coinciding biological processes. 

Combined, these findings from Chapter 2 and 3 are a critical aid in the conservation of Maunalua 

Bay as it is under consideration for Marine Sanctuary designation by NOAA. Historically, 

restoration work in Maunalua Bay has focused on reducing stream nutri ent inputs and turbidity 

issues associated with increased coastal erosion (Wolanski et al. , 2009) . Findings from the 

studi es herein provide preliminary evidence that groundwater-conveyed nutrients affect reef 

health as well , however. Mitigating actions will improve as we con tinue to better understand the 

complex inte rpl ay between SGD-derived nutri ents and coral reef heal th. 
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APPENDIX 1. CHAPTER 2 DATA 

Table Al.1. GPS locati ons for C hapter 2 data. 

Black Point, Jan. 2015 Latitude 1 Longitude 
(") (0) 

PZ 2 1.25905 - 157.79065 
A 2 1.259 - 157.7906 
B 2 1.25896 - 157 .79059 

c 2 1.25878 - I 57 .79053 
D 2 1.25852 - 157.79039 
E 2 1.258 12 - 157.7901 2 

Ka\V::Iikui , April 2015 
PZ 21 .27932 - I 57.74435 
A 2 1.2792 - I 57.74423 
B 21.279 18 -157.7442 

c 2 !.279 1 s - 157.744 19 
D 21.27908 -157.744 16 
E 2 1.27899 -157.744 11 

Kaw Seep 2 1.27945 -157 .74393 
Marine 2 1.27895 - 157 .74352 

Wailupe, Jan. 2015 
A 21.27565 - 157.76253 
B 2 1.27529 - 157.76244 
c 21.27475 - I 57.7623 1 
D . 2 1.2741 2 - I 57.76222 

... 

E 2 1.2735 - I 57.76208 

Table Al.2. Black Point, Kawaikui , W ailupe, and terrestri al well nutri ent data for Chapter 2 . 

.,., ---

Sample ID Salinity Total N Total P Phos,phate Silica te N+N Ammonium 
(µ1\1 ) (µ]\1) (11JYI) ( l:':JYI ) (µM) (µM) 

BP_A I - BOT 22.6 75.0 1.5 1.4 288.7 60. 1 1.8 
BP A l TOP 6.3 164.2 3.4 3.4 7 18.6 161.0 0.5 

--
BP_A2 - TOP 5.4 170.3 3.5 3.5 756.8 170.7 0.1 

-
BP A3 TOP 7. 1 I 56. 1 3.3 3.3 755.3 I 53.3 0.7 
BP_A4 - BOT 17.2 99. 1 2.3 2.0 422 .4 89.8 2.3 
BP A4 TOP 6.5 163 .5 3.4 3.4 732.2 I 56.5 0.6 
BP AS BOT 17.0 99.6 2.2 2.0 426.3 89.2 2.2 
BP_A6 - TOP 5. 1 164.9 3.6 3.5 825 .1 17 1.8 0.3 
BP A7 BOT 2 1.4 84 .6 1. 6 1. 6 3 15.3 63.8 2.0 
BP B l BOT 26.8 50.4 I] 1.0 197 .8 36.7 0.8 
BP B I TOP 8. 1 147.0 3.2 3.2 698.8 145.5 0.9 
BP _ B3_BOT 25.3 53.6 I] 1.2 232.3 44.2 0.8 
BP B3 TOP 10.0 141.7 3.1 3.0 676.7 138. 1 1. 5 
BP B4 BOT 24.9 52.7 1.4 1.2 238.5 44.8 0.8 
BP_B4_TOP 9.0 142.5 3. 1 3. 1 682.5 138 .6 I. I 
BP_C I - BOT 3 1. 3 17.2 0.8 0.4 81.7 10.7 0.3 
BP_C I - TOP 19.5 88.8 2.0 1.8 363. 1 78. 1 I. I 
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I. 
BP_C3_TOP 
BP C4 BOT 
BP_C4_TOP 
BP_C6_TOP 
BP_Dl_BOT 

23.2 
---·-!--~-----

9 1.4 
13.6 
6 1.9 
80.8 

..... J 13.3 
BP DJ TOP 26.2 i 52.6 1 .,... _____ ..,. . -----+· ----· r 
BP _D4_BOT . 32.3 j 13.9 · 
BP _D4_TOP ·----r- i3-.:( - I 65 .9 - _, 

BPj5LT_OP-----1 24~C--I_ ~~~---: 
BP _E l_BO:[ ___ i _ 3~~4_ :.~3 ___ 1_ 7.0 1 
BP _E l_TOP 1 6.5 

·- -----+--· -- ---- t -

.. l3!c:cE4:)~_()..!___...-l .. -~?- i . 6.4_ + 

B~:rs~~~~f~73~ -t. --}i~~-- 1 3
72: 

BP _TS_SURF 0930 29 .3 33 .3 
! BP~TS_SURF1130 17.2 101.9 

·-·----·---

BP TS SURF 1330 10.4 
BP _TS_SURF 1530 19.4 

BP_TS_PZ0735 4.4 
BP _TS_PZ 0930 T--·4.6 

BP _TS_PZ 11 30 
BP_ TS_PZ 1330 
BP _TS_PZ 1530 
KAW PZ 1800 

---------- ·--- -· ·-· --·-·-----·+--·-----
KAW PZ 1000 
KAW PZ 1200 
KAW PZ 1100 

KAW SEEPAGE 
KAW A I 000 I 3 .4 

~ 

·---------------- - -- ................ -+--·-·--·-···-·-----+ 
KAW A 1100 14.4 
KAWAJ200 15.6 ------ .... 
KAW B 1100 15.6 

---·---+----·-
KAW A 0900 17 .7 
KAW C 1100 
KAW B 1000 
KAW C 1200 
KAW B 0900 

17.9 
' 20.4 
J _ j~2~8 

174.0 
171.8 
172. 1 
171.3 
171.7 
54.7 
56.6 

56.7 + 
60.4 ····· l 
5 1.8 
34.5 

----
30.4 
27 .5 
28.2 

-· 
24.2 
29.3 
22 . l 

KAW D 1100 
KAW B 1200 
KAW C 1000 
KAW EI 100 
KAW C 0900 
KAW D 1200 
KAW D 1000 

t- ~~:~ . ;- 20.8 
-l -

27.4 
30.5 
30.6 

KAW 0 0900 : 3 1.0 
KAW E 1200 
KAW E 0900 
KAW E 1000 

----- · .i-

KAW MARINE 1230 
WAI A l BOT 
WAI_A I_ TOP 
WAl A2 BOT 

32.1 
32.3 
32.4 
33. 1 
27. l 
2 1 .4 
26.3 

20.4 
15.6 
14.9 
14.6 
J 1.0 
10.6 
I 1.5 
8.2 
8.2 
8.6 
7.1 

2 1.8 
33.8 
20.6 

2.0 
0 .8 
1.5 
1.9 
0.6 
1.2 
0 .6 
1.7 
1.6 
0.5 
0.5 
0.4 
0.5 
0.8 
0.9 
2.3 
3. 1 
2.1 
3.5 
3.7 
3.6 
3.6 
3.6 
5.7 
6. 1 
5.7 
6. 1 
5.9 
4.6 
4.0 
4.2 
3.9 
3.8 
3.7 
3.9 
4.5 
4.0 
4.5 
4 .2 
3.0 
0.7 
0.7 
0.6 
0.5 
0.7 
0.6 
0.6 
0.4 
0. 3 
0.9 
1.2 
1.0 
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1.8 
0.4 
1.3 
1.7 
0.3 
1.2 
0.4 
1.5 
1.5 
0.1 
0.2 
0.2 
0.2 
0.8 
0.8 
2.1 
3.0 
1. 9 
3.6 
3.6 
3.6 
3.6 
3.6 
2.2 
2.4 
2. 3 
2.4 
2.2 
1. 6 
1.5 
1.6 
1.4 
1.3 
1.2 
1.2 
1.1 
1.0 
0.9 
1.0 
0.8 
0.7 
0.7 
0.5 
0.4 
0.4 
0. 3 
0.3 
0 .3 
0.2 
0.6 
1.0 
0.7 

39 1.1 
77.7 

269.2 
344.6 
57.6 

205.4 
52. 1 

270.8 
25 1.5 

9.3 
9.7 
2.4 
2.6 

121.5 
130.9 
422.5 
658.3 
37 1.6 
8 12.4 
83 1.8 
797.4 
755.9 
804.0 
759.4 
747.3 
745.2 
735.9 
688.7 
484.0 
455.8 
45 1.9 
428.0 

-
385.6 
375.3 
324.6 
285.5 
269.7 
245 .5 
249 .1 
195 .2 
18 1.9 
169.6 
102.6 
93.0 
89 .6 
57.5 
53.4 
50.4 
29 .6 
176.5 
299.0 
193.1 

83.0 
7. 1 

52.8 
70.7 
5.8 

44.3 
6.4 

57.2 
56 .7 
0.6 
0.6 
0.4 
0.4 

24.7 
25.7 
93 .5 
134.7 
77. 1 
168.6 
171.5 
169.7 
166.1 
167.5 
44 .2 
43.4 
43.1 
42 .7 
38.0 
30.7 
27.7 
30. l 
25.8 
24.5 
22.3 
-
19 .6 
18.7 
16.4 
13.8 
16.4 
I 1.0 
8.4 
8.7 
4.9 
3.9 
3.8 
1.8 
1.7 
1.5 
0.2 
12.7 
25.5 
13.4 

r 

r 

1 
I 
1· 
i 

I 
_ _l 

1.0 
0.3 
0.8 
0.8 
0.4 
0.5 
0.6 
0.8 
0.8 
0.4 
0.3 

-
0.4 
0.4 
0.5 
0.6 
1.1 
J .4 
1.0 
0.2 
0.0 
0.0 
0.1 
0.0 
0.1 
0.2 
0.1 
0.1 

- ---
0.3 
0.6 
0.9 
0.3 
0.9 
0.3 
0.7 
0.7 
0.6 
0.5 

J -- 0.8 
0.3 
0.7 
0.5 
0.5 
0.5 
0.5 
0.6 
0.4 
0.5 
0.5 
0.3 
0.6 
0.6 
0.8 

l 
·-i 

I 
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WAI A3 BOT 25.0 24.8 0.8 0.7 220.9 16.2 1.2 
WAI A4 BOT 20.8 3 1.0 I. I 0.9 315.5 24.7 0.9 
WAI A4 TOP 14.3 45.9 1.5 1.4 446. 1 39 .0 0.7 .. 
WAl_AS - BOT 18.7 34.9 1.2 1.1 36 1.3 28.4 0.8 

. l 

WAI AS TOP 14.1 45 .1 
t 

1.6 j 1.4 449.0 38.3 0.7 
WAI A6 BOT 19.3 

; 
32.4 1.2 1.0 355 .2 26.4 0.8 L ! ~ -

WAJ_A6 - TOP I 5.2 l 42.5 1.3 1. 3 442.9 36.4 0.7 
+-

WAI A7 BOT 2 1.2 31.9 I. I 0.9 309.5 22.3 1.0 
- -i-- - +-~--

WAl _A7 TOP 16.6 41.2 1.3 1.2 405.3 33 .1 0.8 = -
r 

+ - ... 
WAI Bl BOT 31.9 10.8 0 .5 0.3 65.8 3.2 0.6 ..... 
WAI Bl TOP 28.4 19.6 0 .8 0.6 153.9 I 1.2 0.6 
WAI _B3_BOT 30.2 14.7 0.7 0.4 108. 1 6.5 0.6 

+ ·- ·+ 
WAI - B3_TOP 27.5 18.8 0.8 0.6 170.9 11 .6 0.7 
WAl_ B4_BOT 3 1.3 

t 
J0.2 0.7 0.3 80.9 3.8 0 .6 

-- -· -
WAI - B4_TOP 3 1.4 9.9 0.8 0.3 76.5 2.6 0.6 
- ... - . + - -· . ·< 
WAI_C I - BOT 33.9 8.9 0.5 0.2 14.7 0.6 0.5 

- ----·- .. 
WAI C l TOP 33.9 9.6 0.5 l 0.1 I 5.4 0.6 0.6 

·-· 

WAI_C4_BOT 34.0 8.5 0.4 I 0.1 11.3 0.6 0.7 
- -

WAl_C4_TOP 34.0 7.8 0.4 0.1 11 .4 0.6 0.6 
·-

WAI DI BOT 34.2 7.8 0.5 0.1 9. 1 0.3 0.5 
WAl_OI - TOP 34.2 8.5 0.4 I 0.1 JO . I 0.3 0.5 
WAI 04 BOT 34.3 7. 1 0.4 1 0.1 8.7 0.3 0.5 
WAI 0 4 TOP 34.3 7.0 0.4 0. 1 8.6 0.4 0.5 

t· 

WAI _E4_ BOT 34.5 6.6 0.5 0.1 2.3 0.3 0.3 
-· 

WAI E4 TOP 34.5 6.5 0.1 I 0.1 2.4 0.4 0.3 

l 
+ 

WAI _ TS_SURF 0735 3 1. 3 14.7 0.6 0.4 76.6 6.7 0.6 
+ - r---

WAI_ TS_SURF 0900 3 1.0 13.3 0.7 0.4 83.6 6.8 t 0.5 
r-------

W Al_ TS_SURF I I 00 25.5 27 .5 I. I 0.9 195. 1 17. 1 l 0.8 
+-· L WAI _TS_SURF 1300 19.7 35.7 1.3 1.1 340.8 28 .9 l 0.6 

W Al_ TS_SURF I 500 19.5 33.4 1.2 1.0 343 .0 25 .9 0.9 
W Al TS PZ 0735 1.9 72. 1 2.0 2.0 788.6 68.7 j. - 0.2 

-- -
WAI _ TS_PZ 0900 2.2 72.6 2.0 1.9 763.1 69.9 0.0 

~ ----
WAI _TS_PZ J 100 2.3 7 1.1 2 .0 j. 2.0 779.0 72.0 0.0 

.. 

WAI_ TS_PZ 1300 2.5 72.7 2.0 2.0 790.0 67.3 0.1 
WAI_TS_PZ 1500 2.5 69.4 2.0 2.0 782.2 65.8 0.1 

Palolo Tunnel 0.1 17.8 3.7 1. 33 482.1 I 5.4 0.0 
-

Aina Koa 11 0.2 43 .8 6.0 2.19 694.4 37.6 0.1 
Aina Koa l 0.4 7 1.9 5.3 1.96 803 .6 58 .9 0.4 
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Table Al.3. 8 15N and 8 180 of dissolved nitrate values for Chapter 2. 

Sa_'Ell!e ID 
-·--.------·-· -

BP_D4_BOT 
BP D4 BOTDUP 

BP_C4_BOT 
BP _TS_SURF 0735 

~-
! BP _TS_SURF 0930 i-. . --- ···-·-·--·-- -

BP_C4_TOP 
BP_D4_TOP 

i BP_TS_SURF1530 
'·---·-BP A4 BOT 
~---~ -=- -

BP_TS_SURF 11 30 
BP_TS_SURF 1330 

BP_B4_TOP 
BP_A4_ TOP 

~------·-··- ···-

BP_ TS_PZ I 530 -----. -
BP _TS_PZ 1130 
BP _TS_PZ 0930 

... 

Black Point 22 
BP _TS_PZ 0735 
WAI_B4_TOP 
WAI B4 BOT 

·---

w AI_ TS_SURF 0900 
WAI_A4_ BOT ---- ·-··--------------·· ____ ,_ ···---------

WA I_ TS_ SURF 1500 
WAI_TS_SURF 1300 

WAI_TS_PZ 1300 
W Al_ TS_PZ 0900 
WAI TS PZ 1100 

-
, _WAI_ TS_SURF 0735 

WAI_ TS_SURF l 100 
WAJ_A4_ TOP 

-----· ~-

WAJ TS PZ 1500 
W Al TS PZ 0735 

KAW PZ 1800 
KAW PZ 1200 

KAW SEEPAGE 
KAW A 1100 
KAW B 1100 
KAW C 1100 
KAW B 1000 
KAW B 0900 
KAWB 1200 
KAW E 1100 
KAW D 1200 
KAW PZ 1000 
KAW A 1000 
KAW A 1200 

Std-Corr. c'> 15N 
j~o) 
10.6 
10.5 
11.8 
l l. l 
10.8 
11.1 
10.8 
10.9 
10.9 
10.8 
12.0 
I 1.0 
I 0.5 
I 0.5 
10.9 
!05 
9.9 
10.5 
6.9 
6.6 
7 .2 
6.7 
6.1 
5.7 
5.3 
5.2 
5.2 
5.7 
5.7 
5.5 
5.9 
5.6 
5.3 
5.6 
5.7 
5.7 
5.9 
5.7 
5.7 
5.5 
5.8 
6. 3 
6. 8 
5.5 
5.4 

5.4 

Std-Corr.~ 180 
(%0) 
4.3 
4.3 
5.6 
5.4 
4.9 
4.9 
5.7 
5.3 
5.3 
4.7 
6.7 
5.3 
4.7 
4.5 
5. 1 
4.6 
3.8 
4 .2 
4.1 
3.4 
5.1 
5.5 
3.4 
3.1 
2.6 
2.6 
3.5 
3.7 
3.3 
2.7 
3.7 
3.2 
2.8 
2.8 
3.2 
3.8 
3.7 
3.5 
3.5 
4.0 
3.5 
4.2 
4.1 
2.7 
2.7 
2.5 

75 

N+N 
(µM) 
6.4 
6.4 
7. 1 

24.7 
25.7 
52.8 
57.2 
77.1 

89.8 
93 .5 
134.7 
138.6 
156 .5 
167.5 
169.7 
17 1.5 
82.7 
168.6 
2.6 
3.8 
6.7 

24 .7 
25 .9 
28.8 
67.3 
69.9 
72.0 
6.7 
17.l 
39.0 
65.8 
68.6 
44.2 
43.1 
38.0 
27.7 
25.8 
22.3 
19.6 
16.4 
16.4 
8.4 
4.9 

43.4 
30.7 
30. 1 



KAW A 0900 5.2 2.6 24.5 
KAW D 1100 5.7 3.6 13.8 

-------
KAW C 1000 5.5 3.0 11.0 
KAW C 0900 5.7 3.7 8.7 
KAW D 0900 6.4 4.3 3.8 
Pa lolo Tunnel 3.1 2.0 15.4 

--
Aina Koa II 5.4 3.2 37 .7 

-
Aina Koa I 5.9 4.7 59 .0 

Table Al.4. Black Point 222Rn in water time seri es for Chapter 2. 

Date and time 

Surface water Rn-222 

111 0120 15 18:00 
1110/20 15 18:30 
I/10/20 15 19:00 
1/10/20 15 19:30 
I 110120 15 20:00 
I 110120 15 20:30 
I /10/20 15 2 1 :00 

--
1/10/20 15 21:30 
1/ 10/20 15 22:00 
1/ 10/20 15 22 :30 
1/ 10/20 15 23 :00 

-
1/ 10/20 15 23:30 
1/1 1/201 5 00:00 
111 1/20 15 00:30 
1/1 1/20 15 0 1:00 
111 1/20 15 01:30 
1/ 11 /20 15 02:00 
l/11 /2015 02:30 
111 1/20 15 03 :00 
1/1 1/20 15 03:30 
1/11 /20 15 04:00 
1/1 1/20 15 04:30 
1/1 1/20 15 05:00 
1/1 1/20 15 05:30 
1/1 1/20 15 06:00 
1/1 1/20 15 06:30 
1/ 11 /20 15 07:00 
1/1 1/20 15 07 :30 
1/1 1/20 15 08:00 
1/1 1/20 15 08:30 
1/1 1/2015 09:00 
1/1 1/2015 09:30 
1/ 11 /20 15 IO:OO 
1/1 1/20 15 10: 30 
1/ 11/2015 11:00 
1/ 11 /20 15 11 :30 
1/ 11 /20 15 12:00 

Temp. 
---·--------r 

... (OC::) ... L 

24.97 
24.93 

l . 24.67 

24.43 
24.23 
24. 18 
24.1 5 
24. 1 

24 .1 2 
24.04 
23.98 ·- . 

23.92 
23.95 
23.92 
23.8 

23 .67 
23 .7 1 
23.63 
23.48 

r ··· 23.33 

23.2 1 
23.2 1 
23. 15 
23.0 1 
22 .98 
23. 1 

23. 14 
23.3 1 
23.49 
23.44 
23.89 
24.0 1 
24. 19 
24.36 
24.62 
24.52 
25.05 

Salinity 

. -· 

20. 12 
24.99 
28.34 
24.54 
24.94 
25.56 
26.07 
26.36 
26.03 
23. 16 
13.28 
16.64 
26.58 
24.2 1 
25.3 1 
24.46 
25 .72 
2 1.09 
2 1.92 
27 .3 

28.87 
24.35 
27.07 
29 .56 
30.43 
26.44 
28.24 
23.43 
23.6 1 
29. 12 
17.96 
2 1.08 
24.97 
24 .07 
16.78 
9 0 1 
17.9 1 
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222Rn in water 

----
243. I 
187 .3 
131.7 
107.7 
94.4 
84.3 
78.7 
84 .6 
88.9 
104 .8 

-
129 .7 
142 .3 
137.0 
132.7 
139.9 
135.6 
129.8 
133.2 
134. 1 
11 8.5 
103.8 
99.0 
88.3 
83.3 
74.0 
67.3 
65 .0 
64 .1 
63.4 
128.7 
156.4 
163.9 
176.5 
182.4 
220.9 
246.1 
278.2 

Uncertainty I Water level 
-· -- +--------- "' - -

(dpm L·1
) f __ j J!l) 

I 
+ 

35.0 0.48 

27.0 i . __ 9:5-4 

: ~:~ . --r -·=-:~]J1 
13.9 0.57 
12.5 t 0.52 

11 .6 r. 0.52 
12.5 0.49 
13. 1 
15.4 
18.9 
20.7 

.. 

19.9 
19.3 
20.3 
19.7 
18.9 
19.4 
19.5 
17 .3 
15.2 
14.6 
13.0 
12.3 
I 1.0 
IO. I 
9.7 
9.6 
9.5 
18.7 
22.6 
23.6 
25.6 
26.4 
31.8 
35.4 
39 .9 

+~-·--

0.45 
0.45 
0.49 
0.45 
0.42 
0.40 

l_____ - 0.42 
0.48 
0.46 
0.50 

·t--------····-----

,. 
! 
I 

0. 53 
0.53 
0.56 
0.56 
0.59 

····------------- -
0.63 
0.64 
0.73 
0.63 
0.62 

. ., -----
0.54 
0.62 
0.52 
0.47 
0.51 
0.43 
0.45 
0.34 
0.3 1 

--
t 



1/11/2015 12:30 25.05 15.39 334.2 47.8 0.28 
1/1 1/2015 13:00 25.07 15.99 373. 1 53.4 0 .24 
1/1 1/2015 13 30 25.0 l 11 .5 I 405.8 58.0 0 .20 

~- ---· 

1/11/20 15 14:00 25 .3 16. 13 388.8 55.6 0.20 ·---r ~-· ----

I/I l /20 15 14:30 24.8 13.8 1 409.9 58.6 0. 18 

Groundwater 222Rn 
.... , ... 

f·- -

t l 1/1 1120 15 07:30 22. 11 4.48 73.9 1 1 1. 12 x 
---·- -~--

1/1 1/20 15 8:00 22.24 4.5 292.35 42 .1 3 x 
---

I ] /] 1/20 15 8:30 22.48 4.53 463.67 66.24 x 
1111/20 15 9:00 22.72 4 .53 575.34 82.06 x 

·-· . -1 
Ill J 120 I 5 9 :30 22.98 4.56 6 14.75 87.75 x ___ J 

~· 

11 11 /20 15 IO:OO 23.22 4 .6 1 657.77 93.77 x ' --- --~ - --·-

1/1 1/20 15 10:30 23.44 4 .68 696.56 99.2 1 

t 
x 

-· 

1/ 11 /20 15 11:00 23.64 4 .73 722.34 102.98 x 
- --~ -

1/1 1/20 15 I 1:30 23.82 4 .76 7 18.60 I 02.44 x 
}- - -· 

1/ 11 /20 15 12:00 24.02 4.77 736.45 104.94 x 
1/1 1/2015 12:30 24. 1 4.8 743.65 105.95 x 

-
1/ 11/2015 13:00 24. 19 4.79 746.99 106.4 1 x 
1/ 11/2015 13 30 24.19 4.78 743.20 105.88 x 
1/1 1/2015 14:00 24. 16 4 .75 728.6 1 103.83 x 
1/ 11/2015 14:30 24. 19 4.74 733. 18 104.47 x 
1/11 /2015 15:00 24.05 4.7 747.77 106.53 x 
1/11/2015 15:30 23 .9 4.68 745.8 1 107.73 x 

Table Al.5. Kawaikui 222Rn in water time seri es for Chapter 2. 

·-·----
Date and time Temp. Salinity 222Rn in water Uncertainty Water level 

t - --· -·-·--·---·-.. 

(OC) (dpmL-1) (dpm L-1x (m) 
4/23/20 I 5 I 0:08 24.77 15.57 34 .7 6.0 0.23 
4/23/20 I 5 I 0:24 24.93 14 .50 34 .9 6.0 0.20 
4123120 I 5 I 0:38 24.89 13.75 35 .5 6.1 0. 11 
4123120 I 5 I 0 53 25.25 12.42 39. 1 6.6 0.20 
4/23/20 15 1 1 :08 25 . 18 10.9 1 44.4 7.3 O.J 3 
4/23/20 I 5 I I :23 25 .67 10.27 46. 1 7 .6 0. 12 
4/23/20 15 11 :38 25.08 9.5 I 40 .8 6.9 0. 10 

-----
4/23/20 I 5 l I :53 24.9 9.58 47.2 7.8 0.10 
4/23/20 15 2:08 25 .67 11.3 1 42.8 7 .1 0. 14 
4/23/20 15 2:23 24.64 10.46 44.9 7.4 0. 14 
4/23/20 15 2:38 25 .1 7 10.66 48. 1 7 .9 0. 16 
4/23/20 15 2 53 25.34 9. 12 46.8 7.7 0.11 
4/23/20 15 3:08 25. 18 7.75 49.2 8. 1 0. 11 
4/23120 15 3:23 25.29 7.86 52.6 8.6 0 .1 7 
4/23/20 15 3:38 25 .06 7.73 54.5 8.8 0. 14 
4/23/20 I 5 3 53 25.3 9. 16 53.J 8.6 0.2 1 
4/23120 I 5 4: 08 25.57 10.1 1 5 1.5 8.4 0.20 
4/23/20 I 5 4:23 25.22 I 0.33 54.8 8.9 0. 19 
4123/2015 4:38 24.82 10.50 48.8 8.0 0.20 
4/23120 15 4 53 25.23 11.77 49.3 8.0 0.24 
4/2 3/20 I 5 I 5:08 25 0 1 12.52 50.0 8.2 0.18 
4123120 I 5 I 5:23 26.18 15.70 42.7 7. 1 0.19 
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4/23/20 15 15:38 26.05 17.34 41.5 6.9 0.24 
-------

4123120 15 15 :53 26.2 18.96 39.9 6.6 0.2 1 
-------- ··-----·--+ 

4/23/20 15 16:08 26.26 20 .1 4 37. 1 

! 
6.2 0.3 1 

4123120 I 5 16:23 26.07 2 1.34 35 .0 5.9 0.4 1 
4123120 I 5 16:38 26.87 23 .78 33.3 5.7 0.34 

·----- L. ------- -.----~-- t-

4/23/20 15 16:53 26.89 24.73 30.5 5.3 0.4 1 
4/23/20 15 17:08 27.38 26.26 t 26.5 4.6 0.43 

---------
4123120 15 17:23 27.7 27.36 24.2 4.3 0.37 

·--

Table Al.6. Wailupe 222Rn in water time series for Chapter 2. 

Date and time 

Surface water 222Rn ------------- - --
119120 15 14:00 

---------.- . . -------
119120 15 14:30 
1/9/20 15 15:00 
--~-

1/9/20 15 15:30 
1/9/20 15 16:00 
------- ---
119120 15 16:30 
1/9/20 15 17:00 
1/9/201 5 17:30 
1/9/201 5 18:00 -- -
1/9/20 15 18:30 

-· 

1/9/20 15 19:00 
I 19120 15 19:30 
I /9/20 15 20:00 
I 19120 15 20:30 
I /9/2015 2 1:00 
I 19120 15 2 1 :30 
I 19120 15 22 :00 . -
I 19120 15 22:30 
1/9/20 15 23 :00 

······-···················· 

I /9/20 15 23 :30 
l/ l 0120 15 00 :00 
1/1 0/20 15 00 :30 
I /I 0/20 15 0 I :00 
Il l 0/20 15 0 I :30 
1/ 10/20 15 02:00 
I /I 0/2015 02:30 
1/ 10/20 15 03:00 
1/1 0/20 15 03 30 
1/ 10/20 15 04:00 
11 10/20 15 04 30 
1/10/20 15 05:00 
1/ 10/20 15 05:30 
I JI 0120 15 06:00 
1/ 10/20 15 06 :30 
1/10/20 15 07 :00 

Temp. 

26. 15 
26 .5 1 
26.65 
26.86 
26.59 
26.36 
26.36 
25.99 
25 .84 
25.5 

25.49 
25.46 
25 .1 7 
25. 1 

------
24 .88 
24.8 

24.59 
24.4 1 
24.29 
24.04 
24.06 
23.92 
23.93 
23.52 
23.4 1 
23.25 
23.2 1 
23.2 

23.26 
23.23 
23 .3 

23.26 
23 .22 
23 .27 
23.3 

18.84 
21.74 
20.78 
23. 1 

24.92 
27.04 
26.93 
27.29 

-
28.74 
27. 17 
27 .35 
27.33 
25. 14 
24.67 
23.97 
23.95 
22 .54 
23.3 

23.59 
23.06 
23.36 
23.99 
23.88 
23.8 

26.49 
28.7 

29.3 1 
29.89 
3 1.07 
3 1.83 
32.77 
32.65 
32.44 
32 .19 
32 .6 
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22.46 
53.45 

-·· 

63.05 
60.04 
53 .1 3 
47. 18 
43.07 
29.30 

-
25.70 

···t··-··-···-····· . ... . .. + _(~pf11_L-' ) 

···+-- 5.52 ---··---------·-
7 .56 
12.37 
11.23 
10 .48 
9. 11 
8.70 
6.66 

- --- ------ --
6.33 

................ J m ) 

--------------i - ---·-+ 

0.32 
0. 32 
0.36 
0.37 
0.4 1 
0.42 
0.42 
0.45 
0.47 
0.47 
0.46 
0.47 
0.46 
0.43 

22.82 
25.55 
26.73 
29.51 
3 1.1 8 
34.48 
37.64 
34.53 
38.42 
43 .72 
45.98 .. .,,..,. . ._ .... _______ ,. ____ _ 

52.28 
52.25 
46.64 
44.JO 
46 .65 
47.90 
39.90 
33.47 
22.24 
20.40 
18.72 
17.90 
12. 10 
12.76 
13.79 

··-···----+---

5.32 
6.40 
6.50 
6.83 
7.00 

·--·-·-·········· 

7 .34 0.40 
8.48 0.38 
7.42 0. 35 

·····+-···---·-····· 

8.63 
9. 12 
9.39 
10.02 
10.0 1 
9.44 

----- --------- -
9.25 
9.42 
9.49 
8.71 
7.26 
5.38 
5.2 1 
5.05 
5.00 
4 .05 
4. 10 
4 .24 

.j.¥ ___ __ 0 .30 
0.30 
0.3 1 

-- ---
0.32 
0.34 
0. 37 
0.40 
0.45 
0.56 
0.60 
0.67 
0.73 

0.69 
0.70 
0.74 
0.69 
0.68 



1/10/20 15 07:30 23.34 31 .27 15.10 5.84 0.67 
-- ------

1/10/20 15 08:30 23.65 31. 11 14.02 2.49 0.60 
I II 012015 09:30 24 .09 27.96 15.48 2.67 0.60 _,,_,,. _____ - . ---· - -------; 

l/J0/2015 10:30 24 .75 25 .23 24.46 3.98 0.51 
------------------ ----- --- - ----·--

l/10/2015 11 :30 25.62 22.0 1 34.83 5.43 0.41 
------- . t 

1/10/20 15 12:00 25.62 19.47 41.56 6.45 0.37 
·-· 

1/10/20 15 12:30 26.02 16.92 47.46 7.27 0.34 
·-- ------ ------- ----· ·------~·~ 

1/10/20 15 13:00 25 .54 15 .05 55.35 8.38 0.30 
-·----- ..... 

' -- -------- -- - ·---------·-
1/10/20 15 13:30 26.42 16.74 I 65.22 9.77 0.30 

--- +-·----- --~ T ------------
1110/2015 14:00 27.59 18.8 1 71.54 10.64 0.30 

Gro~ndwater 222Rn 
------·----·--

I 110120 I 5 8:00 20.65 2.07 48.75 7.59 x 
r --------- ~· 

1/ 10/20 15 8:30 20.7 2. 18 208.64 30.37 x 
-- --- ··--·-

1110120 I 5 9:00 20.75 2.3 245.48 35.45 x 
1/ 10/20 15 9:30 20.79 2.36 247.95 35.79 x 

I 110120 I 5 10:00 20.87 2.39 247.31 35 .70 x 
·- - --- -

1110/20 15 10: 30 20.89 2.42 245.69 ·-·- +-~--
35.47 x 

·-

1/10/2015 l l:OO 20.98 2.47 254.92 36.75 x 
1/10/201511:30 21 .07 2.51 24 1.40 34.87 x 
1/10/2015 12:00 21.08 2.55 254.03 36.62 x 

-----····· ---~-----

1/10/20 15 12:30 21.07 2.59 25 1.19 36.23 x 
1/10/2015 13:00 21.07 2.6 252 .59 36.42 x 
1/10/20 15 13:30 21.1 2.62 258.01 37. 17 x 
1/10/2015 14:00 21.04 2.6 1 255.64 36.84 x 

- -~--- .. 
1/10/20 15 14:30 21.1 2.63 248 .06 35.79 x 

-·· --- --- -----··---

1/10/2015 15 :00 21. 15 2.62 257 .63 37.12 x 

Table Al.7. 222Rn in water endmember data for Chapter 2. 

... 

Correcte-;f 222Rn in Site ID Run date/time Collection date/time Error 

! .. 
water (dpm L· 1) 

-- ------
Palolo Tunnel 4/21/15 14:36 4/21/15 8:38 29.l 12. 1 

Aina Koa J 412 I I I 5 15 : l 6 4/21 /15 9:24 153.5 30.3 
-

Aina Koa 11 4/21 /15 19:42 4/21/15 12:25 27.5 8.9 
--~ - -

Kawaik ui GW 4/23/15 18:57 4/23/ I 5 I I :43 87.3 18.6 
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APPENDIX 2. CHAPTER 3 DA TA 
Table A2.1. GPS coordinates for Chapter 3. 

[ Site 

--· 
I BPA 
1------

BPB 
BPC 
BPPZ 
WAIA 
WAIB 

. WAIC 
I WAI PZ 

Latitude Longitude 
-·· 

(0) (0) 

21 .25898 I - J 57 .7907 
-----. ~-- ··-· - -
21.25872 - I 57 .7905 I 

~J-2583~=: - 157.7896 I 

I 21.25905 -157.7907 
----

21.27565 - 157.7625 I 

. 21.27529 - I 57 .7624 
j 21.274 12 - 157.7622 

---- ~-

21.27565 L. ~ 157.7~~5 1 

Table A2.2. Black Point nutrient and dissolved organic C content for Chapter 3. 

····r ------~---· 

Sample ID Date and time Total N Total P Silica N+N Ammonium 

- (_µJ\:1) (µM)__ (J.:i:J\:1) (µM) (µM) 
BP PZ6AM 8/12/20 I 5 6:00 179 3.58 747 164 <0.019 

- - --- ·---- ·-- -- -
BP PZ 9AM 8/12/20 I 5 9:00 180 3.4 1 747 164 <0.019 .. . -
BP PZ 12PM 8/12/20 15 12:00 23 0.61 I IO 

. --·---·-· j 
17 0.87 

BP PZ 3PM 8/ 12/2015 15:00 10 
t 

0.30 16 J 0.9 1 
·--

BP PZ 6PM 8/12/20 15 18:00 178 3.21 709 162 <0.019 ---- - ---- ---------·- ------1--· --- ----------- ------
BP PZ 9PM 8/12/2015 21 :00 177 3.39 738 163 0.25 

---------- --------·-- -. 
____ _ j 

..-. --------- -

BPPZ 12AM 8/13/2015 0:00 175 i 3.35 744 163 0.21 
- ---- ------
BP PZ 3AM 8/J 3/201 s 3 :00 187 3.57 75 1 165 <0.019 
----------- ----------

BP PZ 6AM2 8/13/20 IS 6:00 176 3.08 742 163 <0.019 
--------

t ·- """""!"' ---- . 

BP A 6AM 8/12/20 IS 6:00 84 1.65 356 78 1.30 
BPA9AM I 8112/20 I 5 9:00 566 12 1 0.81 
BP A 12PM 8/12/20 15 12:00 --1- _ 14_ I 1.23 ----- ---+---- -
BP A 3PM 8/ 12/20 IS 1 S :00 22 98 14 1.38 

...... ---- - -----------
BP A 6PM 8/12/20 IS 18:00 34 0.57 I 101 2S 1.39 

·- -~--- - -· 

BP A 9PM 8/ l 2/20 IS 21 :00 83 1.82 325 65 0.84 
----- --· --

BP A J2AM 8/ 13/20 IS 0:00 49 0.96 195 44 0.9S 
- -~---

BP A 3AM 8/13/20 1S 3:00 37 I 0.73 146 34 0.61 
- - ---

BP A 6AM2 8/13/20 IS 6:00 99 1.83 388 85 0 .67 
--·· 

BP B 6AM 8/12/20 IS 6:00 lSO 1.87 470 13 1 1.59 
-- t - . 

BP B 9AM 8/12/20 IS 9:00 22 0.32 79 20 0.43 - ~ 

BP B 12PM 8/12/201 s 12:00 14 0.48 46 s 1.06 
-

BP B 3PM 8/ 12/2015 IS:OO 11 0.24 8 I 0.81 
BP B 6PM 8/12/201 s 18:00 11 0.27 21 4 0.68 
BP B 9PM 8/12/201S 21 :00 37 0.84 118 27 0.78 

BPB 12AM 8/13/20 IS 0:00 28 O.S7 101 26 0.59 
BP B 3AM 8/ 13/2015 3:00 18 0.56 70 16 0.76 
BP B 6AM2 8/ 13/201s600 33 O.S9 133 30 0.69 

BP C 6AM 8/12120 1S 6:00 IS 0.27 S4 13 0. 22 

80 

·-----
DOC 

(µM) 
45 
6 1 
67 
62 
36 
26 
32 
29 
36 

63 
56 
66 
69 
65 
56 
so 
so 
so 

64 
S9 
88 
70 
86 
so 
56 
61 
SI 
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BP C 9AM 8/l 2/201S 9:00 13 0.43 S4 IO 0.22 64 

BP C 12PM 8/ 12/20 1S 12:00 9 0.28 IS 1 0.38 S9 
·-· 

BP C 3PM 8/12/20 1 s l S:OO 8 0.2S 9 0.32 S2 j 
-·. --1 

BPC 6PM 8/12/20 JS 18:00 7 0.2S 3 0 0.S2 62 ! ·---- ·- t---· 

BP C 9PM 8/12/20 1S 2 1 :00 
' 

13 O.S2 2S s O.S2 60 ' ----- - . ------t . -·1 
BPC 12AM 8/13/20 1 s 0 :00 9 0.29 14 2 0 .26 S9 

---- ------- -· -1 
BP C 3AM 8/13/201 s 3:00 9 0.27 9 0.3S S9 

·--- -
BP C 6AM2 8/13/20 IS 6:00 36 0.6 1 137 34 O.S4 47 

--·· 

Table A2.3. Wailupe nutrient and dissolved organic C content fo r Chapter 3. 

---- .. --······---· ·-·---· . -· -·-------· - - . - ----·- . 

Sample ID Date and time Total N Total P Silica N+N Ammonium DOC 
-· ----··· . J 

.... (µM )_ _ (!J:lY:f) j µM ) (µM) .. (µM ) c~~L 
WAI PZ 7AM 9/27/20 1S 7:00 80 1.39 886 76 <0.0 19 S3 

.. .. - ··--· -+··---·--
WAI PZ 12PM 9!27!20 1S 12:00 77 I. SS 733 S9 <0.019 6 1 

---------- -· ·-·-
WAT PZ3PM 9!27!20 1S l S:OO 78 1.80 82S 74 0.20 SS 

--~-- --··-------
PZ9 PM 9/27 /20 IS 2 1 :00 7S 1.67 800 70 <0.019 104 

---1 ··- t 
WAI PZ 3AM 9/28/20 IS 3 :00 77 1.44 843 74 <0.019 S9 i 

--
WAT PZ 6AM2 9/28/20 IS 6:00 7S 1.26 79 1 7 1 0. 16 66 

WAI A 7AM 9/27/20 1S 7:00 36 1.3 1 327 22 <0.019 S7 
WAI A 12 PM 9/27/20 1S 12:00 19 0 .77 99 8 

i-
0.49 86 

~- ----- --------- -·---- ---- . 

WAI A 3PM 9/27/2015 15:00 16 0 .58 72 6 0.42 67 
·-·-· ---·· +--~~ 

WAI A 9PM 9!27!20 1S 2 1 :00 S2 1.89 473 40 0.1 1 44 
--··-

WAI A 3AM 9/28/201S 3:00 13 0.30 4S 4 0. 19 90 
-~--

WAI A 6AM2 9128120 IS 6:00 22 0.79 179 12 0.44 11 I .. ·- .. 

-
WAI B 7AM 9/27/20 15 7:00 19 0.5S 140 8 O.S I 77 
WAI B 12PM 9!27!20 1S 12:00 IO 0.32 8 0 0.63 73 
WAI B 3PM 9!27!20 1S 15:00 JO 0.40 6 0 0.42 78 

···-·-·--· 

WAI B 9PM 9/27/20 1S 21:00 37 I.I s 333 24 0.67 7S 
----- ---

10-1-- 1 WAI B 3AM 9/28/20 IS 3:00 11 0.38 12 0 0.77 
·--- -·--·-····-· 

WAI B 6AM2 9/28/20 IS 6:00 12 0.49 36 2 0.44 110 

WAI C 7AM 9/27120 I 5 7 :00 9 0.3 1 5 0 0.40 85 
WAI C 12PM 9!27!20 1S 12:00 9 0.40 4 0 0.27 90 
WAI C 3PM 9!27!20 1S l S:OO 9 0.31 2 0 0.39 88 
WAI C9PM 9/27/20 1S 2 1 00 IO 0 .29 IS 0 O.S3 94 

WA J C 3AM 9/28/20 15 3:00 12 0.32 4 0 1.1 9 107 

WAI C 6AM 2 9/28/20 1 s 6:00 IO 0.SS 4 0 0.29 108 
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Table A2.4. Black Point carbonate chemistry and salinity data for Chapter 3. 

r - -----· 
Sample ID 

~-

BP PZ6AM 
BP PZ9AM 
BP PZ 12PM 
BP PZ 3PM 

BP PZ 6PM 

BP PZ 9PM 
BP PZ 12AM 
BP PZ 3AM 

BP PZ 6AM2 

BP A 6AM 
BP A 9AM 

- -------
BP A l 2PM 
BP A 3PM 
BP A 6PM 
BP A 9PM 

BP A 12AM 
BP A 3AM 

BP A 6AM2 

BP B 6AM 
... 

BP B 9AM 
... 

BPB 12PM 
BP B 3PM 
BP B 6PM 

BP B 9PM 
BP B 12AM 
BPB3AM 

BP B 6AM2 

BP C 6AM 
BP C 9AM 
BPC 12PM 
BP C 3PM 
BP C 6PM 
BP C 9PM 

BPC 12AM 

BP C 3A M 
BPC6AM2 

-;-···· Dateand ti~~ ···· i sa'li~ity 

-
8112/20 1 s 6 :00 4 .80 
-· - ·-

8112/20 I S 9 :00 4.76 
-

8/ 12/20 IS 12:00 28.88 
8/12/20 1S I S:OO 34.SS 
8712';26 l'S--f 8: 00- --i----- s. 2·4·----

----------- ------ ----·-----·-............... -.......................... ; 
8/12/20 1S 2 1:00 S.19 
8/ 13/20 IS 0 :00 4.85 
8/l 3/20 1S 3:00 4.72 

- --- - --------
8113/20 IS 6:00 4.8S 

8/12/~Q} s 2 1 :QQ ... _~ 21.08 
8/1 3/201 s 0:00 2S.SO 

----
8/ 13/201S 3:00 27.90 

-------------- -
8/l 3/201S 6:00 I 28.62 

8/l 2/201S 6:00 
. ... 

8/l 2/20 1S 9:00 
--· 

IS.38 
3 1.41 

8/12/20 1S 12:00 32.7S 
8/12/20 1S 1S:OO 34.86 
8/12/20 1S 18:00 34.S I 

------ -
8/J 2/20 IS 2 1 :00 30.04 --
8/J 3/20 IS 0:00 30.2S 
8/J3/20 1S 3:00 I 

-------- -----·------
8113/20 IS 6:00 

8/ 12/20 1S 6:00 
8/ 12/20 1S 9:00 

-------------
8/ 12/20 IS 12:00 

8/ 12/201S IS:OO l.· 
8/12/20 1S 18:00 

-------
8/ 12/20 I 5 2 1 :00 

--------- - -------
8/ I 3/20 IS 0:00 
8/ 13/20 IS 3:00 
8/ 13/201 s 6:00 

32.4 1 
32.86 

------------
34.26 
34.69 
3S.02 

·--

34.11 
34.29 
34.6S 
28.6S 

-------+ 

o13C
DIC 

ili~) 
-13.8 
- 13.8 
-2.0 
1. 3 

-13.3 

-13.6 
-------

- I 3.4 
- 13.7 
- 13.6 

-8 .4 
-------

Water 
depth 

(m ) 

x 
x 
x 

x 

x 

x 
x 
x 

x 

0.3S 
- 10.9 0.40 
- 1.6 0.68 
2.0 1.00 
-1.7 0.6S 
-7.7 0.42 

-S.8 0.46 
-4.1 
-8.9 

-9.8 

0.6S 
0.36 

0.70 
-----

- 1.9 ' 0 .7S 
1.2 
1.8 
0.8 
-2.9 
-3.2 
-2 .7 
-4.2 

-2. l 
-0.7 

1.3 
1.7 
1.2 

-0.3 
-0.4 

-0.S 
-4.9 
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1.03 
1.23 
1.00 
0.77 
0.81 
1.00 
0.71 

1.20 
12S 
l.S 3 
1.73 
I.SO 
1.27 
1. 3 1 

I .SO 
1.2 1 

Analysis 
temp. 

(OC) 

22 .29 
22 . 10 
22.20 
22. 14 

22. 12 

22. IS 
22.01 
22. 17 
21.89 

22 .1 9 
22. 14 
22.26 

22.9S 
22.16 
2 1.6S 
2 1.72 

.. 

22 .07 
22 .15 

22.03 
22.10 

DIC 

(µM) 
304 1 
3038 
2027 
1769 

3046 

3036 
···---1 3 0·3·3--· -- ~ 

3046 
3032 

----· -• 

2762 
2779 
20 13 

1782 
1991 
2S09 
2S04 
-
2442 
2742 

2806 

2 13 1 
22. 16 1929 
22.09 ' I 77S 
2 1. 84 1842 
22 . 17 2 171 
21.96 2270 
22.4S 2302 
2 1.92 24 10 

22.00 
22 .1 3 

22.01 
2 1.98 
2 1.97 
22.13 
2 1.96 

22.23 
22.07 

2229 
2070 
18S3 
18 19 
1878 
2034 
2094 

21 12 
2374 

TA 

. £1:1M) 
2939 
294S 
2479 
2272 

2965 

2942 
29S8 
2939 
2943 

2764 

- -l 

Temp. 

(OC) 

24.8 
24.8 
24.2 
24. 1 

24.9 
-------------

24.9 
24.9 
24.8 
24.9 

--- -
24.1 

2803 24 .2 
2447 28 .2 

2249 30.S 
2329 26.8 
2600 2S .0 
2579 2S. I 
2S32 
2735 

2804 

2364 
2328 
2249 
2237 
239S 
2427 
2419 

2496 

2371 
2339 
2283 
224 1 
2242 
2292 
2293 

230S 
2484 

2S.3 
24.2 

26 .0 

26.8 
28.4 
29. 8 
29.S 
27.4 
26.8 
26.5 

2S.9 

26.6 
27.l 
28.3 
29.0 
28.6 
27 .6 
27. 1 

26.8 
26.7 



Table A2.5. Wailupe carbonate chemistry and sali nity data for Chapter 3. 

Sample ID Date and time Salinity ~uc_ Water Analysis DIC TA Temp. ' 

DI C depth temp. 

-·· -
(%0) (m) <?<::> (µM) 

-----
(µM) (OC) 

WAI PZ 7AM 9/27/2015 7:00 2.34 - 15. 1 x 23.1 1810 1783 24.9 
- - _.;.._ 

WAI PZ 12PM 9/27120 15 12:00 1.93 - 15.6 x 24.4 1776 1745 23.7 
·-· -· ---i - ·-· 

WAI PZ3PM 9/27/2015 15:00 1.61 - 15.8 x 23.2 1756 1737 22.8 
- --- ~- ----+ 

PZ9 PM 9/27/20 15 2 1 :00 2.503 -15.5 x 2 1. 9 1843 1780 22.3 . -~- - .. - - ----
WAI PZ3AM 9/28/20 15 3:00 1.34 - 16.4 x 24.4 I 1756 1780 2 1. 9 

·- -·+ ---------1 

WAI PZ6AM2 9/28/20 15 6:00 2.3 1 - 16.2 x 24 .6 1734 1716 22.0 
- ---~-.-

.. -------- -· 

WAI A 7AM 9/27/20 15 7:00 19.99 -6.4 0.47 25.3 I 1935 I 2088 24.5 
' 

-- - --~--

WAI A 12 PM 9/27/20 15 12:00 29.60 - I. I 0.68 22.4 1894 2 191 27.2 ' ~ ·-··------------
WAI A 3PM 9/27/20 15 15:00 3 1.21 0 .0 0.98 

i-------
22 .6 19 10 2225 27.7 

---- ·-----· ·----.-•-· -------
WAI A 9PM 9/27/20 15 21 :00 13.39 -9.5 0. 33 22.6 1897 2001 24.9 

----- ----
WAI A 3AM 9/28/20 15 3 :00 3 1.83 - 1.0 0.96 23.0 1969 2239 25.7 

-· ·-------- ----------
WAI A 6AM2 9/28/20 15 6:00 27.64 -2.9 0.75 23. 1 1979 2209 24.8 

. 

- ----
WAI B 7AM 9/27/20 15 7:00 28.06 -2.3 0.47 23. l 1982 2 183 26.0 

.. ----
WAI B 12PM 9/27/20 15 12:00 33.77 1.3 0.68 23.0 1890 2255 28.4 

----· 
WAI B 3PM 9/27/2015 15:00 33.99 1.5 0.98 23.0 1905 2261 28.4 

---· 

WAI B 9PM 9/27/20 15 2 1 :00 20.59 -5 .6 0.33 23 .0 1929 2093 24.5 
WAI B 3AM 9/28/20 15 3 :00 33.36 0.0 0.96 23. 1 1985 2259 26.6 

WAI B 6AM2 9/28/20 15 6:00 32.33 -0.6 0.75 22.8 20 14 2257 l 25.7 ______ J -----· -1- -~--- ·----· 

-----
WAI C 7AM 9/27/20 15 7:00 33.91 0.3 0.47 22.7 2036 2259 25.5 

-·- ·-· ·~· 

WAI C 12PM 9/27/20 15 12:00 34. 12 1.5 0.68 22.8 19 11 2258 28.4 
---- -- ·- - ' 

WAI C 3PM 9/27/2015 15:00 34.05 1.5 0.98 23 .2 1900 2258 28.6 
- - . 

WAI C 9PM 9/27/2015 2 1 :00 33 .33 0.5 0.33 23.3 1998 2258 25.7 
-·· ·-

WAI C 3AM 9/28/20 I 5 3 :00 34.04 L 0.3 0 .96 23 .2 1984 2263 26.8 
-·· 

WAI C 6AM 2 9128120 15 6:00 34.06 0.1 0.75 23.4 20 16 2273 26. l - - ·-

Table A2.6. 222Rn in water groundwater endmember data for Chapter 3. 

Site ID Run date/time Collection date/time Corrected 222Rn in water Error 
(dpm L·1) 

-
BP _PZ_6am 8/12/15 6:00 8/12/ 15 I 0: 15 492.9 58.8 

BP_PZ_ l2pm 8/ 12/15 12:00 8/12/15 13:32 46.9 12.5 
BP _pz_3pm 8/ 12115 15:00 8/ 12/15 20:05 8.6 2.5 
BP _FZ_9pm 8/12/15 2 I :00 8/ 12/1522: 10 334. 1 149.0 

BP_PZ_l2am 8/13/ 15 0:00 8/ 13/ 15 1 08 255.8 16.8 
BP _PZ_6am_2 8/13/ 15 6:00 8/ 13/ 156:55 275.4 13.6 

WAl_PZ _ 12pm 9/27 /15 12:00 9/27/ 15 13:50 11 8.78 24.77 
WAl_FZ_3pm 9/27115 15:00 9/27/15 16:10 114.3 25.2 
WAl _PZ_9pm 9/27/1 s 21 :00 9/27/ 15 22:50 120.0 19.8 
WAl_PZ_ 12arn 9/28/15 3:00 9/28/ 15 3 50 119.8 32.6 
WAI PZ 6arn 9/28/15 6:00 9/28/15 7:50 158.0 I 17 
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