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Abstract 

Submarine groundwater discharge (SGD) on the leeward coasts of Hawaiᾶi is the largest 

natural conveyor of terrestrially-derived nutrients to the ocean. However, not much is known as 

to how these groundwater discharges change, chemically or volumetrically, with time and 

between wet and dry seasons. SGD flux occurrence, magnitude, and relationship to primary 

productivity were studied at a relatively pristine site, Kǭholo Bay, and a manmade, 

anthropogenically-influenced site, HonokǾhau Harbor, on the leeward (ñKonaò) coast of Hawaiᾶi, 

from 2010-2014. Salinity and 
222

Rn were utilized as natural, conservative tracers to quantify 

fluxes of groundwater discharge to the coastal ocean. At Kǭholo Bay, mean total SGD flux to the 

coast was 2,300 m
3
/d (or 8 m

3
/m/d), of which, between 20-60% was fresh (salinity 0.1). At 

HonokǾhau Harbor, mean total SGD flux was 11,600 m
3
/d (18 m

3
/m/d), and 10-40% of this total 

was fresh. Though total groundwater flux volumes did not differ between wet and dry seasons at 

these sites, the fraction of total SGD flux that was fresh was 3-7% greater, and the thickness of 

the buoyant, groundwater plume within the coastal zone was 0.5-2.0 m deeper, during the wet 

season. Analysis of the timing and quantity of total, fresh, and recirculated seawater fluxes 

suggests that in addition to limiting the volume of recirculated seawater recharged to the aquifer, 

the physical force of discharging freshwater pushes most of the high tide recharged recirculated 

seawater out of the aquifer, every low tide. Thus, a significant volume of recirculated seawater 

has a very short residence time within the coastal aquifer (less than one tidal cycle). Variations in 

the composition of total groundwater flux have historically been explained through hypothetical 

(though probable) variances in recharge through precipitation and differences in the physical 

pathways of the groundwater. And while this study does not diminish the significance of the two 

controls on total SGD flux, it also suggests that the composition of total SGD flux, comprised 

mostly of recirculated seawater (~60%) in Kona, is determined by the force and spread of 

freshwater exiting the aquifer and the subsequent limitation this force imposes on saltwater 

recirculation. The loss of this freshwater flux, via pumping of groundwater wells or decreased 

recharge, has the potential to increase the volumes of recirculated seawater pumped into the 

aquifer on tidal-scale timelines. This has implications for geochemical cycling within the 

subterranean estuary and the coastal aquifer. 



Fluxes of bioavailable N and P at the anthropogenically influenced site, HonokǾhau 

Harbor, are up to 10 times the magnitude of those measured at the pristine site, Kǭholo Bay. 

Conservative mixing lines plotted through Hawaii Expansion wells, that are located between the 

local Kealakehe Wastewater Treatment Facility, and the marine endmember suggest that 

groundwaters at HonokǾhau Harbor receive nutrients from waters shared with these wells. Large 

dissolved loads of inorganic nitrogen (DIN) and phosphorus (DIP) are delivered to coastal waters 

at Kǭholo Bay (up to 12 mol DIP/d and 950 mol DIN/d) and HonokǾhau Harbor (up to 190 mol 

DIP/d and 4,190 mol DIN/d). While the average DIN and DIP fluxes changed little during all 

seasons (wet v. dry), the greatest fluxes of DIN and DIP at both sites occurred during the dry 

season month of March 2011. And while nutrients are not likely the limiting factor to net 

primary productivity at Kǭholo Bay and HonokǾhau Harbor, according to the Redfield Ratio, 

1958, of 16:1 (DIN:DIP), DIP was the limiting nutrient at Kǭholo Bay and DIN was limiting at 

HonokǾhau Harbor. 

Chlorophyll-a concentrations measured in surface water samples from Kǭholo Bay and 

HonokǾhau Harbor were consistent with the lowest values measured globally and ranged from 

0.01-0.65 µg/L and 0-0.3 µg/L, respectively. The highest concentrations of Chl-a were measured 

~100-350 m away from groundwater outlets. Low Chl-a, as proxy for net primary productivity, 

may be the result of low populations of photoautotrophs and/or high populations of grazers (i.e. 

zooplankton) not examined in this study. Low net primary productivity at both sites may be 

attributed to short residence time (< 2 days) of groundwater derived nutrients, calculated via the 

natural geochemical tracers, 
223

Ra and 
224

Ra, or environmental conditions (low 

temperature/salinity) that are inhospitable to phytoplankton growth, dependent upon species 

present, within the groundwater plume. Consequently and given the current fluxes of SGD 

delivered nutrients to the sites, increases in SGD temperature and salinity, as could happen if the 

volume of recirculated seawater in total SGD increases, should promote phytoplankton growth 

closer to shore. 
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CHAPTER 1 - Introduction  

1.1 ï The Importance of Groundwater to the Hawaiian Islands  

Similar to many small oceanic islands, groundwater discharge to the coastal zone 

represents the major loss term from the aquifers of Hawaiᾶi (Oki, 1999) and accounts for up to 79% 

of the total water flux from the Big Island (Shopka, 2012). Therefore, the study of submarine 

groundwater discharge (SGD) directly ties into understanding the sustainability of the islandôs 

water resources. Sustainability of groundwater aquifers is a major concern for many small 

islands around the globe, and this problem will be exacerbated as sea level rises and with 

continued depletion of freshwater resources by human populations growing at a rate of ~110 

people per minute (4.8 people per minute in the United States, alone)(Worldometers, 2014, 

/world-population/). In tropical islands, like Hawaiᾶi, the presence of several physical factors 

(high precipitation, high aquifer permeability, steep topographic relief, and oceanic forcing) 

makes groundwater discharge to the ocean disproportionately high relative to continental 

coastlines (Zekster, 2000). SGD is difficult to quantify due to its occurrence over large areas and 

low specific flow rates (Burnett et al., 2003). Despite its importance, to date there are a limited 

number of direct measurements of SGD in small islands (Bienfang, 1980; Oki, 1999; Garrison 

and Glenn, 2003; McGowan, 2004; Grossman et al., 2006; Presto et al., 2006; Paytan et al., 2006; 

Lee and Kim, 2007; Peterson et al., 2007; Knee et al., 2008; Peterson et al., 2009; Knee, 2010; 

Dimova et al., 2011; Holleman, 2011; Kennedy, 2011; Kim and Kim, 2011; Jeong et al., 2012; 

Korotenko et al., 2012; Nelson et al., 2013; Tait et al., 2013), and because temporal and spatial 

variation in groundwater fluxes make them difficult to quantify, these studies disagree in flux 

volume, sometimes by orders of magnitude (Figure 1.1). 

In Kona, the western leeward coastline of the Big Island (HI, USA), groundwater flows 

to the Pacific Ocean, an otherwise oligotrophic coastal zone, resulting in offshore gradients in 

nutrients and salinity (Most, 2013, Laws et al., 1999, Moore, 1996, Dollar and Atkinson, 1992). 

In terms of direction, total groundwater discharge to the ocean is net positive, though it is a 

mixture of both seaward (in this paper, positive) and landward (negative) fluxes. Positive flux is 

greater during low tide, when the hydraulic gradient between the land and the ocean is steeper. 

Recharge into the coastal aquifer (negative flux) is caused by tidal pumping, rising sea level, 

wave set-up, and dispersion and diffusion which cause saltwater to recirculate into the land,  



2 

 

mostly during high tide (Michael et al., 2005). The positive and negative fluxes interact in the 

subterranean estuary (Moore, 2000) and in Hawaiiôs coastal, anchialine ponds to make the 

salinity of total SGD brackish (Michael et al., 2005). Though all SGD as it presents at many 

different coastlines around the world consists of saline and fresh fluxes of water, the relative 

contributions and the residence times of each within the coastal aquifer differs (Street et al., 

2008). Freshwater proportion within the total SGD has been estimated in very few studies at sites 

in Hawaiᾶi: Kǭholo Bay (Peterson et al., 2009; Knee, 2010; Dimova et al., 2011), HonokǾhau 

Harbor (Bienfang, 1980; Peterson et al., 2009), Kealakehe (Peterson et al., 2009). However, the 

recirculated seawater proportion of total SGD is consistently overlooked. Because chemical 

reactions occur during the recirculation of high ionic-strength seawater through the coastal 

aquifer, SGD studies should be extended to calculate rates and volumes of short time-scale, 

seawater intrusion, as shown in Chapter 2. As sea level rises and the coastal hydraulic gradient 

Figure 1.1 ï Fluxes of submarine groundwater to the coasts of HonokǾhau Harbor and Kǭholo 

Bay measured during previous studies. Fluxes (m
3
/d) marked with an asterisk have been 

calculated by multiplying the flux (m
3
/m/d) presented in those studies by the seepage face 

lengths utilized in this study (Section 2.2). The fluxes calculated from Gallagher, 1980, and 

Paytan et al., 2006, are given in green text at the top of each bar due to their much larger 

volume relative to the rest of the fluxes. 
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decreases, as is projected in sea-level estimates (Pfeffer et al., 2008; Vermeer and Rahmstorf, 

2009; Merrifield et al., 2009), understanding how the freshwater and recirculated seawater 

components of SGD change and affect Hawaiiôs hydrologically distinct environments: the 

coastal waters, the subterranean estuary, and anchialine ponds, is necessary. 

On the Kona Coast of Hawaiᾶi, streams and rivers are not available to convey nutrients 

from the land to the ocean (Oki, 1999). This makes SGD the primary carrier of terrestrially-

derived nutrients and contaminants to the coastal waters (Street et al., 2008; Peterson et al., 2009; 

Shopka and Derry, 2012). Anthropogenically-derived additions by runoff, wastewater, and septic 

tank leakage are also amassed in SGD (Hunt and Rosa, 2009; Dailer et al., 2010; Glenn et al., 

2013). Combined with physical effects (wind, waves, and rainfall), SGD can facilitate and 

sustain algal growth by flushing porewaters of sediments, releasing dissolved nutrients and 

driving primary productivity in coastal waters (Street et al., 2008; Parsons et al., 2009; Hunt and 

Rosa, 2009; Herzfeld, 2011). Some groundwater discharges affect coastal waters on an 

ecosystem scale, increasing algal biomass in coral reefs and shifting coral-dominated reef 

systems to algal-dominated benthic ones (Most, 2013). The effects of SGD and SGD-delivered 

nutrient fluxes to the shore may have a profound effect on many coastal ecosystems and are 

important variables to consider for the nearshore, bottom of the marine food chain. Cold, fresh 

water and nutrients delivered by SGD, may affect the distribution of primary productivity across 

the water surface and throughout the water column and influence the timing of peak growth 

periods of the lowest level of the marine food chain in the waters off of leeward Hawaiᾶi.  

1.2 ï Scope and Objective of This Study  

Hawaiᾶiôs coastal aquifers and their surface environments play a fundamental role in the 

stateôs history, economy, and culture. North Kona is responsible for the production of over $16 

million of Kona Coffee and is a major tourist attraction, containing 45% of the islandôs total 

number of hotel rooms (Fukunaga &Associates, Inc., 2010). The waters of Hawaiᾶi are home to 

delicate reefs that invite locals and tourists to visit them, as well as scientists who partake of 

them for their 1,011 endemic species (Stein, 2002). These environments are also utilized for the 

production of potable water. However, climate change and human development threaten the 

longevity of the current ecosystems. In an assessment of biodiversity in the United States, 

Hawaiᾶi ranked first among states in number of extinct species (217 confirmed, 27 presumed, 

and 190 possibly extinct) and first among states with ñat riskò populations (62.7% of species) 
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(Stein, 2000 and 2002). Among these extinct and endangered populations are endemic marine 

fish, reptiles, amphibians, water birds, invertebrates and larger fauna like the Hawaiian monk 

seal, green sea turtle, and anchialine shrimp that like the brackish environments found in 

Hawaiᾶiôs coastal regions. The need to maintain the appeal and general health of Hawaiᾶiôs 

coasts has been addressed with the creation of watershed partnerships and the continuation of 

traditional land divisions known as ahupuaôa (Gutrich et al., 2005). To better predict how the 

chemistry and biology of coastal waters can be preserved or how the environment may change 

due to natural and anthropogenic forcings, a full understanding of the inputs to the coastal 

environment and what contemporary and natural changes are already occurring is necessary.  

 

 

This thesis aims to: 

¶ thoroughly describe the submarine groundwater discharge volumes and chemistry,  

¶ assess spatial and temporal changes in SGD quantity and quality, 

¶ characterize nearshore mixing of SGD with ocean waters, and 

¶ elucidate the driving of coastal nutrient budgets, by aquifer losses through SGD 

¶ discover any relationships between net primary productivity to SGD at Kǭholo Bay and 

HonokǾhau Harbor on the Kona Coast of Hawaiᾶi.  

 

 

It consists of a four year study (2010-2014), assessing the vaguely defined ñvariability of 

SGDò between sampling periods at two previously studied Kona sites. In Chapter Two, SGD 

fluxes and composition are assessed during the wet (May-September) and dry (October-April)  

seasons. Groundwater contribution to several anchialine ponds was also measured, utilizing a 

new model that reflects the unique flushing of groundwater through the seaward (recharge to the 

coastal aquifer) and landward (recharge to the upstream aquifer) sides of the pond. Chapter Two 

also illuminates not previously known temporally dependent, changes in fresh and saline 

component dominance in total SGD flux. Lastly, a mass difference method was used to estimate 

fluxes of recirculated ocean water from the coast to the aquifer and recirculated seawater 

volumes in total SGD ï a uniquely landward approach to SGD modeling that will contribute to 

our limited knowledge of coastal groundwater processes.  
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With groundwater flux volumes and chemistry ascertained, Chapter Three investigates the 

relationship of SGD to primary productivity, using chlorophyll-a, to see whether changes in 

SGD are related to predictable changes in productivity. Because HonokǾhau Harbor is a 

manmade, coastal embayment with much human activity (Section 2.1.1), variations in SGD-

delivered nutrient fluxes and primary productivity were contrasted to Kǭholo Bay, the natural 

coastal embayment with less anthropogenic influence, to assess whether changes in SGD across 

the Kona coastline are relative.  

Because groundwater discharges are common along the basaltic coasts of the Hawaian 

Islands, investigations of HonokǾhau Harbor and Kǭholo Bay may produce useful information 

about the SGD that may be extended to other areas with groundwater discharge such as Barbers 

Point, Pearl Harbor, and Kaneohe Bay on Oahu, KǕᾶanapali, Maui, and the eastern coast of 

Hawaiᾶi. 

1.3 - Study Region 

The settings for this research are two distinct and differing coastal embayments off the 

basaltic Island of Hawaiᾶi: Kǭholo Bay and HonokǾhau Harbor (Figure 1.2). Both sites are on the 

Figure 1.2 ï The locations of Kǭholo Bay and 

HonǾkohau Harbor within the HualǕlai 

Aquifer management sector on the island of 

Hawaiᾶi. Shown are the Kǭholo and Keauhou 

aquifers in which the study sites reside and 

the surrounding aquifers, Kealkekua and 

Anaehoomalu. Digital elevation models 

(DEM) from NOAA, 2007. Hillshade image 

of Hawaii by Esri Honolulu and the Hawaii 

Statewide GIS Program.  
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northern Kona coast and lie within the HualǕlai Aquifer management sector. They are divided by 

an east-west rift zone, separating them into the Kǭholo and Keauhou Watersheds, respectively 

(Fukunaga and Associates, 2010). The bay and the harbor are known to have extensive SGD 

plumes (Street et al., 2008; Johnson et al., 2008; Peterson et al., 2009; Knee et al., 2010; Dimova 

et al., 2011; Kelly, 2012), which float on top of saline, dense seawater, and are correlated with 

surface temperature decreases in thermal infrared scans of coastal surface waters (Johnson et al., 

2008).  

The Kona (or ñleewardò) coast is dominated 70% of the time by northeast tradewinds 

between 4.5-8.9 m/s and can experience Kona winds, subtropical storm-driven winds from the 

south, of up to 50 mph (Fletcher et al., 2002). Kona is an arid environment, unique from the rest 

of the island in that it has summer wet (ñLonoò) seasons (May to September) and winter dry 

(ñKuò) seasons, with a maximum average rainfall at the coasts of just 250 mm/yr (Giambelluca  

et al., 2013). Topographically restricted rainfall constrains most precipitation to the upland 

regions (Engott, 2011), between 600-1800 m (Juvik and Ekern, 1978), and at 99 cm/yr 

(Giambelluca et al., 2013). Mean annual groundwater recharge (corrected for rainfall that 

occurred during the study period, fog interception, irrigation, direct recharge, runoff, substrate 

water storage capacity, evaporation and evapotranspiration) for Kǭholo and Keauhou are 

estimated to be 159,000 and 326,000 m
3
/d, respectively (Engott, 2011). The Keauhou Aquifer is 

unique from Kǭholo in that it has anomalously high groundwater level, little tidal fluctuation in 

water level, and high pumping drawdown volumes from groundwater wells, suggesting an area 

of lower permeability than other areas on the Kona Coast (Kauahikaua et al., 1998). Geophysical 

measurements show that the freshwater lens is thicker-than-normal in the Keauhou Aquifer 

(Kauahikaua et al., 1998). However, within both the Kǭholo and Keauhou Watersheds 

permeability of the local geology (lava flows) is high enough to make streams absent (Mink et 

al., 1993).Water may be perched on local ashbeds, but it would be limited to higher elevation, as 

no perched water has been verified and there are no springs at elevation (Adams et al., 1971). 

The simplicity of substrate, relative to older islands with equally complex hydrogeology but 

more evolved land, makes the study of SGD uniquely focused at Kǭholo Bay and HonokǾhau 

Harbor.  
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Figure 1.3 ï The hydrologic connection between the groundwater aquifer and the ocean. The 

diagram shows the coastal aquifer, which forms a typical Ghyben-Herzberg lens. Due to its 

lower density, freshwater floats on top of saltwater beneath the land surface. These two types of 

water mix in a transition zone, at a depth ~40x greater than the height of freshwater in the 

aquifer above sea level. The mixing is due to the processes of diffusion and dispersion. SGD of 

mixed chemistry flows from the coastal aquifer, from the surface, and from marine seeps where 

the land meets the ocean. In Kona, subsurface focusing of groundwater flow lines is associates 

with the locations of coastal embayments like the study sites, Kǭholo Bay and HonokǾhau 

Harbor (Peterson et al., 2009). 

1.3.1 Hydrogeological Setting 

The island of Hawaiᾶi is composed exclusively of basalt and is the youngest volcano in 

the 6,000 km long Hawaiian-Emperor Volcanic Chain that formed and continues to form as the 

Pacific Plate slides across the evolving Hawaiian hotspot. The fresh basalt is highly permeable, 

and combined with low rainfall, gives rise to only temporary streams that typically cease flow 

prior to discharging at the ocean (Macdonald et al., 1983). Groundwater exists as a thin, 

freshwater lens overlying sea water in the basal aquifer of the island or as perched aquifers in 

layers confined by dikes/tephra/soil/intrusions. In the basal aquifer, groundwater forms a typical 

Ghyben-Herzberg lens, where freshwater and recirculated marine water are separated with a 

salinity transition zone (Figure 1.3).  

Hydraulic conductivity increases from south to north, from the HualǕlai rift -zone (152 

m/d), which acts as a hydraulic barrier (Kauahikaua et al., 1998), to the Anaehoomalu Aquifer 

(10,350 m/d) (Oki, 1999). The trend is complicated by trachyte lavas just north of the HualǕlai 

rift -zone that dip southwest and have low to no permeability, underlain by layers where both 

vertical and horizontal hydraulic conductivity is high (Bauer, 2003). It is suggested that the 
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trachyte flows could influence groundwater flow and affect ground water level elevations (Bauer, 

2003). Limited to a basal aquifer connected to the ocean, groundwater was predicted to exit from 

the coast through subsurface conduits, likely lava tubes, in several previous studies and utilizing 

a variety of methods: aerial thermal infrared imaging of the coastline (Adams et al., 1971; 

Johnson et al., 2008), aerial magnotelluric and electrical resistivity reconnaissance (Adams et al., 

1971), and surveys for geochemical tracers of groundwater (Street et al., 2008; Peterson et al, 

2009; Knee et al. 2010; Kelly, 2012). In Kǭholo Bay, there are at least eighteen point-source 

groundwater discharge locations identified by low thermal anomalies in surface water 

temperature (Johnson, 2008). The use of land-based electrical resistivity (ER), which was able to 

distinguish between bedrock minerals, fresh and salty ground waters, confirmed the existence of 

these discrete, 

subsurface outlets 

(Dimova et al, 2011).  

Kǭholo Bay is 

located on the flanks of 

the HualǕlai and Mauna 

Loa Volcanos (Figure 

1.4). The geology 

consists of pahoehoe and 

aᾶa lava flows from 

HualǕlai and Mauna Loa. 

Sherrod et al., 2007, 

describes the HualǕlai 

Volcanics as transitional 

and alkali basalts and 

trachytes, deposited 

between 0-10 ka. The 

Kau Basalt, from Mauna 

Loa, was deposited between 0.0-0.2 ka and consists mostly of tholeiitic basalt and transitional 

basalts (Sherrod et al., 2007). The groundwater-bearing unit is suspected to be located within 

HualǕlai layers, however Mauna Loa flows (such as the 1859 lava flow that extends 29 miles 

Figure 1.4 ï Geology of Kǭholo Bay on the Kona coast of Hawaiᾶi.  

Tan color indicates HualǕlai Volcanics, yellow sand color indicates 

Kau Basalts from Moana Loa Volcano, and light purple is a small 

area of quaternary alluvium that has accumulated at the coast. 

Geologic basemap layers and DEM (inset) from the Hawaii Statewide 

GIS Program (Sherrod et al., 2007, and NOAA, 2007). 
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Figure 1.5 ï Geology at HonǾkohau Harbor on the Kona Coast of 

Hawaiᾶi. The harbor was excavated from the alkaline basalts from 

HualǕlai. At HonǾkohau, these lava flows range in age from 3-10 ka. 

Geologic basemap layers from the Hawaii Statewide GIS Program 

(Sherrod et al., 2007).  

from the northwest flank of the volcano to the study site) must also be considered due to flow-

interbedding from HualǕlai and Mauna Loa (Bauer, 2003).  

HonokǾhau Small Boat Harbor is also located on the flanks of HualǕlai Volcano (Figure 

1.5). The harbor, excavated from the high porosity, permeable, alkaline olivine basalts that make 

up its walls, was created in 1970 (Bienfang, 1980) and expanded in 1979 (Hoover and Gold, 

2005). HonokǾhau is the relatively more studied site of the two Kona sites with ~40 years of 

intermittent research (Bienfang, 1980; Gallagher, 1980; Hoover and Gold, 2005). It is also a 

manmade, coastal landmark that is highly influenced by human activities (boating, fishing, 

swimming, and activities, such as the use of wastewater treatment lagoons, at the nearby 

Kealakehe water treatment facility). The entrance to the harbor is 256 m long and 36.6 m wide 

and 4.6-6 m deep from head to mouth (US Army Corps of Engineers), and the harbor basin is 

~360 m long, 105 m wide, and 4 m deep.  Wetland surrounding the adjacent HonokǾhau Bay and 

several anchialine ponds provide surficial evidence of a connection to fresh groundwater 

(Fletcher et al., 2002). The harbor is characterized by a buoyant groundwater plume (~0-5 m 

deep), which is typified 

by a cold (~20.5-

26.5°C), nutrient-rich 

layer that is either 

separated from bottom 

depths by a local 

pycnocline (Gallagher, 

1980; Grossman et al., 

2010; Johnson et al., 

2008). Groundwater 

head gradient has been 

measured to be ~0.13 

m/km (Oki et al., 1999). 

Monitoring, in 

previous studies, 

shows that 

groundwater flow to 
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HonokǾhau Harbor has significantly decreased over the last 30 years and is predicted to continue 

to decline due to increasing development in the watershed (Hoover and Gold, 2005). To add to 

this, several potential impairments to coastal waters outside the harbor are identified: increasing 

metal concentrations, increasing water temperature, invasive species, decreasing flushing of the 

harbor by coastal discharges (beginning after harbor expansion in 1979), and sound and light 

pollution (Hoover and Gold, 2005).  

Together, Kǭholo Bay and HonokǾhau Harbor serve as coastal outlets to the Kǭholo, 

Kaupulehu, Puuwaawaa, Kukio, HonokǾhauiki, Kaloko, and Puapuaa ahupuaôa, or native 

Hawaiian watershed regions. Previously measured SGD fluxes, using a thermal infrared imaging 

and a  mass balance approach for the naturally occurring geochemical tracer, 
222
Rn, for Kǭholo 

Bay and HonokǾhau Harbor in May 2007 and February 2006 are estimated to be 7,100 m
3
d

-1 
and 

12,000 m
3
d

-1
, respectively (Peterson et al., 2009). Brackish water discharges were estimated to 

by between 630-8,600 m
3
/d. 

1.4 ï Outline of the Thesis  

Submarine groundwater discharge fluxes affect the coastal waters at Kǭholo Bay and 

HonokǾhau Harbor. These fluxes have been found to differ temporally and spatially, but the 

extent to which these change has never been studied. Chapter 2 elucidates how these fluxes 

change with seasons, wet and dry. It also distinguishes fresh and salty components of the total 

SGD fluxes and examines the timing and magnitude of each. This information was used to 

calculate the rates and volumes of recirculated seawater flux into the coastal aquifer. Appendices 

I-II supplement data shown in Chapter 2. Appendix I contains figures and explanations for all 

radon models. All equations utilized to correct radon models and to calculate SGD flux are 

explained in detail in Appendix II. Appendix V contains all raw data tables. 

The SGD on the Kona coast has the potential to increase primary productivity in 

receiving waters. Already, Kǭholo Bay and HonokǾhau Harbor are known to bring rich supplies 

of land-derived nutrients to the waters of the Pacific Ocean, but little is known as to the fate of 

the nutrients conveyed by SGD. Chapter 3 examines spatial water quality characteristics and net 

primary productivity, in relation to SGD flux and SGD-derived nutrient fluxes. It also examines 

the residence time of groundwaters and, by extension, nutrients in the coastal region by using 

apparent radium ages to date waters. Appendices III-IV supplement Chapter 3 by providing 

analytical specifics for each measurement apparatus used in nutrient analysis (Appendix III). In 
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Appendix IV, individual sample locations are illustrated. Also, a table of nutrient fluxes 

calculated in previous studies is included. Lastly, all data that corresponds to water samples 

utilized in nutrient and chlorophyll-a analyses are tabled.
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CHAPTER 2 ï SUBMARINE GROUNDWATER FLUXES TO KǬHOLO 

BAY AND HONOKǽHAU HARBOR, HAWAII  

2.1 Introduction 

In leeward Hawaiᾶi, groundwater flows to the Pacific Ocean, an otherwise oligotrophic 

coastal zone, freshening coastal marine waters and delivering nutrients and contaminants from 

the land (Dollar and Atkinson, 1992; Moore, 1996; Laws et al., 1999; Most, 2013). At sites 

studied on the Kona coast: Kǭholo Bay (Peterson et al., 2009; Knee, 2010; Dimova et al., 2011), 

HonokǾhau Harbor (Bienfang, 1980; Peterson et al., 2009; Knee et al., 2010), the timing and 

influences of the fresh versus the saline components of mixed, brackish submarine groundwater 

discharge (SGD) are, to a few exceptions (Street et al., 2008; Peterson et al., 2009) neglected, 

leaving the pedigree of the fluids and their chemical loads, present in the coastal mixing zone 

and transported offshore, undetermined. Therefore, attention needs to be directed at what 

fractions of SGD, fresh or saline, affect the coastal zone and how this changes with tidal and 

seasonal cycles. This data can be used to assess the effects of groundwater aquifer withdrawals 

and anthropogenic additions to groundwater chemistry and to qualify the current salinity 

dynamics of nearshore waters. As sea level rises and the coastal hydraulic gradient decreases, as 

is projected in sea-level estimates (Pfeffer et al., 2008; Vermeer and Rahmstorf, 2009; Merrifield 

et al., 2009), understanding how the freshwater and recirculated seawater components of SGD 

change and affect coastal waters will become more important. Baseline data on the quantity and 

quality of these fluxes may aid in predicting and preventing degradation of coastal recreational 

water bodies, beaches, and the coastal aquifer, itself. 

Radon was used as the major SGD tracer in this study, and we performed spatial surveys, 

time-series deployments and well/piezometer sampling to identify SGD locations and temporal 

variability. Due to the presence of 
238

U in basalts in Hawaiiôs groundwater aquifers, both fresh 

and brackish SGD have more of the daughter product, 
222

Rn, than seawater (1.2 x 10
5
-1.2 x 10

7
 

dpm/m
3
 vs ~80 dpm/m

3
 offshore of Hawaiᾶi)(Zekster et al., 2007; Street et al., 2008). 

222
Rn is 

inert and behaves chemically conservatively in the ocean, which has diminished 
222

Rn signal, 

and is easily measured in situ using automated Rn detectors (Charette et al., 2008). Given that 

there are no riverine/stream inputs to Kǭholo Bay and HonokǾhau Harbor, a simplified, non-
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steady state mass balance box model was used to estimate the flux of groundwater needed to 

support measured activities of 
222

Rn in the box (Burnett and Dulaiova, 2003). SGD in Hawaii is 

characterized by comparatively (to the ocean) high radon and lower salinity (Peterson et al., 

2009). Thus, excess activity of radon above its dissolved parent, 
226

Ra, and decreases in salinity 

during coastal surveys for 
222

Rn and salinity were used to locate groundwater outlets along the 

coastline. Long-term monitoring, referred to as ñtime seriesò, of these same outlets for 
222

Rn and 

salinity was also used.  

Additionally, this study explores the flushing of groundwater through several coastal 

anchialine ponds in Kona. These ponds, that are tidally regulated and groundwater fed, have 

subterranean connections to the coastal ocean. The unique environment, with no surficial 

connection to the ocean and transient but measurable volume, provides a convenient model in 

which to experiment with groundwater fluxes into and out of an open system. Models of 

anchialine pond groundwater flushing rates were constructed to determine the residence time of 

fresh groundwater in the ponds (Dudley et al., 2014), and this concept was extended to radon 

time series in the marine environment to calculate rates and volumes of short time-scale, 

seawater intrusion into the coastal aquifer at Kǭholo Bay and HonokǾhau Harbor. 

2.2 Methods 

2.2.1 Study Sites 

Three classes of waters (groundwater, anchialine ponds, and coastal waters) were 

sampled for quantity and quality. Two coastal embayments and several anchialine ponds on the 

northern Kona coast of Hawaiᾶi, and located on the flanks of the HualǕlai Volcano, served as 

focal areas in this study. Kǭholo Bay (KB) is a relatively pristine environment managed by the 

Hawaiôi Department of Land and Natural Resources (DLNR) and is surrounded by arid, 

wilderness and several Hawaiian cultural cottages. HonokǾhau Harbor (HH) is a manmade small 

boat harbor with high levels of anthropogenic activity and use that is adjacent to the Kealakehe 

Wastewater Treatment Facility (Figure 2.1). Both of these major sites and all anchialine ponds 

lay within the HualǕlai Aquifer management sector. Kǭholo Bay and HonokǾhau Harbor are 

separated by an east-west rift zone, dividing them into the Kǭholo and Keauhou Watersheds 

(Figure 2.3)(Fukunaga and Associates, 2010). Modeled mean annual groundwater recharges for  
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Figure 2.1 ï The locations of groundwater monitoring sites at A) Kǭholo Bay and B) HonokǾhau Harbor on the island of Hawaiᾶi. 

Inset shows the locations of Kǭholo Bay and HonokǾhau Harbor on Hawaiᾶi and within the Hawaiian Archipelago in the Pacific Ocean. 

Groundwater discharge was monitored at three previously identified outlets at Kǭholo Bay (Johnson et al., 2008; Peterson et al., 2009; 

Holleman, 2012; Kelly, 2012) and at two outlets at HonokǾhau Harbor (Bienfang, 1980; Holleman, 2012). Groundwater monitoring 

sites are referred to by acronyms: KB1) Kǭholo Bay lagoon head (orange/white stripes), KB2) Kǭholo Bay lagoon mouth (yellow 

stripes), and KB3) Kǭholo Bay proper (orange/red stripes), HH1) the harbor head (orange stripes) and HH2) the harbor mouth (black 

stripes). Although TIR images from previous studies show that groundwater plumes at both locations cover much larger surface areas, 

fluxes in this study were calculated from a conservative area that is constrained by the distance from the shore of the farthest-deployed 

time series (green dots). Shoreline seepage face lengths (red lines) were used to determine the total SGD flux per m of shoreline. 

(Aerial photomosaics from the Pacific Data Center and hillshade inset by ESRI Honolulu and the Hawaii Statewide GIS Program.)
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the Kǭholo and Keauhou groundwater aquifers are estimated to be 159,000 and 326,000 m
3
d

-1
, 

respectively (Engott, 2011).  

Limited to a basal aquifer connected to the ocean, groundwater was predicted to exit from 

the coasts of Kǭholo Bay and HonokǾhau Harbor through subsurface conduits, likely lava tubes, 

in several previous studies that, together, represent a variety of qualitative methods: aerial 

thermal infrared imaging of the coastline (Adams et al., 1971; Johnson et al., 2008; Kelly, 2012), 

aerial magnotelluric and electrical resistivity reconnaissance (Adams et al., 1971), and surveys 

for geochemical tracers of groundwater (Street et al., 2008; Peterson et al, 2009; Knee et al. 

2010). In Kǭholo Bay, the use of land-based electrical resistivity (ER), which was able to 

distinguish between basalt, fresh, and saline ground waters, confirmed the existence of these 

discrete, subsurface outlets (Dimova et al, 2011). As viewed from the ocean, the extensive SGD 

plumes at Kǭholo Bay and HonokǾhau Harbor float on top of saline, dense seawater, and are 

correlated with surface temperature decreases in thermal infrared scans of these tropical waters 

(Johnson et al., 2008). Kǭholo Bay is divided by two modes of circulation, an open bay area that 

is flushed with open ocean water and a lagoon with restricted estuarine circulation. HonokǾhau 

Harbor, on the other hand, consists of a single protected basin where circulation is driven by 

deep salty water, directly from the ocean, circulating along the bottom of the harbor and upward 

at the harbor head at a rate of approximately 63 m
3
/min (Gallagher, 1980). Groundwater 

discharge mixing with marine waters creates a statistically significant (n=813, R
2
=0.94) inverse 

correlation between temperature and salinity at both sites (Johnson et al., 2008). The several 

anchialine ponds surrounding the two embayments provide surficial evidence of the connection 

between coastal outlets at Kǭholo Bay and HonokǾhau Harbor to fresh groundwater (Fletcher et 

al., 2002; Dudley et al, 2014). 

Together, Kǭholo Bay and HonokǾhau Harbor serve as coastal outlets to the Kǭholo, 

Kaupulehu, Puuwaawaa, Kukio, HonokǾhauiki, Kaloko, and Puapuaa ahupuaôa, or native 

Hawaiian surface watershed regions. Previously measured SGD fluxes for Kǭholo Bay and 

HonokǾhau Harbor in May 2007 and February 2006 are estimated to be 7,100 m
3
d

-1 
and 12,000 

m
3
d

-1
, respectively (Peterson et al., 2009). Table 2.5 shows groundwater fluxes from previous 

studies. 
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2.2.1 Vertical Profiles of Salinity and Temperature  

To characterize the physical properties and sizes of plumes of SGD derived 

fresh/brackish water in the coastal zone, the vertical structure of the water column and the depth 

of the freshwater-seawater transition zone was determined. Transects were used A) at the Kǭholo 

Bay lagoon and Kǭholo Bay, and B) the north side of HonokǾhau Harbor (Figure 2.1), along 

which salinity and temperature profiles were collected. At HonokǾhau Harbor, depth profiles 

were collected within a 100 m wide transect from the head to the mouth of the harbor (730 

m)(image A). At Kǭholo Bay, the transect was 150 m wide and 450 m long from shoreline. At 

Kǭholo Bay lagoon (image B), the transect was 70 m wide and covered a distance of 350 m from 

the lagoon head to mouth (Bay A-Aô). Depth profiles were recorded using a multiparameter 

sonde (YSI6920 V2-2, YSI 6600 V2-4, or YSI 600-XLM ) that measured water temperature, 

salinity, specific conductivity, pH, and dissolved oxygen. Salinity was calibrated with a NIST-

traceable conductivity solution of 10,000 µS/cm and is precise to ± 1.0%. The temperature probe 

is accurate to ± 0.1°C. All subsequent references to water quality parameters measured by a 

multiparameter sonde refer to 

the exact parameters described 

above. All data was input into 

Ocean Data View, which uses 

the DIVA (data-interpolating 

variational analysis) software 

to model spatial data within 

mapped 

coastlines 

with fluid 

advection. 

 

 

 

 

Figure 2.2 ï Depth profile 

transects and discrete sample 

locations for water column 

characterization at A) HonokǾhau 

Harbor and B) Kǭholo Bay and 

Kǭholo Bay lagoon. Samples were 

collected from head to mouth at 

HonokǾhau Harbor 2014. Profile 

locations are shown as green dots 

and are described in detail in 

Appendix V. (Aerial 

photomosaics from the Pacific 

Data Center.) 
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2.2.2 Radon Marine Time-Series, Surface-Water Surveys, and Anchialine Pond Time-Series 

Radon Grab Sampling of Groundwater Endmembers 

In order to derive each parameter for the radon mass balance, we quantified excess 
222

Rn 

in marine surface waters (< 0.10 m depth), piezometers deployed near the coast, and well grab 

samples (Figure 2.3). Sixty-one well and several piezometer grab samples were collected in 250 

mL screw-top bottles (DURRIDGE Company, Inc.). These were collected using either: well taps 

(prepared by flushing the well tap with three volumes of groundwater prior to collection) or 

using a Geotech peristaltic pump (Geotech Environmental Equipment, Inc.) outfitted with trace 

metal/nutrient clean Masterflex silicon and polyurethane tubing. The radon collection bottles 

were allowed to overflow for three bottle volumes of water and capped to leave no head airspace 

in the bottle. Grab samples were analyzed the same day of collection using a RAD-H2O 

(DURRIDGE Company, Inc.) and were corrected for decay of 
222

Rn since their time of 

collection. Temperature and salinity were determined at the time of collection at all piezometers 

and wells by a multiparameter sonde (YSI6920 V2-2). 

Coastal Surface-Water Surveys for 
222

Rn 

Because SGD from the leeward coast of Hawaiᾶi is characterized by lower salinity, low 

temperature, high radon waters, coastal surveys of the surface waters for 
222

Rn, salinity, and 

temperature were used to locate groundwater impacted areas. These were collected between June 

2010 ï March 2012 at Kǭholo Bay and June 2010 ï October 2011 at HonokǾhau Harbor. Survey 

data was collected from an inflatable zodiac equipped with a 2 hp engine or oars and moving at a 

speed < 5 km/h. Measurements of 
222

Rn in the surface waters were made continuously in 5-

minute intervals using an autonomous radon-in-air detector (Rad7-Aqua manufactured by 

DURRIDGE Company, Inc.; Lane-Smith et al., 2002). All subsequent references to radon 

measurement utilize this particular monitor. Salinity and temperature data were collected 

contemporaneously using either a multiparameter probe or a conductivity, temperature and depth 

sensor (Schlumberger diver CTD). A GPSMAP 420S (Garmin) was used to continuously record 

depth, latitude, and longitude along the survey path. Due to 5-10 minute lag, between 

measurement of the surface waters and reporting by the Rad7, 
222

Rn reported during the coastal 

survey was manually adjusted backwards 5-10 minutes along the survey path for each 

measurement. 
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Figure 2.3ï Groundwater wells sampled in the HualǕlai Watershed and their respective locations 

within the boundaries of the Kǭholo, Keauhou, and Kealakehe aquifers.  Sixty-one wells (red 

dots) were measured for water quality parameters and 20 of these were analyzed for radon. Six 

anchialine ponds and six piezometers were also sampled (white dots). (Hillshade image of 

Hawaii by Esri Honolulu and the Hawaii Statewide GIS Program.)
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Figure 2.4 ï The locations of anchialine ponds and the Hind well near Kǭholo Bay, large map, 

and HonokǾhau Harbor, lower right inset. (Aerial photo mosaics from the Pacific Disaster 

Center.)
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Time Series Sampling for 
222

Rn and Salinity 

Time series measurements of 
222

Rn were made continuously in 15-30 minute intervals, 

for 8-72 hours, on stationary platforms at three groundwater impacted locations at Kǭholo Bay, at 

two locations in HonokǾhau Harbor (Figure 2.1), and at five anchialine ponds (Figure 2.4) 

between June 2010 ï May 2014. At the marine sites (Kǭholo Bay and HonokǾhau Harbor), time 

series were established on a 10-foot dinghy anchored near groundwater discharge outlets as 

indicated in Figure AI.1. At anchialine ponds, surface water was pumped into a RAD-Aqua 

system deployed on the land at the periphery of the water. Time series were equipped with one 

autonomous radon-in-air detector, measuring the surface water radon (~20 cm below the surface) 

and either, a multiparameter probe or a diver CTD deployed at ~20 cm below the water surface. 

A diver CTD was deployed on the sea/pond bottom to record changing water depth with tide. 

Surface water was pumped using a 12-volt bilge pump (Rule 360 Bilge Pump) that transported 

the water to an air-water exchanger, which was attached to the radon-in-air monitor (Figure AI.1). 

Radon data recorded for the first two cycles (30 min) was ignored to allow the Rad7 closed-loop 

system to reach equilibrium. 

Calculation of SGD Fluxes from Radon Mass-Balance 

Groundwater discharge flux (QSGD) needed to support measured coastal activities of 

222
Rn was calculated by a 

222
Rn mass-balance of surface coastal waters based on Charette et al. 

(2008). Additions to the coastal inventories (Figure 2.5) are groundwater discharge, sediment 

diffusion (negligible), and radioactive decay of the parent (
226

Ra t1/2=1,622 y). Losses are 

radioactive decay of radon (
222

Rn t1/2 = 3.82 d), mixing by tides (Fmix), and air-sea evasion of 

radon gas (Fatm). The advection rate (m/h) of total SGD is calculated from the radon mass-

balance model as excess 
222

Rnsurf unsupported by 
226

Ra (dpm/m
2
/h) divided by the 

222
Rn activity 

of groundwater (dpm/m
3
)(Charette et al., 2008). The proportion of fresh water and saline water 

within the total SGD relied on two endmember salinity balance equations, modified to eliminate 

residence time, from Street et al., 2008. These are described in further detail under ñSaline 

Recirculation to the Nearshore Aquiferò. 

Wind speed data, reported in 1 hour increments, was obtained from a nearby weather 

station (NOAA station WBAN ID#91197521510 located at Kona-Keahole International Airport, 

HI), located ~19.6 m from Kíholo Bay and 9.2 m from HonokǾhau Harbor, and was used in 
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conjunction with salinity and temperature of the water to evaluate losses from the 
222

Rn 

inventory due to radon gas evasion (Schubert et al., 2012). To correct for in situ 
222

Rn produced 

through the decay of 
226

Ra, we used a 
226

Ra value of 80 dpm/m
3
 measured in offshore ocean 

water near Hawaiᾶi by Street et al. (2008). 
222

Rn inventories
 
were normalized to changing tidal 

height based on the depth to the saltwater/freshwater transition zone measured by vertical water 

column profiling for salinity near each time series. Based on the vertical water profiles, full 

water column depth, as measured by diver CTD, was used at Kǭholo Bay and a depth of no 

greater than ~0.5 m was used at HonokǾhau Harbor. Average coastal piezometer and lowland 

groundwater well 
222

Rn values were used as the terrestrial endmember radon concentrations of 

the discharging groundwater (366,000 dpm/m
3
 at Kǭholo Bay and 675,000 dpm/m

3
 at 

HonokǾhau Harbor). 

Dividing the corrected radon inventory by the radon measured in groundwater 

endmembers resulted in advection rates needed to maintain the measured inventory, in 

 

Figure 2.5 ï Radon box 

model (modified from 

Burnett and Dulaiova, 

2003) showing radon 

inputs: SGD, ingrowth 

from dissolved 
226

Ra, 

diffusion from corals and 

sediments, as well as radon 

losses: evasion of Rn gas to 

the atmosphere (Fatm), and 

mixing with the ocean 

(Fmix). The inventory of 

excess radon (total radon 

less in situ production via 
226

Ra), is supported by 

these inputs and loss terms. 

Once we account for all 

these terms, we can assess 

the amount of 
222

Rn 

contributed to the ñboxò 

(
222

Rnsurf) by SGD (QSGD). 

Groundwater impacted 

layer depths vary by site.  
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submarine groundwater flux per area (m
3
/m

2
/d), at the time series location. In order to convert 

the advection rate to volumetric flux (m
3
/d), the advection rate was multiplied by groundwater ï

impacted surface areas originating from the shoreline and extending out to sea. We determined 

this surface area based on excess radon activity (shown in the radon survey results described in 

2.3.2) for coastline length and the seaward distance of the groundwater time series from the 

seepage face. Surface areas utilized to make these conversions are given in Figure 2.1. Thickness 

of the radon plume was based on the vertical salinity depth profiles, where all measurements up 

to a salinity of 34 were considered to be within waters affected by SGD. Table 2.1 gives all the 

measurements used to calculate the volumetric groundwater fluxes for each time-series. 

Radon measurements from the June 2010 surveys at Kǭholo Bay were converted into 

SGD fluxes based on equations from Dulaiova et al. (2010). Coastal 
222

Rn inventories, corrected 

for all non-SGD sources, as in the time series, were multiplied by the volume of coastal 

groundwater boxes and then divided by the 
222

Rn activity in groundwater endmembers adjusted 

for the residence time of groundwater in the coastal zone. In these calculations, flushing rates 

used for residence time of groundwater at Kǭholo Bay were based on those calculated using 

radium ages by Street et al., 2008 (1.56 d off the Kona coast of Hawaii). The same terrestrial 

groundwater endmembers from the marine time-series calculations were used for the 

concentration of 
222

Rn in groundwater for the surveys. SGD can also be expressed as discharge 

per meter of coastline (m
3
/m/d), in which case the volume of the coastal box is divided by the 

coastline length. Because of the assumption that the radon enriched groundwater plume only 

extends to the survey path or time series location, our results are conservative and may under-

represent SGD fluxes. 

Radon Mass Balance of Time Series Measurements in Anchialine Ponds 

Coastal ponds experience tidally induced groundwater pumping: at low tide the hydraulic 

gradient between the inland aquifer and the ocean is larger and groundwater flows to the ocean. 

At high tide the hydraulic gradient between the aquifer and the ocean decreases and groundwater 

flow slows or reverses. This process reflects on coastal ponds ï they will experience 

groundwater discharge from the upstream side of the pond and recharge at the downstream side 

at low tide and then recharge to the upstream side of the pond and discharge at the downstream 

side at high tide.  
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For anchialine pond time series, groundwater discharge was calculated using the same 

mass balance approach as described in the marine time series. Groundwater endmember 
222

Rn 

was based on measurements deployed near the coast that average 20,000 dpm/m3 for the Kiholo 

Bay ponds, well grab samples at HualǕlai Four Seasons Resort that average 5,000 dpm/m3 for 

Weli Weli pond, and the West Hawaii Sanitary Landfill (WHSL) wells that average 67,000 

dpm/m
3
 for the Ska16 pond. Since there was no rainfall during the monitoring of the anchialine 

ponds over one tidal cycle, groundwater discharge was the sole source of freshwater to the ponds. 

To determine pond dimensions for use in calculating the volumetric fluxes, diver CTDs were 

used to determine pond water depth, which was multiplied by the surface area (m
2
) , as measured 

by manually mapping the pond with a GPS.  

Anchialine pond mass balances also included recharge estimates, during which water 

from the pond enters the coastal aquifer, which laid the foundation for later assessments of 

saltwater recharge to the coastal aquifer during marine time series (Section 2.3.2). Recharge 

estimates are based on the slowing/reversal of groundwater discharge when the hydraulic  

gradient favors the landward propagation of ocean tides. The radon mass balance is modified to 

include recharge in the measured inventory (Rnsurf), and the SGD flux to the ocean (Qgwd) 

consists of the original inputs and outputs of the radon time series: addition of radon by SGD or 

in this case groundwater seepage (Rngw), addition and loss by radioactive decay (ingrowth of 

radon from 
226

Ra and loss of radon to 
218

Po) (RnsurfɚRn), as well as losses by atmospheric evasion 

(Fatm) and recharge back into the aquifer (Qgwr)(Figure 2.6).  

Fluxes calculated by this method include the groundwater discharge from the upstream 

aquifer, groundwater discharge from the coastal aquifer (ocean side of the pond), groundwater 

recharge to the upstream aquifer, and groundwater recharge to the coastal aquifer (ocean side of 

the pond) in m
3
/d. Summing each of these processes, as some may occur more frequently 

depending on the type of tide (i.e. diurnal v mixed), gives the volumes of water recharged and 

discharged for a full tidal cycle. 
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Figure 2.6 ï Schematic diagram of radon pond model used to calculate groundwater discharge 

from the aquifer to the ocean and recharge from the ocean to the aquifer. Regulated by changing 

hydraulic gradient between the coastal aquifer and the ocean, the red arrows show direction of 

groundwater contribution that occurs during high tide. The black arrows show the direction of 

groundwater discharge during low tide. Total SGD is calculated using the radon box model for 

time series. Fresh (Qgwd) and saline (Qgwr) fractions of SGD are calculated from the total SGD 

derived from the time series. 

 

 

Determination of Freshwater/Saline Components of Groundwater Fluxes 

After a total SGD flux, ὗ , was calculated, a salinity mass balance was constructed 

to quantify the fractions of fresh and saline water that make up the total flux of SGD as follows.  

The salinity of the sampled water, [s], is: 

 

ί  έ ρ Ὣύ (2.1) 

where ᾀo is the fraction of SGD from the ocean, [o] is the ocean salinity (35 PSU), and [gw] is the 

salinity of the groundwater (used a salinity of 0.1, which is lower than the average salinity of 

groundwater wells and piezometers). 

 

We solved for ᾀo: 

ί  έ Ὣύ Ὣύ 

ί Ὣύ  έ Ὣύ  

(2.2) 
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ί Ὣύ

έ Ὣύ
 

And if we refer to the fraction of the total SGD that is fresh as ᾀgw and since: 

ὛὋὈ (2.3) 

then, the fraction of the total SGD that is saline must be: 

 

Ὢ ὛὋὈ  (2.4) 

Saline Recirculation to the Nearshore Aquifer 

After Total SGD was divided into its freshwater and recirculated seawater components, 

the rate and volumes of saltwater intrusion at each time-series can be calculated, assuming three 

things: 1) nothing, except recirculated seawater, is added to increase the salinity of groundwater 

from the land along its seaward path, 2) the salinity of the freshwater endmember (0.1) is the 

same as the salinity of the freshwater in the coastal aquifer, and 3) all of the saline component of 

SGD was recharged to the aquifer as recirculated seawater. Total SGD was divided into 

ñdischargeò and ñrechargeò based on tidal cycle lows and highs, respectively. Since the coastal 

hydraulic gradient decreases from low to high tide, the period from each low tide minimum to 

each high tide maximum was chosen as the recharge period for each time-series (Figure 2.7).  

 

Figure 2.7 ï Periods in the tidal cycle when the 

hydraulic gradient favors recharge into the 

coastal aquifer (shaded blue). The period from 

the low tide minimum to the high tide 

maximum in the tidal cycle was used to 

calculate recharge fluxes. 

 

We assume that all saltwater that discharges with total SGD was originally flushed into 

the coastal aquifer. Therefore, the flux of recirculated seawater into the coastal aquifer, Qr, is 
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calculated as the mean of all saltwater fluxes (QSGDs) on the rising limb of the measured saltwater 

discharge (Figure 2.8). 

 

 

Figure 2.8 ï Calculating the mean recharge 

flux. The fresh (grey) and saltwater (black) 

SGD fluxes are shown with the water level 

(hashed line). Recharge to the coastal aquifer 

occurs during flooding tide (shaded blue). 

During discharge, the mean of all fluxes from 

the minimum, non-zero saltwater flux, to the 

maximum saltwater flux gives the mean 

recharge flux, Qr , of marine water into the 

coastal aquifer during the recharge time 

period. 

 

 

After calculating the flux of recirculated seawater into the coastal aquifer, the volume of 

seawater (Vs, m
3
) that was pumped into the coastal aquifer during the recharge period is given by: 

ὠ ὗ ЎὝ 
(15) 

 

where ЎὝ ÔÈÅ ÃÈÁÎÇÅ ÉÎ ÔÉÍÅȟÁÎÄ ὗ are the fluxes of saltwater SGD. 

2.3 Results 

2.3.1 Vertical Profiles of the Water Column at HonokǾhau Harbor and Kǭholo Bay 

In order to ascertain groundwater plume structure, surface and vertical water quality 

parameters were collected between the hours of 0500-1900 at HonokǾhau Harbor and 0800-1800 

at Kǭholo Bay. Temperature and salinity vertical water column profiles were conducted for 

HonokǾhau Harbor (n=3), Kǭholo Bay (n=2) and Kǭholo Bay lagoon (n=7). The profile cross-

sections (Figure 2.9-Figure 2.12) are oriented as described in 2.2.1 and shown in the 

geographical inset. These are labeled by month and year with water temperature (left) and 

salinity (right), as measured by multiparameter probe and contoured using the freeware program, 

Ocean Data View (Schlitzer, 2015). The timings of the surveys (red lines), with respect to tidal 

stage, are shown in the tide charts located lower left. On the right, the calculated average total 
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SGD flux (m
3
/d) for the respective time period is shown. (These SGD flux calculations are 

described in detail in 2.3.3.) The bars are colored according to the legend in the lower right, with 

wet season fluxes given in blues and dry season fluxes shown in oranges. The percent of the total 

SGD that each component (salty or fresh) represents is shown as light or dark. All profiles show 

the well-documented (Johnson et al., 2008; Street et al., 2008; Peterson et al., 2009; Dimova et 

al., 2011) buoyant, cold groundwater plumes floating on top of denser seawater. In all following 

text, data is presented as a range, with the mean presented in parentheses. 

Temperature and salinity vertical depth profiles were constructed during June 23 and 25 

(high and low tide) and September 27, 2010 (lower high tide); March 23 (flooding tide) and 

October 26, 2011 (high tide); and March 15 and May 19, 2014 (both, low tide), for the Kǭholo 

Bay lagoon (Figure 2.9). Profiles of temperature and salinity show a cold, brackish groundwater 

plume that extends over the top 0.25 m during all seasons. Surface temperatures and salinity 

from lagoon head to mouth ranged from 22.2-27.5°C (23.9°C) and 8.1-29.2 (14.2). Plume 

temperature and salinity were coldest and freshest throughout the water column depths during 

the dry season months of March 2011 and 2012, possibly in response to post-tsunami wave 

turbulence in 2011, increased groundwater fluxes (2,400 m
3
/d, Results 2.3.2) in 2012, or a 

seasonal variation in ocean/wind current patterns. Temperature and salinity decreased from  

lagoon head to mouth for all vertical profile surveys excepting those conducted in March and 

May 2014, where the surface layers of the groundwater plume appear to expand by 0.3 m, near a 

secondary groundwater outlet at ~250 m from the lagoon head. Temperature from surface to 

lagoon bottom ranged from 22.2-30.4°C (25.8°C). Salinity ranged from 8.1-34.3 (24.7). 

During the wet season month of June 2010, a vertical water depth profile was collected at 

high and low tides at the Kǭholo Bay lagoon. Figure 2.10 illustrates where temperature and 

salinity differences occurred along the transect. During high tide, the groundwater plume (to 

salinity of 28) was reduced in thickness (~0.5 m deep), whereas at low tide, the groundwater 

plume (to salinity of 28) expanded to a depth of ~1.0 m. Temperature differed between the two 

surveys by < 3°C, and salinity differed by < 1. The second groundwater outlet is apparent in the 

salinity image at ~250 m from the lagoon head. 

Kǭholo Bay (proper) water column surveys were conducted on September 27, 2010 (wet 

season) and March 24, 2011 (dry season) during high tide (Figure 2.11). Within the bay, surface 

water temperatures ranged from 24.4-25.2°C (25.5°C) and salinity ranged from 24.4-26.7 (24.2).  
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Figure 2.9 ï Vertical water column temperature and salinity at Kǭholo Bay lagoon. The lagoon 

profile is oriented as if looking at the lagoon from shore, with the mouth on the left and the 

lagoon head on the right. The bathymetry (grey) is the bottom depth measured during the survey. 

Temperature (left) and salinity (right) increase from purple to red. Month and year of the survey 

are labeled and a tide chart (lower left) shows where in the tidal stage (red) the survey was taken. 

Bar graphs on the right show the relative total SGD amounts, with the proportion of the total 

SGD that was fresh shaded darker than the proportion of the total SGD flux that was salty. Wet 

and dry season are indicated as blue and orange, respectively. (Aerial photomosaic and hillshade 

image of western Hawaii (inset) from the Pacific Data Center and Esri Honolulu and the Hawaii 

Statewide GIS Program.) 



29 

 

 
Figure 2.10ï The contrast between high and low tide water temperature and salinity vertical 

profiles at Kǭholo Bay lagoon taken two days apart. Areas in red show the most difference 

between low and high tide, whereas dark blue areas have no difference.  

 

The groundwater plume extends approximately 350 m from the shoreline to the sea during both 

surveys. The water temperature and salinity ranged from 25.2-26.2°C (26.2°C) and 21.5-34.9 

(29.9) from surface to bottom. The depth of the groundwater plume changed slightly from wet to 

dry season. Fresher, colder waters extended down to depths of ~1.5 m, 150 m from shore, during 

the wet season, whereas during the dry season, the thickness of the groundwater plume was 

restricted to just the top 1 m of the surface. During both seasons, the depth profiles show bottom 

waters never reach the marine ambient salinity of 34 near the KB1, KB2, or KB3 time series. 

Because water column salinity at all three Kǭholo Bay time series never reached the ambient 

marine salinity, the entire water column depth was used in volumetric SGD flux calculations. 

 At HonokǾhau Harbor, water column surveys were conducted on June 21 and September 

24, 2010, and October 25, 2011, during high tide (Figure 2.12). Surface water temperature and 

salinity increased from the harbor head to the mouth from 20.5-25.5°C (23.2°C) and 20.8-32.7 

(27.5). Water temperatures, with depth, ranged from 20.5-26.8°C (24.7°C) from water surface to 
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Figure 2.11 ï Vertical water temperature and salinity profiles at Kǭholo Bay in September 2010 

and March 2011.The bay profile is oriented with the shore on the left and increases in distance 

from shore to the right. The bathymetry (grey) is the bottom depth measured during the survey. 

Temperature and salinity increase from purple to red. Month and year of the survey are labeled 

and a tide chart (lower left) shows where in the tidal stage (red) the survey was taken. Bar graphs 

on the right show the relative total SGD amounts, with the proportion of the total SGD that was 

fresh shaded darker than the proportion of the total SGD flux that was salty. Wet and dry season 

are indicated as blue and orange, respectively. (Aerial photomosaic and hillshade image of 

western Hawaii (inset) from the Pacific Data Center and Esri Honolulu and the Hawaii Statewide 

GIS Program.) 

 

 

 

harbor bottom. Salinity of the water, with increasing depth, ranged from 20.8-34.9 (31.4). The 

groundwater plume, constrained by salinity < 34 and temperature < 25°C, was thickest (~3.5 m 

deep) during the wet season survey of June 2010. Dry season groundwater plume volume was 

similar in the months of September 2010 and October 2011, reaching depths of ~1.5 m. The 

distance the groundwater plume extended, from the harbor wall to the sea, was ~600 m, whether 

wet or dry season.  
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Figure 2.12 ï Temperature and salinity vertical water column profiles of HonokǾhau Harbor. 

The harbor profile is oriented with the harbor head on the right and increases in distance from 

shore to the left. The bathymetry (grey) is the bottom depth measured during the survey. 

Temperature (left) and salinity (right) increase from purple to red. Month and year of the survey 

are labeled and a tide chart (lower left) shows where in the tidal stage (red) the survey was taken. 

Bar graphs on the right show the relative total SGD amounts, with the proportion of the total 

SGD that was fresh shaded darker than the proportion of the total SGD flux that was salty. Wet 

and dry season are indicated as blue and orange, respectively. (Aerial photomosaic and hillshade 

image of western Hawaii (inset) from the Pacific Data Center and Esri Honolulu and the Hawaii 

Statewide GIS Program.) 

 

 

2.3.2 Submarine Groundwater Fluxes 

Marine Time Series Measurements  

Table 2.1 shows the groundwater plume layer thicknesses (m) derived from the vertical 

water column profiles, surface areas (m
2
), shoreline seepage face lengths (m), mean windspeed 

(m/s) during monitoring intervals, and calculated radon losses by evasion and mixing (dpm/m
2
/hr) 
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for each radon measurement time-series deployment. A freshwater endmember with a salinity of 

0.1 was used at both Kǭholo Bay (KB) and HonokǾhau Harbor (HH) to calculate the proportion 

freshwater in total SGD flux (Eqn. 2.1). Table 2.2 gives model parameters that are specific to 

individual time series: calculated advection rates (cm/d), mean 
222

Rn activity (dpm/L), the 

calculated mean excess 
222

Rn activity (dpm/L), the mean surface water salinity, and the 

calculated mean total, fresh, and saline groundwater fluxes at the two Kona sites. To avoid 

biasing the results toward high or low tides, means give the average of all data collected over a 

single, 24.4 hour, tidal cycle unless specified in footnotes. Appendix AI.2 gives the 

environmental conditions during the radon measurement time series deployments. Appendix 

AI.3 contains illustrations for all individual time series related to 
222

Rn activities, salinity, and 

the water thicknesses used.  

Total and fresh groundwater discharge fluxes calculated from Kǭholo Bay and 

HonokǾhau Harbor time series are shown in Figure 2.13. For all of Kǭholo Bay time series, 

excess 
222

Rn activity ranged from 1,300-17,600 (11,200) dpm/m
3
. Total groundwater flux ranged 

from 240-5,800 m
3
/d and averaged 2,300 m

3
/d (or 8 m

3
/d per meter of shoreline). During June 

2010, SGD flux was captured at all three groundwater plumes (KB1, KB2, and KB3) and the 

cumulative range in SGD flux of these was 250-5,420 (2,460) m
3
/d. SGD fluxes for all of Kǭholo 

Bay were ~60% salty (resulting in mean surface water salinity of 20.3, and increasing in marine 

surface water salinity from KB1 to KB3 locations) and were greatest during lower low tide, 

decreasing in volume at high tide. Freshwater fluxes ranged from 0-1,600 m
3
/d (1,400 m

3
/d or 8 

m
3
/d per meter of shoreline). At KB1, total SGD flux ranged from 60-1,100 m

3
/d (mean 280 

m
3
/d). Sixty-one percent of the total groundwater discharge at the head was fresh. At KB2, total 

SGD flux ranged from 140-4,000 m
3
/d (1,800 m

3
/d). Fifty-nine percent of the total SGD flux was 

fresh. And at KB3, total SGD flux ranged from 50-780 m
3
/d (mean 290 m

3
/d), of which 25% was 

freshwater. The minimum total SGD flux decreased from 150 m
3
/d to 60 m

3
/d during the wet 

season. The maximum total SGD flux increased from 690 m
3
/d to 1,700 m

3
/d for all of Kǭholo 

Bay during the dry season. Ranges in total SGD, freshwater SGD, and saline SGD are given for 

all time series in Appendix AI.4. Of the two components of SGD, fresh and salty waters, 

freshwater discharge dominates the total SGD flux at all Kǭholo Bay sites during low tide. 
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Figure 2.13 ï Total (dark blue) and fresh (light blue) SGD fluxes (100 m

3
/d) derived by time 

series 
222

Rn and salinity data at KB1, KB2, KB3, HH1 and HH2. For comparison, fluxes at HH1 

have been extended to the same surface area as the HH2 site, although the time series covers 

only 0.006% of the harbor surface area (Figure 2.1). The seasons that each time series took place 

are shown as either blue, wet season, or orange, dry season. Error bars show the standard 

deviation and represent a range of SGD and not measurement uncertainties during each time 

period. At HH2 (error bars extending beyond the range of data),  
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Table 2.1ï Radon box model data for all time-series measurements. Wind speed, evasion, and mixing losses per hour were calculated 

over a single, 24.4 hour, tidal cycle. Numbered subscripts designate time series that were shorter than 24.4 hours and are biased 

toward high/low tide. A freshwater endmember with salinity of 0.1 was used at both Kǭholo Bay (KB) and HonokǾhau Harbor (HH) to 

calculate proportion freshwater in total flux. Under layer thickness, the depth of the groundwater plume used in volumetric 

calculations is given. ñTotalò means the entire water column depth was used. All measurements of latitude and longitude use the 

WGS84 geodetic datum and are given in decimal degrees. 

Site Lat. (dd) Long. (dd) Monitor Dates 

Layer Thickness 

(m) SA (m2) Length (m) Wind (m/s) 

Losses (dpm/m2/hr) 

Evasion Mixing 

KB1 Inlet Head 19.86013 -155.92212 Jun 22-24, 2010 Total 1240 100 3.0 250 1800 

KB2 Inlet Mouth 19.85773 -155.92072 Jun 24-26, 2010 Total 4800 180 2.8 360 4900 

   Sept 25-27, 2010 Total 4800 180 3.7 410 1500 

   Mar 23-25, 2011 Total 4800 180 3.1 420 2500 

   Oct 26-27, 20115 Total 4800 180 5.8 420 4800 

   Mar 14-16, 2014 Total 4800 180 2.8 74 6900 

   May 19-20, 20144 Total 4800 180 4.1 510 4600 

KB3 Southwest Coast 19.85575 -155.92252 Jun 26-27, 20106 Total 2560 100 3.3 200 990 

   Sept 27-28, 2010 Total 2560 100 2.8 100 850 

   Mar 30-31, 20126 Total 2560 100 4.1 60 870 

HH1 Harbor Head 19.66927 -156.02105 Jun 19-22, 2010 1.50 320 70 3.2 460 1400 

   Sept 23-25, 20103 0.50 320 70 2.9 310 250 

   Oct 23-26, 2011 0.50 320 70 2.9 300 750 

HH2 Harbor Mouth 19.66925 -156.02673 Jun 19-21, 20101 0.25 54300 640 3.2 210 270 

   Mar 21-23, 20113 0.50 54300 640 3.6 400 730 

aMeasurements were averaged over 150 minutes to smooth the results and are reported as the mean of all averages; 1high tide bias (17 h); 2no bias (15 h); 3low tide bias ( 20 h); 4no bias (21 

h); 5no bias (22 h); 6high tide bias (23 h) 
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Table 2.2ï Average SGD fluxes measured at the Kona study sites in Hawaiᾶi. Averages for all data presented in this table were 

calculated over a single, 24.4 hour, tidal cycle. Numbered subscripts designate time series that were shorter than 24.4 hours and are 

biased toward high/low tide. Total SGD fluxes (m
3
/d) were calculated, using Equations 1-14, and the surface areas noted in Table 1 

and per meter (m
3
/m/d) using the shoreline lengths (Table 1). Also shown is the standard deviation, representing variance between low 

and high tide quantities. Dry season months are highlighted in orange, whereas wet season months are highlighted in blue. óSôand óNô 

subscripts denote spring or neap tides. 

Site Period 

Rn Activity 

(dpm/L) 

Excess Rn, I 

(dpm/m3) 

Adv. Rta 

(cm/d) 

SGDtotal 

(m3/m/d) 

|--------------------SGD (m3/d) --------------------| Surface 

Salinity Total Freshwater Saltwater 

KB1 Jun 10S 10 ± 0.6 9800 17 ± 21 2.7 280 ± 30 160 ± 30 120 ± 40 15 

KB2 Jun 10S 17 ± 0.8 16600 39  ±  55 11 1900 ± 2600 1000 ± 1500 870 ± 3100 19 

 Sept 10 9.0 ± 0.6 8900 16 ± 31 4.3 770 ± 1500 420 ± 2200 350 ± 2700 18 

 Mar 11 18 ± 0.8 17600 25  ±  29 6.5 1200 ± 1400 600 ± 880 560 ± 1700 18 

 Oct 115 14.3 ± 0.8 14400 46  ± 79 12 2200 ± 3800 1100 ± 1900 1100 ± 4300 20 

 Mar 14 15.8 ± 0.7 15700 50  ±  54 13 2400 ± 2600 1200 ± 1300 1100 ± 2900 18 

 May 144 12.6 ± 0.7 12700 46  ±  47 13 2300 ± 2300 1400 ± 1400 860 ± 2700 14 

KB3 Jun 106 6.7 ± 0.5 10700 11  ±  13 2.8 280 ± 330 96 ± 110 180 ± 350 25 

 Sept 10 4.3 ± 0.4 4200 8.2 ± 3.4 2.1 210 ± 200 60 ± 49 150 ± 200 27 

 Mar 126,N 1.4 ± 0.3 1300 15 ± 10 3.2 320 ± 260 59 ± 59 260 ± 270 29 

HH1 Jun 10 17 ± 0.9 16800 65 ± 200 2.9 200 ± 630 66 ± 210 130 ± 660 24 

 Sept 102 15 ± 0.8 15500 19 ± 56 0.9 62 ± 180 20 ± 59 42 ± 190 23 

 Oct 11 14 ± 0.8 14000 28 ± 29 1.3 91 ± 96 29 ± 31 62 ± 100 24 

HH2 Jun 101 7.7 ± 0.5 7600 17 ± 31 14 9000 ± 17000 1900 ± 3400 7100 ± 17000 28 

 Mar 113 13 ± 0.6 12500 24 ± 200 22 14100 ± 240000 1900 ± 2800000 12200 ± 2910000 30 

1high tide bias (17 h); 2no bias (15 h); 3low tide bias ( 20 h); 4no bias (21 h); 5no bias (22 h); 6high tide bias (23 h); Sspring tide, Nneap tide 
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At HonokǾhau Harbor, a variable groundwater plume thickness, from 0.3-1.5 m based on 

vertical profiles of the harbor (Figure 2.12), was used in conjunction with tidal changes for 

volumetric calculations of total SGD (Figure 2.13). Excess 
222

Rn measured in the surface waters 

for each time series ranged from 7,600-16,800 (13,300) dpm/m
3
 with a mean salinity of 25.8. 

Groundwater fluxes were predominantly salty (mean 67% at HH1 and 84% at HH2) and ranged 

from 13-48,000 m
3
/d or 0-76 m

3
/m/d (6,700 m

3
/d or 12 m

3
/m/d). Total SGD fluxes at HH1 

ranged from 42-420 m
3
/d (120 m

3
/d). Total SGD fluxes at HH1 contained a higher proportion of 

fresh water than those at HH2 (33% vs 16%). At HH2, total SGD fluxes, that also include the 

fluxes that pass through the HH1 time series, were 1,800-36,000 m
3
/d (12,000 m

3
/d). SGD fluxes 

at both time series were greatest during low tide and decreased at high tide.  

Coastal Radon Surveys of Surface Waters 

Coastal surveys for 
222

Rn in the surface waters of Kiholo Bay and HonokǾhau Harbor 

were collected during the days and times shown in Table AI.1. Point sources of groundwater 

discharge to the coast were easily identified using excess 
222

Rn as an indicator at both sites 

(Figures 2.14-2.16). The colored dots, ordered by concentration from lowest (blue) to highest 

(red) in all survey images indicate the 
222

Rn activity (dpm/L) and the survey path that was taken 

while traveling. 
222

Rn activities are shown on a non-linear scale to better differentiate data. In A-

D of Figure 2.14 and A-C of Figure 2.15, the survey path is superimposed on a blue gradient 

created from kriging interpolation of salinity data collected contemporaneously with 
222

Rn data 

by multiparameter probe, where lighter shades indicate fresher waters.  

At Kǭholo Bay, six coastal surface water surveys (n=1,269) occurred during high (2 

surveys, n=133) or low tide (4 surveys, n=1,136). Though attempts were made to collect data 

throughout the entire Kǭholo Bay site during each survey, only three coastal surface water 

surveys included the lagoon, while four surveys included the bay. 
222

Rn activities ranged from 

0.2-32.7 (8.7) dpm/L. 
222

Rn was highest (> 6.6 dpm/L for all surveys) within 70 m of the lagoon 

head and at a secondary outlet on the lagoonôs east side, 130 m from the lagoon head (Figure 

2.14). Salinity at Kǭholo Bay (all) ranged from 10.4-34.9 (22.6). The range of salinities in the 

lagoon region was lower, 10.4-28.4, than the bay, 14.1-34.9. Higher temperatures were 

correlated with greater salinities, 22.8-26.6°C in the lagoon and 24.0-26.9°C in the bay. Survey 

data also shows that the surface groundwater plume, characterized by its lower salinity and lower 

temperatures in the bay, extends beyond the coral reef. 
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Figure 2.14 ï Survey of surface waters for 
222

Rn activity (dpm/L)
 
at Kǭholo Bay: A) June 23, 2010, B) June 25, 2010, C) September 25, 

2010, D) March 24, 2011, and E) March 29, 2012. The tide chart in the lower corner of each image shows the timing of the survey 

(red). 
222

Rn activity (dpm/L) and the survey path are delineated by the dots, increasing non-linearly from blue to red. In A-D, 
222

Rn 

activities are superimposed on sea-surface salinity maps that were made using a kriging interpolation of salinity data collected 

contemporaneously. Salinity increases from light to dark blue. All measurements of latitude and longitude use the WGS84 geodetic 

datum and are given in decimal degrees. (Aerial photomosaics from the Pacific Data Center). 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































