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ABSTRACT 

 

Groundwater is a freshwater resource that is essential for human existence and supports coastal 

ecosystems. In Hawai‘i, groundwater provides nearly all domestic water demands and supplements 

irrigation and industrial needs. As an island state, however, Hawai‘i is completely surrounded by the Pacific 

Ocean and the fresh groundwater is underlain by saltwater. The groundwater capacity is therefore confined 

to the boundaries of each island. Additionally, Hawai‘i’s fresh groundwater is susceptible to natural 

contamination, such as saltwater intrusion caused by over-pumping or sea level rise, as well as 

anthropogenic contamination sourced, for example, from cesspools, agriculture fields, and urban land 

development. It is therefore imperative to sustainably manage Hawai‘i’s aquifer systems to ensure these 

groundwater resources are not depleted.  

This dissertation examines groundwater flow and transport in the West Hawai‘i aquifers using a 

combination of groundwater age tracers (CFCs, SF6, 3H/3He, 14C), nutrient tracers (δ15N of NO3
-), and 

numerical models. Sustainable water management requires the understanding of both groundwater quantity 

and quality, which rely on flow and transport. Apparent groundwater ages help to characterize aquifer 

storage and groundwater flow properties, which can be combined with nutrient tracers to assess 

contamination transport. Additionally, numerical models are valuable tools developed to test new 

conceptual flow models and to assess contaminant transport. The objectives of this dissertation are to 1) 

estimate the apparent ages of young and old groundwater mixed within the West Hawai‘i aquifers, 2) test 

a new conceptual model of the area to support the need of groundwater age corrections, and 3) develop a 

robust groundwater model for the basal Keauhou aquifer to investigate nutrient source and transport. 

Groundwater age is the time interval between the moment of recharge and the moment of discharge, 

and is an underlying parameter used for groundwater management. The distribution of apparent ages sheds 

light on groundwater flow and aquifer storage, which inform groundwater sustainability. Groundwater age 

can generally be divided into three categories: modern groundwater, old groundwater, and very old 

groundwater. With proper understanding of aquifer properties, each groundwater age category can be 

sustainably utilized. Further, groundwater ages can be used to inform how natural and anthropogenic 

contaminants are transported and dispersed through the aquifer systems. Natural and anthropogenic 

contaminants are of growing concern in Hawai‘i, where groundwater resources are limited to island areas 

and vulnerable to environmental changes. Nutrients sourced from on-site sewage disposal systems (OSDS), 

wastewater treatment plants (WWTP), and urban development can negatively impact groundwater 

resources and coastal ecosystems that rely on fresh terrestrial water. Groundwater models can therefore be 

utilized to assess how nutrients are transported through aquifer systems and validate apparent ages.  
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The second chapter of this dissertation estimates the apparent age of young groundwater detected 

in the West Hawai‘i aquifers using chlorofluorocarbon (CFC), sulfur hexafluoride (SF6), and 

tritium/helium-3 (3H/3He) tracers. This multi-tracer approach infers the mixing of young and old 

groundwater across the West Hawai‘i aquifers. It also suggests that volcanic CO2 influences apparent 

groundwater ages. The third chapter of this dissertation complements the second chapter by assessing the 

apparent age of old groundwater from West Hawai‘i using radiocarbon (14C). An isotope mass balance 

based on δ13C values of dissolved inorganic carbon (DIC) is employed to correct the apparent groundwater 

ages for the influence of volcanic CO2. Additionally, a two-dimensional groundwater model was developed 

to support apparent age results using a new conceptual model. The fourth chapter of this dissertation 

investigates groundwater flow and transport with the development of a three-dimensional density-

dependent groundwater model of the basal Keauhou aquifer. The model demonstrates the need of a density-

dependent model when investigating coastal aquifers with submarine groundwater discharge. Using δ15N 

of nitrate (NO3
-) measurements, the model estimated the relative contributions of major nutrient sources 

and tested future scenarios. 

Findings from this dissertation suggest the mixing of young and old groundwater that are sourced 

from various distances and elevations. It further demonstrates the complexity of the West Hawai‘i aquifer 

systems, which requires careful consideration of the subsurface geology and the inclusion of density-

dependent flow properties. These findings can be utilized in West Hawai‘i’s groundwater resource 

management and serve as a catalyst for future work to be done across the state. Further, the methods and 

implications from this work provide a possible model for studies elsewhere with similar conditions and 

resource concerns.       
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CHAPTER 1: INTRODUCTION 

  

1.1. Study Objectives and Motivation 

Groundwater is one of the most valuable natural resources in Hawai‘i, supplying nearly all potable 

demands (Gingerich and Oki, 2000). As an island state completely surrounded by the ocean, however, 

Hawai‘i’s groundwater is confined to the size of each island and therefore has a limited capacity (Izuka et 

al., 2018). Furthermore, Hawai‘i’s groundwater is vulnerable to saltwater intrusion, anthropogenic 

contamination, and climate change effects (Izuka et al., 2018). Fresh groundwater not only serves as 

Hawai‘i’s primary potable resource, but it supports ecologically and culturally important coastal ecosystems 

(Elshall et al., 2020). Excess natural and anthropogenically-derived nutrients can negatively impact both 

potable resources and freshwater that discharges to the ocean (Duarte et al., 2010). Thus, proper 

understanding of Hawai‘i’s groundwater resources is required to ensure sustainable management.  

Aquifer storage and groundwater flow properties are investigated using geochemical tracers to 

estimate the distribution of apparent groundwater ages, which is the time interval between the moment of 

recharge into and the moment of discharge out of an aquifer (Ferguson et al., 2020). These apparent ages 

are a controlling factor of nutrient contamination and can therefore be combined with nutrient tracers to 

evaluate the transport of contaminants (Castaldo et al., 2021). The distribution of apparent ages and 

nutrients sheds light on groundwater flow and aquifer storage, which inform management practices 

implemented to ensure groundwater sustainability. All of these tracers can then be further utilized in 

numerical models to test new groundwater flow conceptual models, validate apparent ages, and track 

nutrient transport. In this dissertation, a combination of geochemical tracers and numerical models are 

employed to better inform us of groundwater flow and transport and aquifer storage properties of the West 

Hawai‘i aquifers. The overall objectives are to 1) estimate the apparent ages of young and old groundwater 

mixed within the aquifers, 2) test a new conceptual model of the area to support the need of groundwater 

age corrections, and 3) develop a robust groundwater model for the basal Keauhou aquifer to investigate 

nutrient source and transport. 

 

1.2. Dissertation Organization and Significance 

 This dissertation uses geochemical age tracers and numerical models to assess groundwater flow 

and transport through the West Hawai‘i aquifers, where an unusual hydraulic head gradient is observed. 

Groundwater in West Hawai‘i exists as a basal aquifer, where water levels are <3 m above mean sea level 

(msl), and a high-level aquifer, where water levels drastically increase 100+ m msl. Since exploratory 

drilling of the high-level aquifer did not occur until 1990 (Oki, 1999), development in West Hawai‘i is still 

relatively young. This area has a complex and unique hydrogeologic system that is poorly understood due 
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to the lack of available monitoring wells and drill logs. Results produced from this dissertation therefore 

significantly expand our understanding of the West Hawai‘i aquifer systems and contributes new datasets 

and models that can be utilized for resource management purposes.        

 Chapter 2, Inference of young groundwater ages and modern groundwater proportions using 

chlorofluorocarbon and tritium/helium-3 tracers from West Hawai‘i Island, focuses on modern 

groundwater from West Hawai‘i, using the anthropogenic tracers, chlorofluorocarbon (CFC), sulfur 

hexafluoride (SF6), and tritium/helium-3 (3H/3He), to estimate young apparent ages. Due to the complexity 

of the area’s hydrogeology, it is hypothesized that the West Hawai‘i aquifer systems are a mixture of young 

and old groundwater that is recharged from various elevation sources. Further, as a volcanic ocean island, 

the study area presents unique geochemical challenges that can affect different tracers. Therefore, this 

chapter implements a multi-tracer approach to better define the young apparent ages. The objectives of this 

chapter are to 1) estimate the apparent ages of young groundwater sampled from the West Hawai‘i aquifer 

systems, 2) estimate the proportion of modern groundwater contained within the aquifers, and 3) 

demonstrate how volcanic carbon dioxide (CO2) influences apparent groundwater ages. 

 Chapter 3, Evidence of volcanic CO2 influence on old apparent groundwater ages using 14C and 

δ13C of DIC from West Hawai‘i Island, complements Chapter 2 and focuses on pre-modern groundwater of 

West Hawai‘i. The naturally-produced radionuclide, radiocarbon (14C), is used to estimate the apparent age 

of old groundwater that is hypothesized to mix with the younger, modern groundwater dated using 

anthropogenic tracers. Measurements of δ13C values of dissolved inorganic carbon (DIC) demonstrate the 

inclusion of volcanic CO2, that lacks 14C and that has equilibrated with DIC in the sampled West Hawai‘i 

groundwater, and are therefore used to correct the old apparent ages. Additionally, a simplified two-

dimensional numerical model was developed to 1) test a new conceptual model of the area, and 2) to support 

the need for groundwater age corrections.   

 Chapter 4, A density-dependent multi-species model to assess groundwater flow and nutrient 

transport in the coastal Keauhou aquifer, Hawai‘i, USA, presents a numerical model that simulates 

groundwater flow and nutrient transport in the basal Keauhou aquifer, which is an ecologically, culturally, 

and economically important coastal area of West Hawai‘i. The model was developed to assess how common 

nutrients from natural and anthropogenic sources travel through the aquifer and how this process impacts 

coastal ecosystems. It is hypothesized, however, that a freshwater-only model does not properly simulate 

nearshore solute transport and that a density-dependent model is needed to more accurately simulate 

saltwater intrusion and water circulation in coastal aquifers. The model was calibrated using four parameters 

(hydraulic head, salinity, submarine spring flux rates, and nutrient concentrations) and validated using δ15N 

values of nitrate (NO3
-). The objectives of this chapter are to 1) develop a robust groundwater model for the 
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basal Keauhou aquifer, 2) exhibit the need to model density-dependent effects, and 3) demonstrate how the 

model can be applied to test cases that include urban development, climate change, and sea level rise. 

 Chapter 5 will summarize the main findings presented in Chapters 2-4, and will also discuss 

possible directions for future research related to groundwater flow and transport in West Hawai‘i.  

 

1.3. Study Area 

 The study area of West Hawai‘i will be explained in detail in individual chapters. However, the 

main features are presented here for the reader’s convenience. West Hawai‘i is located on the western flank 

of Hawai‘i Island, which is the largest (10,464 km2) and youngest (<1 million years old) island in the 

Hawaiian archipelago (Clague and Dalrymple, 1987; Izuka et al., 2018). West Hawai‘i is comprised of five 

aquifer systems (Waimea, ‘Anaeho‘omalu, Kīholo, Keauhou, and Kealakekua), which were formed by 

three primary shield volcanoes (Mauna Kea, Hualālai, and Mauna Loa) (Fig. 1.1). Hualālai is the third 

oldest volcano on Hawai‘i Island, with a peak elevation of approximately 2,500 m above mean sea level 

(msl). Hualālai is primarily composed of the young alkalic Hualālai volcanic series, but is also punctuated 

by subsurface trachyte flows that erupted from Pu‘u Wa‘awa‘a and Pu‘u Anahulu (Stearns and Macdonald, 

1946). Hualālai exhibits three rift zones (north, northwest, and southeast), which are lined with cinder 

cones. Beneath the rift zones are dike complexes, which are dense, intrusive, near-vertical structures that 

were once fractures through which magma was extruded through the active volcano (Izuka et al., 2018).  

 Mauna Kea and Mauna Loa are the second and fourth oldest volcanoes on Hawai‘i Island, 

respectively, both with peak elevations of approximately 4,200 m msl. Mauna Kea does not have a well-

defined rift zone due to lack of linearly delineated cinder cones, but previous studies use existing cinder 

cones, gravity data, and topography surveys to suggest the presence of a long rift zone with an east-west 

trend (Izuka et al., 2018). Projections of the sea level contact between Kohala and Mauna Kea suggest that 

lava flows from Kohala exist beneath the younger Mauna Kea flows (Bauer, 2003), therefore complicating 

designated surficial boundaries. Due to partially contemporaneous eruptions, subsurface flows from these 

three volcanoes are likely interbedded and thus not accurately delineated by the surficial boundaries (Izuka 

et al., 2018). Mauna Loa is considered an active volcano made of shield-stage tholeiitic lava flows (Izuka 

et al., 2018). Since Mauna Loa is still relatively young and surficial lava flows have not had enough time 

to erode, dikes are not yet exposed at the surface, but a gravity anomaly detected beneath the summit of 

Mauna Loa indicates the existence of a dike complex (Izuka et al., 2018). The western coast of Mauna Loa 

exhibits the Kealakekua Fault, which is a 30 km long headwall of a massive submarine landslide (Cannon 

et al., 2007). The subaerial fault system has been covered by Holocene volcanic units that are less than 

10,000 years old (Cannon et al., 2007). 
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Figure 1.1. West Hawai'i study area, located within Hawai'i Island. The West Hawai‘i aquifers are 

comprised of Waimea, ‘Anaeho‘omalu, Kīholo, Keauhou, and Kealakekua, which are primarily formed by 

three shield-stage volcanoes, Mauna Kea, Hualālai, and Mauna Loa. 

 

Groundwater in the West Hawai‘i aquifers exhibit an unusual hydraulic head gradient and occur as 

two systems: a thin basal groundwater lens, where water levels are typically <3 m above msl, and a thick, 

high-level aquifer, where water levels rise to over 100 m above msl. This drastic increase in water level 

occurs over the short distance of approximately 1.5 km, thus producing a hydraulic head gradient up to 

0.07. This increase in hydraulic head, which is referred to as the “high-low divide,” is located approximately 

6 km inland, is roughly parallel to the coastline, and primarily extends through the Keauhou and Kealakekua 

aquifers (Fig. 1.1). A subsurface structure is hypothesized to be responsible for this hydraulic head gradient, 

preventing high elevation groundwater from easily flowing into the basal aquifer and to the coastline (Oki, 

1999). Models of gravity surveys identify the presence of a dense southeast-trending structure located 4 km 

southwest of the Hualālai rift zone (Kauahikaua et al., 2000; Flinders et al., 2013). Since gravity profiles 

are asymmetrically shaped, the dense structure is believed to dip westward and is therefore not likely to be 

near-vertical dikes (Kauahikaua et al., 1998). Additionally, another subsurface feature is hypothesized to 

exist beneath the basal Keauhou aquifer. Models of electrical resistivity surveys conducted offshore of the 
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Keauhou coastline identified a large, deep freshwater reservoir below the saltwater, thus creating alternating 

freshwater-saturated and saltwater-saturated basalts (Attias et al., 2020). These electrical resistivity surveys 

are supported by salinity profiles measured in deep monitoring wells, which demonstrate a drastic decrease 

in salinity approximately 300 to 340 m below msl (Oki, 2021). The exact nature of these subsurface 

structures, however, are not well understood or defined. 

 

1.4. Groundwater Age  

 The concept of groundwater age was introduced as early as the 1950s by Willard Frank Libby 

(Kazemi et al., 2006) and has been used by hydrologists to assess groundwater sustainability, production 

rates, and aquifer management (Bethke and Johnson, 2008). An aquifer that contains young groundwater is 

expected to be locally recharged with modern precipitation, whereas an aquifer that contains old 

groundwater is possibly recharged with premodern precipitation (Bethke and Johnson, 2008). Groundwater 

age is defined as the duration of time between which a water molecule enters and exits an aquifer (Kazemi 

et al., 2006). Once the groundwater molecule enters the aquifer and is isolated from atmospheric gas 

exchange, the age of the groundwater molecule starts at year zero (Fig. 1.2; Kazemi et al., 2006; Bethke 

and Johnson, 2008). The age stops once the groundwater molecule leaves the aquifer, whether that be via 

pumping or discharge (Kazemi et al., 2006). Groundwater age is commonly simplified to a piston flow 

model (Fig. 1.2), where the distance a groundwater molecule travels is divided by the average velocity 

(Bethke and Johnson, 2002). 

Groundwater age is typically divided into three categories (young, old, and very old), where young 

groundwater ages are generally less than 60 years, old groundwater ages range from 60 to 50,000 years, 

and very old groundwater ages range from 50,000 to 100,000+ years (Kazemi et al., 2006). The concept of 

groundwater age therefore utilizes the known histories of various atmospheric chemical tracers that were 

either released at specific times in history due to industrial practices, introduced into the atmosphere during 

nuclear bomb testing, or radioactively decays with time (Bethke and Johnson, 2008). 
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Figure 1.2. Piston flow groundwater age model schematic. Following this simplified model, a groundwater 

sample travels through the aquifer as an isolated packet that does not gain or lose water. The age “clock” 

starts once the water packet is no longer in contact with the atmosphere and stops once the water packet is 

sampled. (Based on Bethke and Johnson, 2008). 

 

1.4.1. Young Groundwater Age Tracers 

 Chlorofluorocarbons (CFCs) are synthetic chemical compounds made of carbon, chlorine, and 

fluorine (Plummer and Busenberg, 2006a) that are useful when dating modern waters (Fig. 1.3). There are 

three CFC compounds: CFC-12 (dichlorodifluoromethane CF2Cl2), CFC-11 (trichlorofluoromethane 

CFCl3), and CFC-113 (trichlorotrifluoroethane C2F3Cl3), each with this own distinct history of production 

and release by modern refrigeration, air-conditioning, and industrial applications (Plummer and Busenberg, 

2006a). CFC-12 was first produced in 1930, followed by CFC-11 in 1936, and CFC-113 in 1944 (Plummer 

and Busenberg, 2006a). CFCs, however, were found to deplete the ozone layer and promote global 

warming, so were thus banned from production after the adoption of the Montreal Protocol in 1987 

(Plummer and Busenberg, 2006a). Atmospheric concentrations of CFCs have therefore declined from the 

1990s. Similarly, sulfur hexafluoride (SF6) was first produced in 1953 as an electrical insulator in 

transformers (Busenberg and Plummer, 2000; Koh et al., 2007). SF6 also has high global warming potential, 

but was not initially included in the Montreal Protocol, so atmospheric concentrations continue to rise 

(Busenberg and Plummer, 2000). Because of their similar, but unique, production times, transient 

atmospheric concentrations, and well-documented histories, all CFC and SF6 tracers are typically used 

together to determine groundwater ages (Busenberg and Plummer, 2000; Happell et al., 2006). The 

equilibrium concentration of these tracers in water is dependent on temperature, pressure, and salinity, and 

therefore useful as dating tools (Happell et al., 2006). Additionally, CFC ratios (CFC-113/CFC-12 and 

CFC-11/CFC-12) can be employed to estimate ratio ages, which are useful when mixing occurs between 

young water that contains CFCs and old water that is free of CFCs (Happell et al., 2006). 
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 Tritium (3H or T) is a radioactive isotope with a half-life of 12.32 years (e.g., Lindsey et al., 2019) 

and is also useful when dating modern waters (Fig. 1.3). Tritium activities in precipitation drastically 

increased in 1953 due to above-ground nuclear bomb testing and peaked in 1963 (Solomon and Sudicky, 

1991; Happell et al., 2006). Once water is isolated from the atmosphere, tritium decays to the noble gas 

helium-3 (3He), which accumulates in the groundwater since it is not able to escape into the atmosphere 

(Solomon and Sudicky, 1991; Aeschbach-Hertig et al., 1998; Happell et al., 2006). The ratio between 

measured tritium and 3He concentrations in groundwater can be used to calculate the apparent age following 

the equation: 

𝑡 =
𝑇1/2

𝑙𝑛2
∙ ln⁡(1 +

3𝐻𝑒𝑡𝑟𝑖𝑡

3𝐻
)                                               (1.1) 

where T1/2 is the half-life of 12.32 years, and 3Hetrit is tritiogenic 3He from 3H decay (e.g., Aeschbach-Hertig 

et al., 1998). However, groundwater can obtain dissolved 3He from various sources besides tritium decay 

(tritiogenic 3He), including atmospheric 3He, excess 3He from trapped air, mantle 3He, and nucleogenic 3He 

(Solomon and Sudicky, 1991). These additional helium sources must be accounted for when estimating 

apparent groundwater ages. Since helium has two stable isotopes (3He and helium-4 (4He)), where 4He is 

the most abundant helium isotope found in natural environments, the 3He/4He ratio can be utilized to refine 

the tritiogenic 3He contribution (Hinkle, 2009). If 4He is not accounted for by air-water solubility, it is 

assumed that the helium is acquired from radiogenic sources. The radiogenic 3He/4He ratio is therefore used 

to estimate the amount of radiogenic 3He, where the remaining 3He is tritiogenically sourced (Hinkle, 2009). 

 

 

Figure 1.3. Geochemical tracers used to measure groundwater age of recent, modern, old, and very old 

recharge. (Based on Kralik, 2015) 
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1.4.2. Old Groundwater Age Tracers 

 Radiocarbon (14C) is a radionuclide with a half-life of 5,730 ± 40 years that is commonly used to 

date old groundwater that is less than 50,000 years old (Fig. 1.3; Bethke and Johnson, 2008; Plummer and 

Glynn, 2013). 14C is produced by cosmic ray nuclear reactions in the upper atmosphere, which oxidizes to 

14CO and then to 14CO2 (Plummer and Glynn, 2013). The 14CO2 mixes with other gases in the atmosphere 

and creates a flux to the troposphere (Faure, 1986; Clark and Fritz, 1997; Wang et al., 1998; Plummer and 

Glynn, 2013). Dendrochronological evidence demonstrates that there have been times when 14C production 

increased as high as 12% from AD 774 to 775 due to cosmic radiation events (Miyake et al., 2012). 

Similar evidence, however, shows that atmospheric 14C concentrations generally fluctuate less than 2% per 

year (Kuitems et al., 2021). That 14CO2 can equilibrate with DIC in groundwater. In addition, during 

photosynthesis, plants absorb the atmospheric 14CO2, which is incorporated into the biologic and hydrologic 

cycle and the respired 14CO2 can also equilibrate with DIC in groundwater (Clark and Fritz, 1997; Plummer 

and Glynn, 2013). After recharge and once the 14C content no longer mixes with modern atmospheric 

sources, groundwater DIC that has equilibrated with those sources of 14CO2 is isolated from modern carbon 

sources (Plummer and Glynn, 2013). The 14C content of the groundwater DIC will begin to decay over time 

and the groundwater age can be measured as the exponential loss of 14C (Clark and Fritz, 1997; Plummer 

and Glynn, 2013).  

Assuming a closed system, the concentration of 14C, which is expressed as percent modern carbon 

(pMC), follows the equation: 

𝐶 = 𝐶𝑂𝑒
−𝜆𝜏𝑠                                 (1.2) 

where C is the measured concentration, C0 is the initial concentration, λ is the decay constant equal to ln 

2/t1/2, and τS is the sample age (Bethke and Johnson, 2008). It is common to report the normalization of 

carbon ratios (14C/12C or 14C/13C) to 14C activities measured in present modern carbon, which assumes that 

δ13C of DIC is equal to -25‰ (Cartwright et al., 2020).  

However, various geochemical processes can affect the δ13C value of DIC and ultimately the 14C 

content (Plummer and Glynn, 2013; Cartwright et al., 2020). For example, plants uptake CO2 using two 

different primary photosynthetic pathways, which fractionate the 13C/12C ratio to different degrees 

(Cartwright et al., 2020). Approximately 82% of the global vegetation are C3 plants which are not adapted 

to reduce photorespiration (Still et al., 2003). The δ13C values of C3 plants, therefore, typically range from 

-37‰ to -20‰ (Cartwright et al., 2020). In contrast, C4 plants are better adapted to hot, sunny environments 

by physically separating light-dependent reactions from the Calvin cycle (Guralnick et al., 2008). C4 plants 

utilize the C3 cycle but restrict this photosynthetic pathway to the plant’s interior cells (Ehleringer and 

Cerling, 2002), and therefore have δ13C values that range from -16‰ to -10‰ (Cartwright et al., 2020). 

Additionally, the measured 14C content of DIC can be diluted due to the contribution of “14C dead” carbon, 
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which is sourced from the dissolution of old carbonate minerals, old organic matter, or volcanically-derived 

CO2 (Bethke and Johnson, 2008; Aggarwal et al., 2014). The addition of 14C-free carbon therefore presents 

old apparent age calculations (Bethke and Johnson, 2008). 

 

1.5. Groundwater Nutrients 

Increased abundance of natural and anthropogenically-derived nutrients, such as nitrate (NO3
-) and 

phosphate (PO4
-), can negatively impact freshwater resources and coastal ecosystems (e.g., Duarte et al., 

2010). These excess nutrients can be sourced from different land cover and wastewater infrastructure, such 

as on-site sewage disposal systems (e.g., Knee et al., 2010; Delevaux et al., 2018). Nitrate is one of the most 

common and widespread groundwater contaminants since it is soluble and capable of leaching through soils 

(Nolan and Hitt, 2006). Background NO3
- concentrations are typically around 1 mg/L, but increased 

development and human activities have dramatically increased groundwater NO3
- concentrations (Burow 

et al., 2010). To prevent infant methemoglobinemia, or “blue baby syndrome,” the U.S. Environmental 

Protection Agency (EPA) set a maximum contaminant level of 10 mg/L for NO3
- in drinking water (Nolan 

and Hitt, 2006). Further, excess NO3
- from terrestrial sources can lead to excessive seaweed growth and 

coral degradation, which is an ongoing problem along some Hawai‘i’s coastlines (Hunt and Rosa, 2009). 

Similarly, excess PO4
- concentrations can accelerate algae growth, which negatively impacts water 

resources (Litke, 1999). Phosphate concentrations have increased due to its incorporation into fertilizers, 

manure, and laundry detergents, so the U.S. EPA set a limit of 0.05 mg/L for streams (Litke, 1999). Unlike 

NO3
-, however, PO4

- has a low solubility, so it is typically measured in lower concentrations when dissolved 

in water (Litke, 1999). Nonetheless, these nutrients are of growing concern as populations and urban 

development increase across Hawai‘i. 

 

 

 

 

 

 

Mōhala I ka wai ka maka o ka pua. 

Unfolded by the water are the faces of flowers. 

- ‘Ōlelo No’eau No. 2178 
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CHAPTER 2: INFERENCE OF YOUNG GROUNDWATER AGES  

AND MODERN GROUNDWATER PROPORTIONS USING 

CHLOROFLUOROCARBON AND TRITIUM/HELIUM-3  

TRACERS FROM WEST HAWAI‘I ISLAND 
  

Published as: Okuhata, B.K., Thomas, D.M., Dulai, H., Popp, B.N. Lee, J., El-Kadi, A.I. (2022). Inference 

of young groundwater ages and modern groundwater proportions using chlorofluorocarbon and 

tritium/helium-3 tracers from West Hawai‘i Island. Journal of Hydrology, 609, 127755, doi: 

10.1016/j.jhydrol.2022.127755 

 

Abstract 

The geologically complex western aquifers of Hawai‘i Island serve as the primary reservoir of fresh potable 

water for residents, yet the area’s hydrogeologic characteristics are still not well understood. Groundwater 

age is a fundamental parameter used to better understand groundwater flow and storage, yet few studies 

have attempted to estimate apparent groundwater ages in Hawai‘i. This study implements a multi-tracer 

approach using chlorofluorocarbons, sulfur hexafluoride, and tritium/helium-3 to determine the apparent 

ages of young water masses from the West Hawai‘i aquifers. Chlorofluorocarbon and tritium/helium-3 

tracer measurements suggest that the aquifers contain young groundwater with a median age of 53 years, 

but that a significant volume of older groundwater exists, which was recharged prior to the release of these 

anthropogenic tracers. Mixing models suggest that the groundwater consists of mixtures with an average 

28% modern water (<70 years), with the remainder being recharged prior to 1953. Further, helium 

measurements demonstrate that the area’s groundwater is influenced by hydrothermal and magmatic 

processes from Hualālai volcano, which would bias estimated groundwater ages if not properly considered. 

It is therefore beneficial to utilize a multi-tracer approach in an oceanic volcanic island setting, where 

groundwater ages are impacted by various external processes. The analysis of young apparent ages and 

proportions can aid in coastal aquifer characterization and subsequent groundwater quality assessment and 

is crucial for sustainable groundwater management. 

 

2.1. Introduction 

Groundwater resources on Hawai‘i Island, as on many small volcanic islands, are limited in 

quantity and highly vulnerable to saltwater intrusion and anthropogenic contamination (Izuka et al., 2018). 

These resources are critical for supplying nearly all fresh potable demands for the islands’ residents 

(Gingerich and Oki, 2000; Fukunaga and Associates, Inc., 2017). Careful management of groundwater 

resources and setting values for sustainable yields require the understanding of some of the aquifer’s 
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characteristics that relate to both water residence and travel times (e.g., Bethke and Johnson, 2008). 

Groundwater age can be used to investigate flow and storage properties, which are important factors to 

consider ensuring accurate site characterization and sustainable aquifer management (Reynolds and 

Marimuthu, 2007; Ginn et al. 2009; Leray et al., 2012; Chambers et al., 2019). However, Hawai‘i Island is 

characterized by an extraordinarily complex geologic nature. Hawai‘i Island is formed from five separate 

but interflowing volcanoes, each with its own internal structure but lack of well-defined subsurface margins. 

All of these attributes impact groundwater storage and flow. Further, volcanic ocean islands present unique 

geochemical challenges with marine saltwater intrusion, hydrothermal processes, and magmatic 

contributions impacting commonly-used natural and anthropogenic isotopic and chemical age tracers. To 

mitigate some of these challenges, this study has applied a variety of tracers for age determination of young 

water masses to better define recharge sources and flow paths for aquifers on the west flank of Hawai‘i 

Island.  

Chlorofluorocarbons (CFCs) are chemically inert compounds in the troposphere that are 

dominantly produced by modern refrigeration, air-conditioning, and industrial applications (e.g., Plummer 

and Busenberg, 2006a). There are three CFC compounds: CFC-12 (dichlorodifluoromethane CF2Cl2), CFC-

11 (trichlorofluoromethane CFCl3), and CFC-113 (trichlorotrifluoroethane C2F3Cl3). Industrial production 

of CFC-12 started in 1930, followed by CFC-11 in 1936 and CFC-113 in 1944 (Plummer and Busenberg, 

2006a). Atmospheric CFC mixing ratios decreased after adoption of the Montreal Protocol in 1987 

(Plummer and Busenberg, 2006b; Chambers et al., 2019). The production and release of another type of 

inert gas, sulfur hexafluoride (SF6), started in 1953 and concentrations continue to rise at present 

(Busenberg and Plummer, 2000). The SF6 is often combined with CFC tracers to determine groundwater 

age because, although both were released at similar times, the continued production and release of SF6 has 

resulted in different transient atmospheric concentrations. Since the historic atmospheric concentrations of 

all three CFCs and SF6 have been well documented, these compounds are excellent tracers for relatively 

young groundwater that is typically less than 70 years in age (e.g., Busenberg and Plummer, 2000). Further, 

the apparent ages derived from CFC ratios can be compared to apparent ages derived from individual 

compound concentrations to better refine recharge years when groundwater mixing occurs (e.g., Happell et 

al., 2006).    

Tritium (T or 3H) is a radioactive isotope with a half-life of 12.32 years (e.g., Lindsey et al., 2019). 

Atmospheric tritium concentrations peaked around 1963 due to above-ground nuclear bomb tests that 

started in 1953 (Solomon and Sudicky, 1991; Ingraham, 1998). Tritium measurements in groundwater can 

be referenced to the mid-1960s nuclear bomb detonation peak, thus are useful for inferring apparent 

groundwater age (Solomon and Sudicky, 1991; Szabo et al., 1996). Tritium decays to the noble gas, helium-

3 (3He), and the tritium/helium-3 ratio (3H/3He) can be used to determine the apparent age of young 
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groundwater (Solomon et al., 1998). However, dissolved 3He can be sourced from atmospheric, tritiogenic, 

nucleogenic, and terrigenic origins, which all need to be considered while calculating apparent groundwater 

ages (Solomon and Sudicky, 1991). 

Outside of Hawai‘i, young apparent groundwater ages were estimated for groundwaters from 

Martinique, a volcanic tropical island that is part of the French Republic (Gourcy et al., 2009). A multi-

tracer approach utilizing CFCs, SF6, and tritium demonstrated some samples contained more than 95% old 

groundwater, and concluded that the use of a multi-tracer approach was necessary for their study, where 

sampling sites can be limited and where SF6 measurements may be contaminated by terrigenic sources. 

Kusano et al. (2014) used multiple geochemical tracers to estimate apparent ages of groundwater from 

Nakano-shima Island, Japan. They found that samples from shallow wells and springs contained higher 

concentrations of CFCs and tritium compared to samples from deeper wells, suggesting that the deeper well 

samples contain a higher proportion of old groundwater that is free of CFCs.   

Prior to the present study, only limited investigations of groundwater ages and associated flow 

paths have been conducted in Hawai‘i and little is known about Hawai‘i Island’s groundwater ages. Kelly 

and Glenn (2015) used CFCs to determine groundwater ages in West Hawai‘i Island, whereas Scholl et al. 

(1996) used tritium to estimate groundwater ages from Kīlauea, Hawai‘i. Both determined that the sampled 

groundwater in those settings was a mixture of modern water that recharged in the mid-1900s, and older 

water that was free of CFCs and atmospheric tritium. Those studies, however, each only utilized a single 

tracer to assess apparent ages. Therefore, this study will implement a multi-tracer approach, using CFCs 

and 3H/3He, as well as SF6, to better estimate the relative fractions of modern and premodern water 

contributions to the West Hawai‘i aquifers and define the apparent ages of the modern groundwater. It has 

also been suggested that nutrient contamination is broadly controlled by groundwater ages and travel time 

(Castaldo et al., 2021) because modern waters are more likely to transport manmade contaminants and are 

more vulnerable to land use effects (Sophocleous, 2012). Therefore, there is an increased need to estimate 

young apparent ages to aid in groundwater quality management (Newman et al., 2010). The residence time 

of old groundwater from West Hawai‘i and the use of age data for island aquifer characterization will be 

discussed in a subsequent manuscript.  

 

2.2. Methods 

2.2.1. Study area 

 Hawai‘i Island is the largest (10,464 km2) and youngest island in the Hawaiian archipelago, with 

its entire surface less than one million years old (Clague and Dalrymple, 1987; Izuka et al., 2018). The 

island was built by five shield volcanoes - Kohala, Mauna Kea, Hualālai, Mauna Loa, and Kīlauea. 

Although surficial maps indicate distinct boundaries between each volcano, the sequential growth of 
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successive volcanoes to form the island results in substantial areas where a younger volcano encroaches 

over its older sister volcano (Izuka et al., 2018). Hence, a vertical section through regions of the island 

might intercept aquifers with groundwater recharge originating from the slopes of two, or even three, 

different volcanoes.  

Hualālai is the third oldest volcano on the island, with a peak elevation of approximately 2,500 

meters. The Hualālai volcanics are primarily composed of basalts, except for trachyte flows erupted from 

Pu‘u Wa‘awa‘a and Pu‘u Anahulu (Stearns and Macdonald, 1946). Hualālai is lined with cones, which 

delineate the volcano’s three rift zones: north, northwest, and southeast (although the north rift zone is not 

well defined). The surface expression of the rift zones is underlain by dike complexes, which are dense, 

intrusive rocks that form near-vertical structures as magma fed through subsurface fractures during their 

transit to surface vents cooled in place (Stearns and Macdonald, 1946; Izuka et al., 2018).  

The study area of West Hawai‘i includes five aquifer systems (Waimea, ‘Anaeho‘omalu, Kīholo, 

Keauhou, and Kealakekua) that encompass the Hualālai volcano and western slopes of Mauna Kea and 

Mauna Loa volcanoes (Fig. 2.1). The West Hawai‘i aquifer systems exhibit an unusual hydraulic head 

gradient that is most prominent in the Keauhou and Kealakekua aquifers. Here, groundwater is generally 

classified into two categories: basal groundwater, where water levels are typically <3 m above mean sea 

level (msl), and high-level groundwater, where water levels drastically increase >100 m above msl. The 

location of the increased water levels, which is referred to as the high-low divide, is approximately 6 km 

inland and is roughly parallel to the coastline. A hydrogeologic subsurface structure located at the high-low 

divide likely prevents high-level groundwater from easily flowing to the coastline (Oki, 1999). 

Additionally, another subsurface feature is theorized to exist below the primary basal aquifer (Attias et al., 

2020). This subsurface feature likely facilitates deeper groundwater transport, and thus creates a multilayer 

freshwater aquifer (Thomas et al., 1996). The exact nature of these two significant features however, are 

still poorly characterized. 

Although the exact nature and extent of the subsurface structure located at the high-low divide has 

not yet been identified, models of gravity survey data indicate the presence of a very dense structure in this 

area (Kauahikaua et al., 2000; Flinders et al., 2013). The gravity anomaly is located approximately 4 km 

southwest of the Hualālai rift zone, which trends northwest-southeast (Kauahikaua et al., 2000). This 

gravity anomaly is hypothesized to be caused by buried dikes or dense lava flows (Kauahikaua et al., 1998; 

Oki, 1999). Gravity profiles measured by Kauahikaua et al. (1998) display an asymmetrical shape, 

suggesting that the lava flows are dipping westward rather than forming near-vertical dikes. Regardless of 

how the high-low divide was formed, it serves as an important hydrogeologic feature that restricts 

groundwater flow and creates a productive aquifer (Oki, 1999). 
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Figure 2.1. Groundwater and submarine groundwater discharge (SGD) sample locations across West 

Hawai‘i aquifer systems. CFCs and SF6 were analyzed at all locations and tritium was only analyzed at 

locations indicated by a white +. Initial hydraulic head levels (inset map) show the steep hydraulic head 

gradient between basal and high-level groundwater (Hawai‘i Commission on Water Resource Management, 

unpublished data, 2017). 

 

2.2.2. Sampling methods 

CFC and SF6 concentrations were measured from pumping and monitoring wells in both the basal 

and high-level aquifers and submarine groundwater discharge (SGD) across West Hawai‘i (Fig. 2.1). Using 

copper tubing that was attached to well ports, triplicate samples were collected in 500 mL Boston glass 

bottles following the U.S. Geological Survey (USGS) procedures (U.S. Geological Survey, 2021a). Briefly, 

the bottles were placed in a larger container, filled with water, and allowed to overflow until fully 

submerged to ensure the samples did not come in contact with air before being capped. The SGD samples 

were collected following the same methods, but the copper tube was attached to a peristaltic pump and one-

meter stainless steel push-point sampler (MHE Products) to capture the groundwater before it mixed with 
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seawater. Water samples flowed through a short length (~25 cm) of Tygon thermoplastic tubing, which ran 

through the peristaltic pump and connected to the push-point sampler and copper tubing. While copper 

tubing does not contaminate water samples with CFCs, Tygon thermoplastic tubing has been found to 

contaminate water samples with small amounts of CFC-11 and CFC-113 and with trace amounts of CFC-

12 (Cook et al., 2006). All CFC and SF6 samples were analyzed at the University of Miami Rosenstiel 

School of Marine and Atmospheric Science Tritium Laboratory using a purge-and-trap gas chromatograph 

with electron capture detection. All concentrations are reported on the SIO2005 absolute calibration scale. 

The detection limit for all three CFCs is 0.005 pmol/kg and is 0.05 fmol/kg for SF6.  

Tritium samples were collected from seven pumping wells and two monitoring wells (Fig. 2.1). 

The samples were collected in 30-inch length, ⅜ inch outer diameter copper tubes following the USGS 

3H/3He Noble Gas sampling methods (U.S. Geological Survey, 2021b). Briefly, a copper tube was attached 

to the well port via clear vinyl tubing, and a brass ball valve was attached to the discharge side of the copper 

tube. The copper tube was flushed and filled with water and the brass ball valve was closed to apply back 

pressure and prevent bubble formation. Once the copper tubes were filled with water and all bubbles 

dislodged, the ends of the copper tubes were sealed with clamps mounted in aluminum channels. Two 

monitoring well samples (Kahaluu DMW and Keopu 2 DMW; Fig. 2.1) were collected using a thief 

sampler. In this method, the captured water was released into the vinyl tubing and copper tube, which was 

allowed to flush before back pressure was applied. Bubbles were dislodged and the copper tubes were 

clamped just as was done at the pumping wells. Since these samples were exposed to the atmosphere as the 

water was released from the sampler, the results from these two monitoring wells are considered less 

accurate or reliable. All samples were analyzed at the Lamont-Doherty Earth Observatory Environmental 

Tracer Group (LDEO ETG) at Columbia University following methods described by Bayer et al. (1989). 

Salinity for all samples were measured using a multiparameter probe (YSI Professional Plus Multiparameter 

Instrument Model 6050000 and 605790-4).  

 

2.2.3. Recharge elevations and temperatures 

Since the solubility of CFCs are pressure and temperature dependent, recharge elevation and 

temperature are required to estimate groundwater ages from CFC concentrations. Recharge elevations were 

estimated based on the δ18O values of rainwater and groundwater from Fackrell et al. (2020), Kelly and 

Glenn (2015), and Hudson (2017). Hudson (2017) estimated recharge elevations for all of the sampled SGD 

samples (Fig. 2.1). Fackrell et al. (2020) calculated recharge elevations for eight of the sampled pumping 

wells while Kelly and Glenn (2015) calculated recharge elevations for an additional two wells (Halekii DW 

and Keei D DW; Fig. 2.1). Samples that were not directly calculated in previous studies were estimated 

based on nearby isotopic compositions as follows: recharge elevations for wells Huehue Ranch 4 and 
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Huehue Ranch 5 were based on average Ka‘ūpūlehu upland δ18O values, Keopu DW was based on δ18O 

values from well 3957-005, and Kahaluu C DW was based on δ18O values from well 3557-004 (Fackrell et 

al., 2020). A recharge elevation for Keei A DW was based on Keei D DW δ18O values from Kelly and 

Glenn (2015). Pumping wells from the Waimea aquifer were not analyzed in previous studies. Therefore, 

an assumed recharge elevation of 4,000 m was applied to Waikii Ranch (extending to the summit of Mauna 

Kea), while an assumed recharge elevation of 2,000 m was applied to Lalamilo C DW, Parker #4 DW, 

Waikoloa 3, and Waikoloa DW-6 (extending to the summit of Kohala). It has been suggested that the 

bottom of the northern Waimea wells possibly penetrate lava flows from Kohala volcano, despite being 

located on surficial Mauna Kea lava (Bauer, 2003). Water levels also suggest that groundwater flows 

differently in the northern Waimea aquifer in comparison to the southern aquifer (Bauer, 2003). Though 

not currently defined, recharge from the Mahukona aquifer (Kohala) may be entering the northern Waimea 

aquifer (T. Nance, personal communication).  

Recharge temperatures were estimated based on lapse rates established for Hawai‘i, and the mean 

annual air temperature of the west coast of Hawai‘i Island (23.7°C) was assumed as the temperature for 0 

m elevation (Kelly and Glenn, 2015). Recharge temperatures (Trecharge) were computed using the equation 

(Nullet and Sanderson, 1993): 

Trecharge = 23.7℃− lapse⁡rate × recharge⁡elevation                             (2.1) 

where the lapse rate for samples recharged at elevations below 1,100 m is 7.3 × 10-3 [°C/m] and the lapse 

rate for samples recharged at elevations above 1,100 m is 4.1 × 10-3 [°C/m]. To assess how sensitive 

estimated CFC apparent ages are to recharge elevations and temperatures, the CFC measurements were first 

analyzed using two sets of elevations - the minimum elevations where most of the recent recharge would 

occur and the maximum possible elevations as suggested by Fackrell et al. (2020) and Kelly and Glenn 

(2015).  

 

2.2.4. Computing CFC and SF6 apparent ages 

Apparent ages of CFCs were computed using the USGS CFC Report Program (U.S. Geological 

Survey, 2014), following the IAEA “Use of Chlorofluorocarbons in Hydrology” guidelines (Plummer et 

al., 2006c). Apparent ages of SF6 were computed by the University of Miami Rosenstiel School of Marine 

and Atmospheric Science Tritium Laboratory using the same guidelines. Briefly, apparent ages of each 

CFC and SF6 compound follow Henry’s Law: if a water sample is in equilibrium with air, then the 

concentration of the measured CFC or SF6 gas dissolved in the water (Ci) is proportional to the partial 

pressure of the gas (pi) within the air and is computed with: 

Ci = KHpi                                                                 (2.2) 
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where KH is the Henry’s Law gas-solubility constant [mol/kg/atm] for the CFC and SF6 being evaluated. 

The solubility of the compound is dependent on recharge elevation through the temperature of the water 

and the partial pressures of the compound, and on the salinity of the water in which the compound is 

dissolved. The partial pressure (pi) is further defined as: 

pi = xi(P − pH2O)                                                             (2.3) 

where xi is the CFC or SF6 dry air mole fraction [pptv], P is the total atmospheric pressure [atm], and pH2O 

is the water vapor pressure [atm]. Following these equations, the measured CFC or SF6 concentration is 

converted to a dry air atmospheric mixing ratio (xi), which is then compared to the historical atmospheric 

ratios to estimate a recharge year. These apparent ages follow piston flow, which is a concept in which 

groundwater flows as a discrete packet that is not affected by mixing, diffusion or advection (Bethke and 

Johnson, 2008; Shapiro et al., 2012). 

Since the three CFCs varied in atmospheric concentration over time (Fig. 2.2A), the CFC mixing 

ratios can also be used to estimate a recharge year for binary mixtures of young water that contains CFCs 

and old CFC-free water (Plummer et al., 2006d; Happel et al., 2006). For the example of CFC-12 and CFC-

113, the CFC concentrations in the mixed water are: 

["CFC − 113"]mix = (1 − x)["CFC − 113"]y                                       (2.4) 

["CFC − 12"]mix = (1 − x)["CFC − 12"]y                                         (2.5) 

where [CFC]mix values are the respective CFC concentrations in the mixed water, x is the fraction of CFC-

free water, and [CFC]y values are the respective CFC concentrations in the fraction of water that contains 

CFCs. By dividing equations 2.4 and 2.5, a tracer ratio is computed using: 

["CFC−113"]mix
["CFC−113"]y

=
["CFC−12"]mix
["CFC−12"]y

                                (2.6) 

The tracer ratio calculated using equation 2.6 will determine the apparent age of the fraction of water 

containing CFCs ([CFC]y). It is important to note the tracer ratio is the ratio between two tracers, and not 

the mixing ratio, which is the concentration in equilibrium with the atmosphere. Once the apparent age of 

the CFC-containing water is determined, the tracer ratio of the sampled water is compared to the tracer ratio 

expected of a sample with the same apparent age that did not undergo mixing with CFC-free water (Fig. 

2.2B). This determines the fraction of young, CFC-containing water within the sample (Plummer et al., 

2003).  
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Figure 2.2. Historical atmospheric concentrations of (A) CFCs, SF6, and tritium, and (B) CFC tracer ratios. 

Solid lines represent the time range when concentration ratios are most useful (interpreted from Plummer 

et al., 2006c). North America atmospheric mixing ratios used to create curves were obtained from the USGS 

Reston Groundwater Dating Laboratory (U.S. Geological Survey, 2021a). 

 

2.2.5. Computing 3H apparent ages and R/RA 

Assuming that 4He is solely sourced from the atmosphere, tritiogenic 3He concentrations (3Hetrit) 

were calculated using the following equation: 

3Hetrit = 4.021 × 1014[4HeS(RS − RA) +
4Heeq × RA × (1 − α)]                  (2.7) 

where the constant 4.021×1014 converts units of cubic centimeters at standard temperature and pressure  

(cm3STP/g) to tritium units (TU), 4HeS is the 4He content in the sample (units of cm3STP/g), 4Heeq is the 

4He content of recharge equilibrated with the atmosphere [cm3STP/g], RS is the 3He/4He ratio in the sample, 

RA is the 3He/4He ratio of air (1.384×10-6; Clarke et al., 1976), and α is the equilibrium He isotope 

fractionation factor constant 0.983 (Schlosser et al., 1988; Benson and Krause, 1980). However, water 

samples may contain excess helium which could be sourced from mantle or crustal origins. Excess helium 

can be recognized in sample using the calculated R/RA values, which compare the measured 3He/4He ratios 

in water samples to atmospheric 3He/4He ratios. R/RA values were calculated using the following equation: 

R/RA = RS/RA = (
3He
4He

)
sample

/ (
3He
4He

)
atmosphere

                               (2.8) 

(Clarke et al., 1976; Heilweil et al., 2009). The terrigenic 4He (4Heterr) concentrations can be calculated 

using equilibrium concentrations of a noble gas, in this case neon: 

4Heterr =
4HeS − (NeS − Neeq) × (4He/Ne)atm − 4Heeq                           (2.9) 
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where NeS is the measured neon concentration, Neeq is the neon concentration in water that is in equilibrium 

with air, and (4He/Ne)atm is the atmospheric ratio (0.288; Schlosser et al., 1989). To account for 4Heterr, 3He 

is corrected using the following equation:  

3Hetrit−cor = 4.021 × 1014[4HeS(RS − RA) + 4Heeq × RA × (1 − α) + 4Heterr(RA − Rterr)]    (2.10) 

where 3Hetrit is the terrigenically-corrected 3He concentration, and Rterr is the 3He/4He ratio of the terrigenic 

source (Schlosser et al., 1988). Samples with terrigenic helium were corrected using a 3He/4He ratio specific 

to Hualālai of 1.25×10-5 (Kurz, 1993). Apparent tritium ages (t) were then calculated using the following 

equation: 

t =
T1/2

ln2
⋅ ln (1 +

3Hetrit
3H

)                                        (2.11) 

where T1/2 is the half-life of 12.32 years, and 3Hetrit is tritiogenic 3He from 3H decay (e.g., Aeschbach-Hertig 

et al., 1998; Lindsey et al., 2019).  

 

2.3. Results and Discussion 

The data analyses indicate that all groundwater and SGD samples have detectable CFCs, SF6, and 

tritium concentrations, which demonstrate that at least a portion of the groundwater sampled contains 

young, modern water that recharged within the last ~70 years. Specifically, apparent transient tracer ages 

based on SF6, CFC-11, CFC-12, CFC-113, and 3H/3He measurements range from 7 to 83 years (Table 2.1). 

Because these tracers were anthropogenically released into the atmosphere and have unique, well-

documented concentrations (Fig. 2.2), history matching methods are utilized to estimate travel times based 

on measured concentrations (Bethke and Johnson, 2008).  
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Table 2.1. Apparent transient tracer ages, recharge elevation and temperature, and salinity of sampled water. The ages of SGD samples are salinity 

corrected and 3H samples are corrected for Hualālai 4Heterr influence. Samples are organized by aquifers, from north to south. Ages of SF6 and CFC 

tracers are medians of triplicate samples. Ages with ‘-’ could not be calculated due to low measured tracer concentrations. Samples without results 

were not analyzed for that tracer. 

Name 

Hawai‘i 

State Well 

ID 

Recharge 

elevation 

(m) 

Recharge 

temp. 

(℃) 

Salinity 

Piston flow ages Ratio ages 

3H/3He 

(years) SF6 

(years) 

CFC-11 

(years) 

CFC-12 

(years) 

CFC-113 

(years) 

CFC-11/ 

CFC-12 

(years) 

CFC-

113/CFC-

12 (years) 

CFC-

113/CFC-

12 (years) 

Lalamilo C DW 8-5946-003 2000c 15.5 0.29 22 56 56 53 55 41 36  

Parker #4 DW 8-5746-001 2000c 15.5 0.37 30 57 56 51 - 39 30  

Waikoloa 3 8-5546-002 2000c 15.5 0.23 24 57 57 52 - 37 29  

Waikoloa DW-6 8-5545-001 2000c 15.5 0.41 37 62 62 58 60 40 31  

West Hawaii Landfill 8-5352-001 4200a 6.5 1.89 25 48 46 45 - 42 39  

Makani 1 8-4950-001 4175a 6.6 0.27 40 68 71 66 65 38 29 59+ 

Puu Lani 8-4850-001 3892a 7.7 0.19 36 64 66 59 59 36 28  

Puu Waawaa 8-4650-001 4067a 7 0.14 44 69 74 67 54 42 28 83+ 

Huehue Ranch 4 8-4459-002 2033c 15.4 0.6 - 68 73 66 53 40 41  

Kalaoa DW 8-4358-001 2908a 11.8 0.15 55 66 73 67 - - - 67+ 

Honokohau DW 8-4158-002 3108a 11 0.1 41 60 65 60 43 39 40  

QLT DW 8-4057-001 1950a 15.7 0.08 41 58 62 62 46 48 45  

Keopu DW 8-3957-001 1633c 17 0.09 39 62 68 66 - 43 37 65+ 

Kahaluu DMW 8-3457-004   2.43        22 

Keopu 2 DMW 8-3858-002   0.09        35 
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Kohanaiki 6 8-4161-007 2400a 13.9 8.2 19 43 41 38  35 35 47 

Kahaluu C DW 8-3557-003 1633c 17 0.09 39 56 58 53 47 38 36  

Halekii DW 8-3155-002 2500b 13.5 0.07 47 55 56 53 54 42 38  

Keei D DW 8-2753-003 1800b 16.3 0.06 39 49 49 64 47 33 31 35 

Keei A DW 8-2753-001 1800c 16.3 0.83 32 49 49 43 - 35 32 35 

P1A  4125d 7 6.4 8 43 38 37 - 36 33  

KBA  4125d 7 4.2 21 47 45 43 - 42 38  

P24  2375d 14 11.4 7 37 34 41 - - -  

P34  2375d 14 17.4 18 40 37 43 - - -  

P39  375d 21 13.8 11 33 34 38 - - -  

P43  1375d 18 9.9 13 37 35 36 - - -  

coastal ocean    32 16 34 32 32 - 31 30  

deep ocean    40.49 - 58 63 67 - - -  

a Recharge elevations calculated with δ18O values of water from Fackrell et al. (2020) 
b Recharge elevations calculated with δ18O values of water from Kelly and Glenn (2015) 
c Recharge elevations estimated based on δ18O values of water in nearby wells from Fackrell et al. (2020) and Kelly and Glenn (2015) 
d Recharge elevation calculated with δ18O values of water from Hudson (2017) 
+ 3H samples flagged for terrigenic helium 
* QLT = Queen Liliuokalani Trust 

DW = Deepwell 

DMW = Deep Monitor Well
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2.3.1. Fundamental CFC sensitivities and influences  

To assess sensitivity to recharge elevation, apparent CFC ages were calculated using a minimum 

and maximum elevation. The average absolute difference in apparent ages of the three CFC compounds 

between the minimum and maximum elevations is 0.57 ± 0.10 years. The average absolute difference in 

apparent ages of CFC-113/CFC-12 tracer ratios is 1.04 ± 1.51 years, and the average difference in the 

fraction of young water is 1.43 ± 2.36%. Hence, while the recharge elevations are somewhat uncertain in 

this system, this uncertainty does not introduce a significant error in apparent age and fraction of young 

water calculations. All ages are reported hereon based on the integrated elevations as previously determined 

by Fackrell et al. (2020) and Kelly and Glenn (2015). 

In this hydrologically conductive setting, all nearshore basal wells are influenced by tidal cycles 

inducing water level fluctuation (Oki, 1999), which may promote aeration of nearshore groundwater and 

further induce saltwater intrusion via tidal pumping (McKenzie et al., 2021). These interactions could 

drastically affect the samples, by adding more tracer, producing relatively young apparent ages and high 

proportions of young water (Fig. 2.3). Samples located closest to the coastline and pumped closest to the 

water table had the highest salinity concentrations (Fig. 2.3). Samples with salinity measurements greater 

than 1 ppt had the youngest apparent ages based on CFC-12 mixing ratios and the highest fraction of young 

water based on CFC-113/CFC-12 tracer ratios (Fig. 2.3). This correlation suggests that the high 

concentrations of CFC measured in samples collected near the coastline are likely affected by intruding 

young saltwater.  
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Figure 2.3. Relationship between CFC-12 apparent age, CFC-113/CFC-12 ratio age, and fraction young 

water based on CFC-113/CFC-12 with (A-C) distance from the coastline and (D-F) depth from the water 

table to midscreen elevation. Green triangles represent SGD samples, which all had high salinities (>1 ppt). 

Teal circles represent samples from the basal aquifer with high salinities (>1 ppt). Blue circles represent 

samples from the basal aquifer with low salinities (<1 ppt). Purple squares represent samples from the high-

level aquifer with low salinities (<1 ppt). 

 

Unfortunately, due to the fact that CFC concentrations change with ocean depth and the depth at 

which seawater intrudes into the basal aquifer is unknown, it is impossible to accurately determine the gas 

content of this intruding seawater and apply any age corrections to the impacted groundwater. The SGD 

samples are assumed to contain surface seawater that is in equilibrium with present-day atmosphere 

considering that water samples were pumped from a very shallow depth below the ground surface (<1m) 

where coastal plumes intersect the shoreline. Therefore, a surface seawater sample collected at the Kona 

coastline was used to salinity-correct the CFC concentrations of the SGD samples. With the consideration 

of seawater intrusion, the apparent ages of the SGD samples only changed by a maximum of two years. 

However, it is still possible that these coastal samples were affected by atmospheric contamination. Since 

these samples are pumped near the water table surface, the coastal water is likely in continuous circulation 

with atmospheric gases. The CFC-based apparent ages and young water fractions of the coastal samples 

should therefore be considered unreliable. General spatial and salinity dependent patterns, however, are still 

evident (Fig. 2.3).  
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2.3.2. Apparent CFC and SF6 tracer ages 

 Almost all well samples have younger CFC-113 ages than CFC-11 or CFC-12 (Table 2.1). This 

age discrepancy qualitatively demonstrates mixing of at least two different waters (Plummer et al., 2006d). 

Multi-tracer plots are useful for showing the mixing ratios of the tracers compared to the potential models 

of mixing taking place within the groundwater system. Figure 2.4 plots the mixing ratios against piston 

flow models (PFM) and binary mixing models (BMM). Most samples fall in the lower left corner of the 

plots, which indicate relatively old apparent ages that may be difficult to define within the tracer time scale 

(Solomon et al., 2010). Samples that have not been affected by external processes (i.e., contamination, 

degradation, excess air) should fall within the mixing model lines (Plummer et al., 2006d). If a sample 

contains a mixture of multiple water masses, mixing ratio results can fall anywhere between the mixing 

curves, depending on the age of the end member assigned to the BMM (Plummer et al., 2006d). The black 

dashed BMM lines illustrate tracer concentrations that result from mixing between groundwater that 

recharged prior to the release of CFCs and groundwater that recharged in 2019 (the year these samples were 

collected). In comparison to the black dashed BMM line, the red dotted BMM line was manually plotted as 

the best fit of the measurements, indicating that binary mixing potentially occurred between CFC-free water 

and water that recharged in 1983 (Fig. 2.3A). A similar relationship is demonstrated in Fig. 2.4C, but with 

slightly more scatter surrounding the BMM line between CFC-free water and water that recharged in 1983. 

More samples fall along the red dotted line, suggesting that the water containing CFCs recharged 

approximately 36 years ago. Identifying the most appropriate mixing model in Fig. 2.4B is difficult due to 

the close proximity of the PFM and BMM lines. Of the three CFC compounds, CFC-12 is typically the 

most resistant to contamination or degradation (Cook et al., 2006; Han et al., 2014). However, three SGD 

samples and one well sample (Keei D DW) fall outside of the mixing lines in Fig. 2.4A and 2.4C, but are 

located within the mixing lines of Fig. 2.4B. These samples may therefore be degraded in CFC-113 rather 

than contaminated with CFC-12 and CFC-11. Nonetheless, the tracer plots and elevated stability of CFC-

12 (e.g., Han et al., 2014) suggest that this tracer’s measurements provide the most reliable data for 

groundwater age dating. Most samples plot outside of the mixing lines in Fig. 2.4D-F, indicating an 

enrichment of SF6. It has been shown that SF6 can be terrigenically sourced in volcanic island settings 

(Busenberg and Plummer, 2000; Koh et al., 2007; Kagabu et al., 2017), which would therefore skew 

apparent ages based on SF6 concentrations.  
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Figure 2.4. Multi-tracer plots comparing CFC and SF6 concentrations (pptv). Error bars represent the 

standard deviations of the triplicate samples. The solid line represents the relationship between tracers if 

piston flow (PFM) is assumed. The dashed line represents the relationship between tracers if binary mixing 

(BMM) is assumed between CFC-free water and water recharged in 2019, the year when samples were 

collected. The red dotted BMM line in panel A is the best-fit line that demonstrates binary mixing with 

water recharged in 1983. North America atmospheric mixing ratios used to create mixing lines were 

obtained from the USGS Reston Groundwater Dating Laboratory (U.S. Geological Survey, 2021a) and 

NOAA Global Monitoring Laboratory (https://gml.noaa.gov/dv/data/). 

 

2.3.3. Binary mixing of CFCs 

Since the multi-tracer plots (Fig. 2.4) suggest binary mixing between CFC-free water and water 

recharged in the 1980s, binary mixing models were computed using CFC-113/CFC-12 tracer ratios 

(equations 2.4 - 2.6). Due to an increase of atmospheric CFC-113 concentration in the late 1970s (Fig. 

2.2A), the CFC-113/CFC-12 (or CFC-113/CFC-11) ratio best defines the age of the young water if it 

recharged in the 1980s, whereas the CFC-11/CFC-12 ratio defines the age if the young water recharged 

between the 1940s to 1970s (Fig. 2.2B) (Plummer et al., 2006b and 2006c). The results of binary mixing 

models show that samples located near the coast have larger fractions of young water, whereas samples 

collected further inland have smaller fractions of young water (Fig. 2.5). Although Kahaluu C DW and 

Keei A DW technically pump from the basal aquifer, both have <50% young water fractions, similar to 

wells that pump from the high-level aquifer. Honokohau DW has an estimated recharge elevation that 
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exceeds the peak of Hualālai (Fig. 2.5). This higher recharge elevation suggests that groundwater recharged 

not just from Hualālai, but from the slopes of Mauna Loa, and infiltrated into Honokohau DW, which 

requires a more complex mixing model. In comparison, mixing between Hualālai and Mauna Loa recharge 

may not be prevalent in the Keopu DW and QLT DW.  

 

 
Figure 2.5. Binary mixing model results from CFC-113/CFC-12 ratios. Pie charts represent the fraction of 

old CFC-free water (light blue) and fraction of young water (dark blue) within each sample, where the 

numbers in the pie charts are the fraction of young water (%). Thick black lines show the estimated elevation 

of recharge based on isotopic results from Fackrell et al. (2020) and Kelly and Glenn (2015). 

 

2.3.4. Apparent 3H/3He tracer ages 

Since atmospheric tritium concentrations have been declining and with less than one TU measured 

in all samples, it is difficult to define apparent ages within the tritium time scale. Additionally, terrigenic 

helium (helium from mantle and crustal origins) may impact groundwater samples and bias apparent ages. 

Terrigenic influences can be quantified by measuring excess terrigenic 4He (4Heterr) and calculating R/RA 

values. Samples that are not affected by terrigenic helium have R/RA values near 1.0, whereas samples that 
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have mantle-derived helium exhibit increasing R/RA trends (Heilweil et al., 2009). For example, Fercho et 

al. (2015) calculated R/RA for groundwater from wells located on the Hualālai rift zone and wells located 

off of the Hualālai rift zone. On-rift samples had an average R/RA of 8.8 (n=4) whereas off-rift samples 

averaged 4.5 (n=2). Thus, Fercho et al. (2015) demonstrated the presence of terrigenic influence and 

concluded that more magmatic helium enters the groundwater as one moves closer to the central rift zone 

of Hualālai. 

Four of the nine samples collected from the West Hawai‘i aquifer systems were terrigenically 

influenced, as demonstrated by the presence of 4Heterr ranging from 4.07×10-9 to 1.19×10-8 cm3STP/g, and 

higher R/RA values ranging from 1.6 to 3.2 (Fig. 2.6). Crustal 3He/4He ratios are used to correct for 4Heterr, 

and oceanic island hotspots typically demonstrate higher terrigenic 3He/4He ratios relative to the average 

crustal ratio. Kama‘ehuakanaloa (formerly known as the Lō‘ihi Seamount), located at the southeast end of 

the Hawaiian Island chain, is recorded to have the highest 3He/4He value, 30 times greater than atmospheric 

3He/4He (Kurz, 1993; Sedwick et al., 1994). Since Hualālai is no longer directly above the Hawaiian 

hotspot, mantle plume influences and 3He/4He ratios have drastically declined (Kurz, 1993). Hualālai 

basalts have 3He/4He ratios of approximately 9 RA, equivalent to a 3He/4He ratio of 1.25×10-5 (Kurz, 1993). 

When the samples were corrected for 4Heterr using the Hualālai 3He/4He ratio of 1.25×10-5, the apparent ages 

of the four terrigenically influenced samples ranged from 58 to 83 years (Fig. 2.6). These terrigenically 

corrected tritium ages were in good agreement with apparent CFC-12 ages (RMSE=10 years; Fig.2.6 inset). 

In comparison, when the samples were corrected for 4Heterr using an average crustal terrigenic 3He/4He ratio 

of 2×10-8 (e.g., Hohmann et al., 1998) the apparent ages of the four terrigenically influenced samples ranged 

from 76 to 107 years. Thus, tritium samples were biased towards older ages when corrected using an 

average crustal terrigenic 3He/4He ratio of 2×10-8 (RMSE=19 years) (e.g., Hohmann et al., 1998). This 

difference in apparent ages demonstrates how excess terrigenic sources can significantly impact 

groundwater samples, where the groundwater appears older than it actually is and that it is not necessarily 

appropriate to use an average crustal terrigenic 3He/4He ratio in a unique environment, such as Hawai‘i. 
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Figure 2.6. R/RA, 4He, and apparent ages of groundwater samples from West Hawai‘i. Purple bars represent 

R/RA ratios and black bars represent measured tritium concentrations. White bars represent total 4He 

extracted from the samples, where the four samples to the left were identified to have a terrigenic He 

influence. Black diamond markers represent apparent ages corrected with a Hualālai 3He/4He ratio and 

white diamond markers represent apparent ages that did not require correction. The inset plot shows 

correlation between CFC-12 ages and tritium ages corrected using a Hualālai 3He/4He ratio. 

 

 

2.3.5. 3H/3He as an indicator of groundwater mixing  

Because CFC measurements indicate mixing between young groundwater and older CFC-free 

groundwater, tritium samples were also used to categorically classify the samples into modern, premodern, 

and mixed groundwater. Since atmospheric tritium concentrations rose in 1953 (Solomon and Sudicky, 

1991; Ingraham, 1998), water recharged post-1953 is considered to be modern, and water recharge prior to 

1953 is considered to be premodern (Lindsey et al., 2019). Using reconstructed tritium deposition in 

precipitation over the continental United States, Michel et al. (2019) calculated cutoff values for every 

sampling year to determine the modern and premodern thresholds. Briefly, the modern threshold is the 

minimum post-peak (1963) tritium concentration of historical deposition records that are decayed to the 

time of sampling (Lindsey et al., 2019). The premodern threshold is the estimated 1952 tritium 

concentration (averaged from 2008-2012 concentrations) that is decayed to the time of sampling (Lindsey 

et al., 2019). Since atmospheric tritium concentrations vary both spatially and temporally (e.g., Solomon 

and Sudicky, 1991) and Hawai‘i is not located within the continental United States, southern California 

was used to determine threshold concentrations for West Hawai‘i samples collected in 2018, with a modern 
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and premodern threshold of 1.034 TU and 0.097 TU, respectively (Fig. 2.7; Jurgens, 2018; Michel et al., 

2019). For comparison, Jasechko & Taylor (2015) also reconstructed tritium deposition in precipitation on 

a global scale, and results over Hawai‘i (Fig. 2.7) were similar to Los Angeles results from Michel et al. 

(2019). Following methods from Lindsey et al. (2019), all West Hawai‘i samples fell between the 1.034 

TU and 0.097 TU thresholds (Fig. 2.7). This implies that the sampled groundwater is a mixture of both 

modern and premodern water, which agrees with CFC-113/CFC-12 analysis (Fig. 2.4). 

 

 
Figure 2.7. Measured tritium age and concentrations compared to bi-yearly estimated tritium 

concentrations in precipitation from 1952 to 2012 for the quadrangle area over Los Angeles, California 

(Michel et al., 2018) and yearly estimated tritium concentrations in precipitation over Hawai‘i (Jasechko & 

Taylor, 2015). Samples that fall between the modern and premodern threshold lines are considered to 

contain a mixture of modern and premodern groundwater, assuming piston flow. 

 

 

Further, these modern and premodern thresholds were used to estimate the fraction of the 

groundwater sample that recharged post-1953 (Fpost-1953) following the equation (Jasechko, 2016): 

Fpost−1953 =
Tsample−Tpre

Tpost−Tpre
                                                      (2.12) 

where Tsample is the tritium concentration measured in the sample, Tpre is the premodern tritium threshold of 

0.097 TU, and Tpost is the modern tritium threshold of 1.03 TU. Post-1953 groundwater fractions of the nine 
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tritium samples ranged from 11% to 68% (Fig. 2.8). Six of the wells that were analyzed for post-1953 

tritium fractions were also analyzed for CFC-113/CFC-12 ratio ages and fraction of young groundwater. 

There is a weak, but positive, correlation (r2=0.24) between the young groundwater fractions estimated 

based on tritium measurements and young groundwater fractions estimated based on CFC-113/CFC-12 

measurements. In particular, Kohanaiki 6 demonstrated very different results, where tritium analysis 

estimated that 35% of the groundwater sample is young, in contrast to a value of 75%, which was estimated 

by the CFC-113/CFC-12 analysis (Fig. 2.8). It is important to note that Kohanaiki 6 is located 1 km from 

the coastline and has a high salinity measurement (8.2 ppt). Therefore, the CFC-113/CFC-12 measurement 

was possibly affected by saltwater intrusion, which could increase estimates of CFC-derived young 

groundwater fractions. Post-1953 groundwater fractions estimated using tritium measurements, however, 

typically have significant uncertainties due to the temporal and spatial variability of tritium deposition 

(Jasechko, 2016). This is further exacerbated when groundwater samples are collected from heterogeneous 

aquifers via pumping wells with long perforated screens (Jasechko, 2016). Nonetheless, these two methods 

agree that the aquifers are mixtures of young and old groundwater and provide ranges of the young 

groundwater fractions.  
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Figure 2.8. Comparison between post-1953 groundwater proportions using tritium samples (purple) versus 

young groundwater fractions using CFC-113/CFC-12 ratios (blue). Dark purple and blue partitions of pie 

charts represent the fraction of pre-1953 tritium groundwater and old CFC-free groundwater, respectively. 

Light purple and blue partitions represent post-1953 tritium groundwater and young CFC groundwater, 

respectively. Numbers in the pie charts are the fraction of young water (%), with tritium errors propagated 

from sampled concentration measurements, and CFC errors as standard deviations of triplicate samples. 

Thick black lines show the estimated elevation of recharge based on isotopic results from Fackrell et al. 

(2020) and Kelly and Glenn (2015). 

 

2.3.6. Implication of young groundwater age on nitrate contamination 

 The quantification of young groundwater ages can be particularly important when investigating 

nutrient transport, as previous studies suggest that apparent groundwater ages are inversely correlated to 

nitrogen contamination (Castaldo et al., 2021). As shallow wells typically pump younger groundwater, 

young apparent ages are vital to assess nutrient distribution, especially in shallow aquifers along the coast 

of West Hawai‘i, where excess natural and anthropogenic nutrients can negatively impact coastal 

ecosystems (e.g., Duarte et al., 2010). This trend is observed in the West Hawai‘i aquifers (Fig. 2.9) using 

nitrate concentrations measured from the same wells sampled for groundwater age (Tachera, 2021). Despite 

the low coefficients of determination between nitrate concentrations and apparent groundwater age (r2=0.13 
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and 0.35), ages estimated using CFC-12 and 3H/3He tracers both demonstrate this negative trend. Although 

the low coefficients of determination may be influenced by other factors, such as distance from contaminant 

sources, the apparent ages estimated using CFC-12 and 3H/3He suggest that nitrate concentrations decrease 

at a rate of 0.01 mg/L per year (Fig. 2.9). This inverse correlation demonstrate that higher nitrate 

concentrations are likely found in groundwater that recharged in the last 70 years, when significant 

population growth occurred and likely led to an increase in groundwater nitrate concentrations in West 

Hawai‘i. Furthermore, this case from West Hawai‘i illustrates how groundwater age and nutrient 

relationships can be very valuable when investigating nutrient transport in coastal aquifers, such as the 

studies conducted by Okuhata et al. (2021) and Wada et al. (2021), which aimed to identify the relative 

source contributions of nutrients detected in the Keauhou aquifer. 

 

 

Figure 2.9. Nitrate concentrations versus apparent CFC-12 and tritium/helium-3 ages from West Hawai‘i 

wells. Nitrate concentrations were measured by Tachera (2021). 

  

 

2.4. Conclusion 

Apparent ages of young groundwater are estimated using the recent and well-documented history 

of transient tracers released into the atmosphere due to anthropogenic activity. Few studies have estimated 

apparent groundwater ages in West Hawai‘i, and none have implemented a multi-tracer approach. This 

study estimated young apparent ages using CFCs, SF6, and 3H/3He measurements in groundwater and SGD 



 

33 
 

samples. All samples analyzed for transient geochemical tracers detected CFCs and tritium, indicating that 

the West Hawai‘i aquifers contain some proportion of groundwater that recharged no earlier than the 1950s.  

CFC and SF6 tracer plots exhibit the likelihood of binary mixing in almost all samples, but the low 

concentration measurements demonstrate the commanding presence of older groundwater that cannot be 

defined within the CFC and SF6 tracer time scale. Tracer plots also suggest that SF6 measurements were 

contaminated, potentially from volcanic deposits, and therefore are not as reliable for Hawaiian aquifers 

compared with the other tracers used. Apparent CFC ages from coastal samples are less reliable because of 

potential modern atmospheric contamination. Since coastal wells are highly influenced by tides, and the 

thin freshwater lens is closer to ground elevation, wells are pumped from very shallow depths. These factors 

are therefore more likely to expose the groundwater to the atmosphere, which contains modern CFC 

concentrations. This would lead to CFC contamination, which would bias the samples towards young 

apparent ages and higher fractions of modern water.  

The apparent ages of the water for many wells are also at the extreme end of the tritium tracer time 

scale and, hence, there are large uncertainties in the computed ages. Similar to CFCs, all tritium 

measurements indicate mixing between modern and premodern groundwater sources. Apparent tritium ages 

were initially higher than apparent CFC ages, but relatively higher R/RA values demonstrate that these 

samples are affected by excess helium from terrigenic sources. Therefore, when tritium measurements were 

corrected using a Hualālai-specific 3He/4He ratio to account for terrigenic helium influences, apparent ages 

are in good agreement with CFC-12 ages. This age agreement between two different tracers validates the 

presence of young groundwater in the West Hawai‘i aquifers and also highlights that groundwater is 

significantly influenced by volcanic activity from Hualālai. Both CFC and 3H/3He measurements were 

utilized to estimate the proportion of young groundwater that recharged within the last 70 years, and both 

tracer methods agreed that the West Hawai‘i aquifers are a mixture of modern and premodern waters. 

Although the CFC and tritium methods were not in perfect agreement, the results provide ranges of young 

water fractions, thus expanding our understanding of the groundwater mixing possibilities. Further, an 

inverse trend observed between young apparent groundwater ages and nitrate concentrations reveal the 

influence of groundwater age on nutrient distribution and contamination. This supports previous studies, 

which argue that nutrient contamination is potentially controlled by groundwater age and that young 

groundwater is more likely to transport contaminants sourced from modern applications (Castaldo et al., 

2021).  

We present the applicability of these tracers in a volcanic island setting and the steps taken to 

mitigate these various influences, which can be applied in other study areas with similar significant factors. 

This multi-tracer study therefore advances our understanding of West Hawai‘i’s groundwater ages and 

helps to develop a conceptual model to describe groundwater flow and transport through the West Hawai‘i 
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aquifers. However, since CFC and tritium concentrations are declining in the atmosphere, it is becoming 

more difficult to detect CFC and tritium tracers in the groundwater, and it will soon be impossible to use 

these tracers in Hawai‘i. As binary mixing models suggest that a large proportion of the groundwater 

recharged before the release of these anthropogenic tracers, the West Hawai‘i aquifers should be further 

investigated using another set of tracers that cover intermediate to older ages. A subsequent study will 

therefore utilize 14C measurements to estimate the apparent ages of the old groundwater proportions suggest 

to mix with the young groundwater in the West Hawai‘i aquifers.  
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CHAPTER 3: EVIDENCE OF VOLCANIC CO2 INFLUENCE ON OLD 

APPARENT GROUNDWATER AGES USING 14C AND δ13C OF DIC 

FROM WEST HAWAI‘I ISLAND 

 

Abstract 

Study Region:  

West Hawai‘i, Hawai‘i Island, comprises five primary aquifer systems - Waimea, ‘Anaeho‘omalu, Kīholo, 

Keauhou, and Kealakekua. These aquifers, specifically Keauhou and Kealakekua, demonstrate an unusual 

hydraulic head gradient and occur as both basal and high-level groundwater.  

Study Focus:  

This study uses 14C of dissolved inorganic carbon (DIC) to estimate the apparent ages of old groundwater 

from the West Hawai‘i aquifer systems and attempts to correct such apparent ages for the influence of 

volcanic CO2 by using isotope mass balance based on δ13C values of DIC. A two-dimensional cross-section 

numerical model is developed to support the apparent age estimations and test new conceptual models.  

New Hydrological Insights for the Region: 

Measurements of the concentration and stable isotopic composition of DIC suggest that groundwater in 

West Hawai‘i is influenced by volcanic CO2 in the aquifers, therefore causing apparent 14C ages to appear 

older than they actually are. The proportion of potential volcanic CO2 that has equilibrated with 

groundwater DIC ranges from 10 to 80% and apparent ages corrected for volcanic influence range from 

790 to 3,000 years. The corrected 14C ages are supported by the developed groundwater model that transects 

through West Hawai‘i. Model simulations also suggest that shallow groundwater sampled near the coast 

are better defined by young apparent ages determined by tracers such as CFCs and tritium. 

 

3.1. Introduction  

Apparent age is a fundamental groundwater property required to understand hydrogeologic systems 

and better manage sustainable practices (e.g., Chambers et al., 2018). By understanding the distribution of 

groundwater age within aquifer systems, groundwater flow and aquifer storage properties can be better 

assessed (e.g., Bethke and Johnson, 2008; Ferguson et al., 2020). This is especially important in locations 

such as Hawai‘i Island, where groundwater is a critical resource for residents, supplying nearly all potable 

water (Gingerich and Oki, 2000; Fukunaga and Associates, Inc., 2017). Further, Hawai‘i Island is 

characterized by a very complex hydrogeologic system that was formed by interbedded lava flows from 

five different volcanoes and by poorly defined subsurface boundaries. Different natural and anthropogenic 

geochemical tracers can be used to date groundwater of varying ages due to unique tracer lifetimes and 
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histories of release. Since various chemical and physical processes can affect the measured concentrations 

of groundwater samples, it is ideal to use multiple tracers to resolve discrepancies in apparent ages 

(Plummer and Busenberg, 2006).   

Previous work by Kelly and Glenn (2015) and Okuhata et al. (Chapter 2) demonstrate that young 

groundwater within the West Hawai‘i aquifer systems can be dated using anthropogenic tracers, such as 

chlorofluorocarbons (CFCs), sulfur hexafluoride (SF6), and tritium. Their results also show, however, that 

a large portion of West Hawai‘i aquifers contain older groundwater that require the use of geochemical 

tracers with longer life spans. Using radiocarbon (14C), Thomas et al. (1996) suggested that groundwater 

ages from a deep borehole in Hilo, Hawai‘i range from 5,890 to 7,170 years. 14C is a radionuclide that is 

produced by nuclear reactions in the upper atmosphere and enters the troposphere in a relatively constant 

flux (Faure, 1986; Clark and Fritz, 1997; Wang et al., 1998; Plummer and Glynn, 2013). 

Dendrochronological evidence demonstrates that 14C production increased as high as 12% from AD 774 to 

775 due to cosmic radiation events (Miyake et al., 2012), but atmospheric 14C concentrations generally 

fluctuate less than 2% per year (Kuitems et al., 2021). The 14C atoms incorporate into radioactive carbon 

dioxide (14CO2) molecules and integrate into the atmosphere and hydrosphere (Wang et al., 1998). The 

14CO2 molecules then equilibrate with precipitation and groundwater. Plants exchange 14CO2 with the 

atmosphere through photosynthesis, which is also incorporated into the biologic and hydrologic cycle 

(Clark and Fritz, 1997). As soil gas 14CO2 equilibrates with the infiltrating groundwater recharge, 14C is 

incorporated into total dissolved inorganic carbon (DIC) in the aquifer system (Plummer and Glynn, 2013). 

Once the 14C is isolated from modern atmospheric 14C, the groundwater age “clock” is set and the time 

elapsed is measured by the exponential loss of 14C, which decays over time (Clark and Fritz, 1997). Since 

14C has a half-life (t1/2) of 5,730 ± 40 years, 14C is used to date relatively old groundwater. Additionally, 

above-ground nuclear weapons testing between the 1950s and 1960s resulted in a “bomb pulse,” which 

significantly increased atmospheric 14C concentrations (e.g., Bethke and Johnson, 2008). Once nuclear 

testing was banned in 1963, atmospheric 14C concentrations began to decline to pre-bomb concentrations 

(Wang et al., 1998). 

Measurements of 14C in groundwater DIC (DI14C) have not been previously used in West Hawai‘i 

aquifers to determine apparent age of groundwater. Further, numerical models have not been developed to 

simulate apparent ages and assess measured results. Determining apparent DI14C age is complex because 

as a volcanic oceanic island, Hawai‘i Island’s groundwater is influenced by unique geochemical factors 

that introduce additional DIC to aquifers as a result of saltwater intrusion, active volcanic activity releasing 

CO2(g) that equilibrates with groundwater DIC, and biogeochemical processes. Therefore, the objective of 

this study is to estimate the apparent ages of older groundwater from the West Hawai‘i aquifers using DI14C, 

and to use these results within a 2D cross-section numerical groundwater model. The modeling effort is 
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aimed at evaluating the need for groundwater age correction and the development of a hydrogeological 

conceptual model of the area supporting recent findings by Attias et al. (2020) and Oki (2021). These 

authors used electrical resistivity models and numerical models that suggest a low-permeability lava flow 

acts as a confining unit within the Keauhou aquifer and directs deep groundwater flow. The need for age 

correction is based on results from Chapter 2, which revealed that some SF6 and tritium samples are 

terrigenically-sourced, thus suggesting groundwater contains volcanic gases. CO2(g) from volcanic sources 

is 14C-free and has δ13C values that are different from biological sources. Here, we use DI14C and δ13C 

values of DIC to determine the extent volcanic CO2(g) has equilibrated with groundwater DIC system. This 

study complements Chapter 2, which assessed young apparent ages of the same groundwater using the 

anthropogenic tracers CFCs, SF6, and tritium. The ultimate aim is to use multiple tracers to assess a wide 

range of apparent groundwater ages hypothesized to mix within the West Hawai‘i aquifers. This study, 

specifically, is designed to assess older groundwater ages that cannot be calculated using modern 

anthropogenic tracers. A primary output from this study is a numerical groundwater model that is developed 

to validate a new conceptual model of the West Hawai‘i aquifers. Since the groundwater model simulates 

average apparent ages, 14C measurements and analyses are required for validation purposes, which warrant 

investigation into volcanic influence of apparent ages. The interpretation of these DI14C groundwater ages 

is necessary when developing conceptual groundwater models and to better understand groundwater flow 

in hydrogeologically complex aquifers. 

 

3.2. Methods 

3.2.1. Study area 

 The study area of West Hawai‘i, Hawai’i Island, comprises five primary aquifer systems: Waimea, 

‘Anaeho’omalu, Kīholo, Keauhou, and Kealakekua (Fig. 3.1). West Hawai‘i was built by three of the 

island’s shield volcanoes (Mauna Kea, Hualālai, and Mauna Loa), which produced partially simultaneous 

eruptions and interbedded lava flows (Izuka et al., 2018). Mauna Kea and Mauna Loa both have peak 

elevations of approximately 4,200 m above mean sea level (msl) and Hualālai has a peak elevation of 

approximately 2,500 m above msl. These volcanoes are largely composed of basalts and contain rift zones 

that are impounded by dike complexes, which are dense, near-vertical structures fed through centralized 

vents (Stearns and Macdonald, 1946; Izuka et al., 2018). 

In West Hawai‘i, groundwater occurs as both basal and high-level groundwater. The basal 

groundwater consists of a thin freshwater lens with water levels <3 m above msl, whereas the high-level 

groundwater, which is located further inland exhibits a water level increase >100 m above msl. This drastic 

water level increase is referred to as the high-low divide, which is roughly parallel and 6 km inland of the 

coastline (Fig. 3.1). It is hypothesized that a subsurface structure prevents groundwater recharged at higher 
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elevations from easily flowing directly into the basal aquifer, thus creating the high-low divide (Oki, 1999). 

The exact nature of this structure, however, has not yet been well defined.  

Models of gravity survey data demonstrate the occurrence of a very dense and deep subsurface 

structure which generally align with volcanic rift zones on Hawai‘i Island (Kauahikaua et al., 2000; Flinders 

et al., 2013). The gravity anomaly detected beneath Hualālai, however, is located approximately 4 km 

southwest of Hualālai’s southeast rift zone (Fig. 3.1), so is therefore less likely to represent the primary 

dike complex (Kauahikaua et al., 2000). Gravity surveys also demonstrate that the lava flows dip westward 

rather than forming near-vertical dikes (Kauahikaua et al., 1998), suggesting the formation of dense, 

impermeable lava flows. Models of marine electrical resistivity surveys conducted by Attias et al. (2020) 

suggest the presence of low-permeability layers located beneath the primary basal aquifer, which potentially 

allows groundwater transport deep beneath the surface. These offshore models show alternating layers of 

freshwater-saturated and saltwater-saturated basalts (Attias et al., 2020). This phenomenon was also 

observed during the Hawai‘i Scientific Drilling Project at the eastern coast of Hawai‘i Island (Thomas et 

al., 1996) and is supported by salinity profiles measured in deep monitoring wells drilled through the 

Keauhou aquifer (Bauer, 2003).  

 

Figure 3.1. Groundwater and SGD 14C sample locations across West Hawai‘i aquifer systems. Initial 

hydraulic head levels (inset map) show the steep hydraulic head gradient between basal and high-level 

groundwater (Hawai‘i Commission on Water Resource Management, unpublished data, 2017). 
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3.2.2. Sampling methods 

Samples analyzed for DI14C were collected from pumping wells, monitoring wells, and submarine 

groundwater discharge (SGD) following the methods described for groundwater DIC by Woods Hole 

Oceanographic Institution (2014) (McNichol and Jones, 1991). Samples obtained from pumping wells were 

collected in 500 mL HCL-washed borosilicate glass bottles with ground-glass stoppers. The samples were 

collected from the well port through PVC-based thermoplastic tubing which was discharged into the bottom 

of the bottle and allowed to overflow prior to capping. Approximately 5-10 mL of headspace was left in 

the bottles and immediately chilled after collection. The samples were preserved with 100 μL of saturated 

HgCl2 solution and stored in a cool, dry location until analysis. The SGD samples were collected following 

the same methods, but the thermoplastic tube was attached to a peristaltic pump and one-meter stainless 

steel push-point sampler (MHE Products) to capture the groundwater before it mixed with seawater. The 

monitoring well samples were collected using a thief sampler (surface triggered sampler). The sampler is 

sealed while being lowered into the well and opened once it reaches the desired depth below the water table, 

at which point it captures the groundwater at a specific known depth. Once the sampler is brought back to 

the ground surface, the captured water is carefully released into the sample bottle so as to minimize aeration 

and degassing.  

All DI14C samples were prepared at the National Ocean Sciences Accelerator Mass Spectrometry 

(NOSAMS) laboratory at the Woods Hole Oceanographic Institution (WHOI) using a water stripping 

method, where evolving CO2 is stripped from the water sample using acidification and sparging with 

nitrogen (Woods Hole Oceanographic Institution, 2022a), and analyzed by Accelerator Mass Spectrometry 

(AMS). Results are reported as fraction modern (Fm) and had an average error of 0.002. Values of δ13C 

were also measured on a subsample of the evolved CO2 and reported by NOSAMS WHOI using a VG 

Prism isotope ratio mass spectrometer, which can determine δ13C values on samples of CO2 to a precision 

of ±0.02‰ (McNichol and Jones, 1991; Woods Hole Oceanographic Institution, 2022b). DIC concentration 

measurements were required for DI14C analysis, so independent samples were also collected from the 

pumping and monitoring wells. Samples for DIC concentration measurement obtained from wells were 

filtered with 0.45 μm hydrophilic polyethersulfone capsule filters, collected with no headspace in 40 mL 

glass volatile organic analyte vials with PTFE septa-lined screw caps, and immediately chilled. DIC 

concentrations for SGD were measured at the S-LAB at the University of Hawai‘i. The sampled CO2 is 

measured using a UIC CM5015 Coulometer with a coefficient of variation of 0.05% (SOEST Laboratory 

for Analytical Biogeochemistry, 2015). Concentrations of DIC in groundwater were determined at the 

Water Resources Research Center at the University of Hawai‘i using a Shimadzu TOC-V Total Organic 

Carbon analyzer, with a coefficient of variation of 1.5%. 50 μL of the sample was injected into a reaction 

vessel that contains 25 wt% phosphoric acid. In the reaction vessel, inorganic carbon was converted to CO2, 
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which was detected and measured by non-dispersive infrared spectroscopy. Under these conditions, organic 

compounds would not be converted to CO2 for measurement. 

 

3.2.3. Computing 14C apparent ages 

 Initial 14C apparent ages were calculated by NOSAMS following the equation: 

𝑎𝑔𝑒 = −8033 ∙ ln⁡(𝐹𝑚)                                                             (3.1) 

where Fm (fraction modern) is generally equivalent to the ratio of measured 14C activity to the initial 

inferred 14C activity and the 14C half-life is 5,568 years (Stuiver and Polach, 1977). Fm is a sample’s 

measured 14C deviation from a modern standard’s 14C content, where the modern is established as 95% of 

the 14C concentration of NBS Oxalic Acid I in 1950 AD (Olsson, 1970). Since 14C is also influenced by 

natural isotopic fractionation, Fm was δ13C-corrected to its normalized δ13CVPDB value of -25‰ using 

simultaneous measurements of 13C/12C ratios on the AMS system (Stuiver and Polach, 1977). 

 

3.2.3.1. Correcting for young groundwater and saltwater 

High total DIC concentrations and high δ13C values can indicate that the sampled groundwater DIC 

has equilibrated with volcanic CO2(g) (Table 3.1). Groundwater samples collected from wells at the 

Hualālai rift zone (Huehue Ranch 4 and Huehue Ranch 5) had DIC concentrations of 12.2 and 12.6 

mmol/kg, respectively, and δ13CDIC values of -2.2‰ and -2.4‰, respectively. In addition to these high DIC 

concentrations and high δ13CDIC values, Fercho et al. (2015) found an increase in magmatic helium flux 

from these wells in comparison to wells located off of the rift zone. Volcanic CO2(g) typically does not 

contain 14C (Rose and Davisson, 1996). The addition of this “dead” carbon significantly dilutes the 14C 

content of the surrounding groundwater and increases apparent ages (Aggarwal et al., 2014; Hershey et al., 

2016). Therefore, an attempt was made to calculate DI14C apparent groundwater ages by correcting the ages 

for potential bias from saltwater and volcanic CO2 contribution.  

All samples were first corrected to determine the percent young groundwater in the same samples 

using CFC and tritium analyses (Chapter 2). Assuming the samples are a mixture of young groundwater 

that contains CFCs and old groundwater that is free of CFCs, the CFC-113/CFC-12 ratio age and fraction 

young water were first used to calculate the age of the groundwater before it came in contact with CFCs 

(pre-CFC groundwater age; PCA) using the following equation: 

𝑃𝐶𝐴 = ((−8033 ∙ 𝑙𝑛 (
𝐹𝑚

100
)) −

𝑦𝑜𝑢𝑛𝑔%

100
× 𝐶𝑅𝐴) ÷ (1 −

𝑦𝑜𝑢𝑛𝑔%

100
)                         (3.2) 
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where Fm is the 14C fraction modern (pMC), young% is the fraction of young water based on CFC-

113/CFC-12 ratios, and CRA is the CFC-113/CFC-12 ratio age. The pre-CFC Fm (PCF) was then calculated 

using the following equation: 

𝑃𝐶𝐹 = 𝑒𝑃𝐶𝐴/(−8033) × 100                                                     (3.3) 

which is the inverse of equation 3.1 (i.e., PCF becomes Fm in equation 3.1 when young% is equal to zero 

in equation 3.2). 

To estimate the apparent age of the freshwater component, DI14C samples were then corrected to 

account for the contribution of seawater DI14C. Since most groundwater samples had very low salinity, only 

samples with salinity greater than 1 ppt (West Hawai‘i Landfill, Kohanaiki 6, all SGD samples in Fig. 3.1) 

were corrected. The DIC concentrations, δ13C values of DIC, and Fm of the freshwater component (Cfw) 

were then calculated using the following equation: 

𝐶𝑓𝑤 = 𝐶𝑚𝑖𝑥 + (𝐶𝑚𝑖𝑥 − 𝐶𝑜𝑤) × (𝑆𝑚𝑖𝑥 − 𝑆𝑓𝑤)/(𝑆𝑜𝑤 − 𝑆𝑚𝑖𝑥)                          (3.4) 

where Cmix, Cfw, and Cow represent the mixed sample, freshwater endmember, and seawater end member, 

respectively, of the DIC concentrations, δ13C, or Fm measurement being unmixed, and Smix, Sfw, and Sow 

are the salinities of the mixed sampled, the freshwater endmember, and the seawater endmember, 

respectively (Hunt and Rosa, 2009). The sample at Keei D DW (Fig. 3.1) was used as the freshwater 

endmember and the coastal ocean sample was used as the seawater endmember (Table 3.1). Since the 

samples being corrected are coastal wells and SGD samples collected at the coastline, it is most appropriate 

to use the coastal sample rather than the deep ocean sample as the ocean water endmember. 

 

3.2.3.2. Estimating volcanic CO2 endmembers 

Theoretical mixing curves between groundwater DIC equilibrated with volcanic CO2(g) and 

biogenic soil gas CO2 were computed following Yamada et al. (2011). The curves were computed using 

the equation: 

𝛿13𝐶𝑚𝑖𝑥 = ((𝐶𝑆 × (𝛿13𝐶𝐷𝐼𝐶−𝑆 − 𝛿13𝐶𝑉)/𝐶𝑚𝑖𝑥)) + 𝛿13𝐶𝑉                                  (3.5) 

where CS is the initial DIC concentration of groundwater in equilibrium with biogenic soil CO2(g), Cmix is 

the DIC concentration after equilibrated with volcanic CO2(g), δ13CDIC-S is the initial isotopic composition 

of DIC mixed with biogenic soil CO2(g), δ13CV is the δ13C value DIC in equilibrium with volcanic CO2(g), 

and δ13Cmix is the carbon isotopic composition of DIC after mixing (Yamada et al., 2011). Previous studies 

have determined that the carbon isotopic compositions of CO2(g) from Kīlauea fumaroles range from -4‰ 

to -3‰ (Gerlach and Thomas, 1986; Friedman et al., 1987; Gerlach and Taylor, 1990; Hilton et al., 1997). 

Using the temperature, salinity, DIC concentration, and pH of the Huehue Ranch 4 and Huehue Ranch 5 
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wells located along the Hualālai rift zone as well as the isotopic fractionation between all carbonate species, 

an average δ13CDIC value of 1.75‰ was determined to be in isotopic equilibrium with an average δ13C value 

of volcanic CO2(g) of -3.6‰ (e.g., Rubin et al., 1987; Gerlach et al., 2002).  An isotopic value of 1.75‰ 

was therefore assigned to δ13CV.  

 

3.2.4. Groundwater model development 

A two-dimensional cross-sectional groundwater model was developed using a finite element 

FEFLOW model (Diersch, 2014), which is capable of calculating mean groundwater age using the standard 

mass-transport equations (Goode, 1996; Cornaton and Perrochet, 2006). FEFLOW assumes that age starts 

when groundwater enters the aquifer, and therefore assigns a Dirichlet Boundary Condition of zero days at 

the inflow boundary. The specific modeling objectives are 1) to test the conceptualization of the high-low 

divide subsurface structure, 2) support the need for groundwater age correction, and 3) detail data 

limitations that hinder the development of a large-scale three-dimensional model for the study area.  

 

3.2.4.1. Model domain and mesh 

The model crosses west to east through Hualālai and Mauna Loa volcanoes, thus intersecting the 

Keauhou, Kealakekua, and ‘Anaeho‘omalu aquifer systems (Fig. 3.2A). The eastern model boundary is 

designed to extend to the ridge of Mauna Loa volcano because it is hypothesized that groundwater recharged 

on the western slopes of Mauna Loa flow across aquifer boundaries and into the Keauhou aquifer (Fackrell 

et al., 2020). The top of the model domain extends 5.5 km offshore and 54 km inland. The top of the inland 

model domain follows the topography, reaching an elevation of 1.6 km above msl south of the peak of 

Hualālai and an elevation of 2.5 km above msl north of the peak of Mauna Loa. The top of the offshore 

model domain follows the bathymetry. The bottom of the model domain extends 1 km below msl. 

Triangular meshing was used to create the model with 200,000 variably-sized elements ranging from 

approximately 5 to 50 m lengths, where the elements were refined between hydraulic conductivity units 

around observation points. 

 

3.2.4.2. Model conceptualization  

High water levels in Hawaiian, shield-volcano aquifers conventionally exist under dike-impounded 

conditions (e.g., Izuka and Gingerich, 2002). However, geophysical surveys conducted by Kauahikaua et 

al. (1998, 2000) and Attias et al. (2020) suggest that additional subsurface features might exist in the 

Keauhou and Kealakekua aquifers, which is hypothesized as dense, impermeable lava flow-driven 

subsurface structures (Attias et al., 2020). Several geologic concepts have been suggested for the West 

Hawai‘i aquifers (e.g., Oki, 1999), but none have been definitively proven. A new conceptual model was 
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therefore developed here to assess both the dike-impounded condition and the impermeable lava flow 

feature to better characterize the hydrogeology of the West Hawai‘i region.  

The model domain was divided into three different hydraulic conductivity zones: 1) dike-free 

volcanic rocks, 2) a dike complex, and 3) a low-permeability confining unit (Fig. 3.2B). The low-

permeability confining unit crosses through Keauhou, extending from the ocean floor to the dike complex. 

Based on well logs from Keopu 1 DMW, Keopu 2 DMW, and Kamakana DMW (Fig. 3.1), the confining 

unit is hypothesized to exist approximately 300 m below msl, which corresponds to approximately 500 m 

below ground elevation (Oki, 2021). The confining unit was therefore placed approximately 500 m below 

ground elevation and generally follows the topography of the Keauhou aquifer. Oki (2021) was able to 

reproduce the salinity profile measured in the Kamakana DMW by including a confining unit that dips 5-

degrees. Due to the variable topography, this model’s confining unit dips at different angles, but dips at 

approximately 5 degrees when crossing Keopu 1 DMW and Keopu 2 DMW, thus matching the confining 

unit of Oki (2021). In addition to the likely presence of a low-permeability confining unit, the dike complex 

is still an important hydrogeologic feature that contributes to the development of the high-low head divide. 

The south-east trending rift zone through Hualālai that intersects the model cross-section is located 

approximately 23 km from the coastline (Fig. 3.2A). The conceptualized dike complex therefore vertically 

intersects the model 21 to 23 km from the coastline.  

 

3.2.4.3. Boundary conditions and hydraulic properties 

The top of the offshore model domain was assigned as a constant hydraulic-head boundary 

condition equal to 0 m to represent mean sea level (Fig. 3.2C). The western boundary, which is located 

offshore of the model domain, was assigned a fluid-transfer boundary condition, which utilizes a predefined 

reference head (0 m) and conductance value, or transfer rate, which is defined by the material hydraulic 

conductivity divided by the material thickness. The conductance transfer rate was assigned a value of 

0.0005 1/d. The top of the onshore model domain was assigned a uniform fluid flux boundary condition 

equal to 0.001 m/d, which is the average recharge rate along the modeled cross-section (Engott et al., 2011). 

It is believed that a groundwater divide exists with no flow occurring across Mauna Loa from the windward 

side to the leeward side of the island (Izuka et al., 2018), so the eastern boundary, located in central Hawai‘i 

Island, was assigned a no-flow condition.  

Hydraulic conductivity was manually calibrated based on a range of values from the literature to 

match observed groundwater levels. An average hydraulic conductivity value of 1,000 m/d was calibrated 

to represent the dike-free volcanic rocks (Fig. 3.2C) based on hydraulic conductivity estimates calculated 

by Rotzoll and El-Kadi (2008). An average hydraulic conductivity value of 5 m/d was calibrated to the dike 

complex based on values used by Oki (1999) and Whittier et al. (2004). A hydraulic conductivity value of 
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0.001 m/d was calibrated to the low permeability confining unit based on a hydraulic conductivity value 

used by Oki (2021). Anisotropy of conductivity was assigned a homogeneous value of 0.02 (Oki, 2021), 

and longitudinal and transverse dispersivity were assigned a homogeneous value of 250 m and 0.25 m, 

respectively (Gingerich et al., 2005). Anisotropy of conductivity and dispersivity were not tested based on 

calibration. Effective porosity was estimated by trial-and-error based on a large range of values from 

literature (e.g., Lau and Mink, 2006; Izuka, 2011) and was assigned a homogeneous value of 0.1.  

 

3.2.4.4. Observation wells 

 Keopu DW, Keopu 1 DMW, and Keopu 2 DMW are the only wells that intersect the cross-sectional 

area (Fig. 3.2A). To increase sample size, Kahaluu C DW and Kohanaiki 6 were included in the calibration, 

despite being located further from the cross-sectional area under an assumption that no significant 

hydrogeological variability exists between the wells so that these additional observations are still 

informative for model calibration. The observation wells were placed within the model domain based on 

their respective distance from the coastline and the depth of the well screen.  
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Figure 3.2. Two-dimensional cross-sectional model and parameters. A) Location of cross-section i-i’ 

through the West Hawai‘i aquifer systems. B) Mesh generation of three different hydrogeologic units. The 

mesh is refined around observation points and between different hydraulic conductivity units for better 

precision. C) Boundary condition and hydraulic conductivity assignments. 
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3.3. Results and Discussion 

A range of DIC concentrations, δ13C values of DIC, and apparent ages were measured in the West 

Hawai‘i groundwater and SGD samples. DIC concentrations ranged from 0.7 to 12.6 mmol/kg, δ13C ranged 

from -15.0 to 0.9‰, and apparent 14C pMC ranged from 0.05 to 1.01 pMC (Table 3.1). The only sample 

reported to have a pMC value greater than 1.0 is the coastal ocean sample, which is continuously mixed 

with atmospheric CO2. Therefore, all groundwater and SGD samples contain some portion of pre-modern 

carbon that results in relatively older apparent ages.       
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Table 3.1. Apparent transient tracer recharge elevation, salinity, concentrations, and percent modern carbon 

of sampled water. Accession numbers are a reference to each sample processed by the lab. Samples are 

organized by aquifers, from north to south.  

Sample Name 

Hawai‘i 

State  

Well ID 

Lat (°) Lon (°) 

Recharge 

Elevation 

(m) 

Salinity 
DIC 

(mmol/kg) 

δ13CDIC 

(‰) 

14C 

(pMC) 

Accession 

# (OS-) 

Lalamilo C DW 8-5946-003 19.99 -155.78 2000c 0.29 1.6 -15.0 0.72 152188 

Parker #4 DW 8-5746-001 19.96 -155.77 2000c 0.37 1.6 -14.1 0.68 152189 

Waikoloa 3 8-5546-002 19.93 -155.77 2000c 0.23 2.0 -10.7 0.52 152190 

Waikoloa DW-6 8-5545-001 19.92 -155.76 2000c 0.41 2.1 -9.5 0.43 148350 

Waikii Ranch 8-5239-001 19.87 -155.66 4000c 0.12 2.8 -8.5 0.58 152187 

West Hawaii Landfill 8-5352-001 19.89 -155.88 4200a 1.89 1.3 -1.9 0.55 152184 

Makani 1 8-4950-001 19.82 -155.84 4180a 0.27 1.4 -2.4 0.59 148349 

Puu Lani 8-4850-001 19.81 -155.83 3890a 0.19 1.5 -2.8 0.62 152191 

Puu Waawaa 8-4650-001 19.78 -155.84 4070a 0.14 1.3 -3.5 0.55 148347 

Huehue Ranch 5 8-4558-002 19.76 -155.98 2030c 1.01 12.6 -2.4 0.07 148353 

Huehue Ranch 4 8-4459-002 19.75 -155.98 2030c 0.6 12.2 -2.2 0.05 148351 

Kalaoa DW 8-4358-001 19.72 -155.98 2910a 0.15 1.8 -5.3 0.47 148348 

Honokohau DW 8-4158-002 19.68 -155.96 3110a 0.1 1.4 -5.3 0.58 152186 

QLT DW 8-4057-001 19.67 -155.96 1950a 0.08 1.1 -8.8 0.74 152185 

Keopu DW 8-3957-001 19.65 -155.95 1630c 0.09 1.1 -9.0 0.72 148346 

Keopu 2 DMW 8-3858-002 19.64 -155.97  0.09 0.9 -9.6 0.80 152296 

Keopu 1 DMW 8-3858-001 19.64 -155.97  1.07 1.2 -16.2 0.78 152295 

Kohanaiki 6 8-4161-007 19.70 -156.03 2400a 8.2 1.5 -3.4 0.70 148354 

Kahaluu C DW 8-3557-003 19.58 -155.95 1630c 0.09 1.1 -8.9 0.72 148345 

Halekii DW 8-3155-002 19.52 -155.92 2500b 0.07 0.8 -5.8 0.67 148344 

Keei D DW 8-2753-003 19.46 -155.88 1800b 0.06 0.7 -4.9 0.66 148343 

Keei A DW 8-2753-001 19.46 -155.88 1800c 0.83 0.6 -5.6 0.70 148352 

P1A  19.91 -155.89 4130d 6.4 1.6 -4.3 0.73 146964 

KBA  19.86 -155.92 4130d 4.2 1.4 -3.8 0.65 146960 

P24  19.78 -156.04 2380d 11.4 3.0 -2.0 0.61 146965 

P34  19.65 -156.02 2380d 17.4 1.7 -3.4 0.92 146963 

P39  19.63 -155.99 380d 13.8 1.7 -6.6 0.98 146962 

P43  19.58 -155.97 1380d 9.9 1.1 -6.5 0.89 146961 

coastal ocean  19.71 -156.05  32 1.8 0.9 1.01 152297 

deep ocean     40.49 2.1 -0.0 0.83 148355 

a Recharge elevations calculated with δ18O values of water from Fackrell et al. (2020) 
b Recharge elevations calculated with δ18O values of water from Kelly and Glenn (2015) 
c Recharge elevations estimated based on δ18O values of water in nearby wells from Fackrell et al. (2020) 

and Kelly and Glenn (2015) 
d Recharge elevation calculated with δ18O values of water from Hudson (2017) 
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3.3.1. Volcanic CO2 contributions 

Due to the abundance of volcanic rocks on Hawai‘i Island (e.g., Izuka et al., 2018), we ignore the 

contribution of carbonate dissolution to the groundwater DIC mass balance. Therefore, volcanic CO2(g) 

and soil CO2(g) are the primary sources we use for our DIC mass balance. Following equation 3.5, three 

theoretical mixing curves were established to best describe the DIC concentration and δ13C data (Fig. 3.3). 

Because the δ13C value of volcanic CO2(g) in equilibrium DIC (δ13CV) has been constrained to 1.75‰, the 

shape and position of the theoretical curves depend on the values assigned as the initial DIC concentration 

of groundwater in equilibrium with dissolved soil CO2(g) (CS) and the initial isotopic value of soil gas CO2 

in equilibrium with soil DIC (δ13CDIC-S). Thus, different combinations of the two assigned values can yield 

similar results. To reduce the number of unknown variables, a DIC concentration of 1.2 mmol/kg from 

Keopu 1 DMW was used for CS. Keopu 1 DMW is a monitoring well, rather than a pumping well, so the 

sampled water is not extracted over a large screen length. Instead, the sample was collected 0.1 m beneath 

the water table, therefore most influenced by groundwater biogenic soil CO2 interacting with the saturated 

zone. Since biogenic CO2 influences are not well defined and highly variable, the δ13CDIC-S value was used 

as a fitting parameter. The three curves were produced using δ13CDIC-S values of -3‰, -8‰, and -20‰, 

which were manually calibrated to fit the dataset. These δ13CDIC-S values are assumed to be in equilibrium 

with respired CO2(g) from a range of C3 and C4 plants. The δ13CCO2 of C3 plants range from -20‰ to -35‰ 

while C4 plants range from -9‰ to -17‰ (Wang et al., 1998).  

 

 

Figure 3.3. Dissolved inorganic carbon (DIC) concentrations versus δ13CDIC of sampled groundwater and 

SGD in West Hawai‘i. The three curves represent theoretical mixtures between volcanic CO2 with a δ13CDIC 

value of 1.75‰ and biogenic soil CO2 with δ13CDIC values of -3‰, -8‰, and -20‰. 
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There is a complex relationship amongst CO2 sources and their effect on the mass balance of DIC 

in groundwater. The isotopic composition of soil CO2 ultimately reflects the atmospheric CO2 in the soil 

pore space and the plants that grow in the soil (Mora and Raich, 2007). However, several processes occur, 

which affect isotopic compositions in contrasting ways (Amundson et al., 1998; Šantrůčková et al., 2000). 

Microbial degradation will result in an isotopic composition that differs from the original plant material, 

while CO2 diffuses through the soil column, resulting in 13C enrichment at depth of approximately 4.4‰ in 

comparison to the original plant activity (Mora and Raich, 2007). The isotopic composition of soil CO2 has 

therefore been modeled and explained by Cerling (1984) to include various observations, such as CO2 

concentration and variability with depth, and 13C enrichment (Amundson et al., 1998; Mora and Raich, 

2007). Given this complexity, we estimate δ13CDIC-S values of -3‰, -8‰, and -20‰ to represent soils 

dominated by C4 plants, soils with a mix of C3 and C4 plants and soils dominated by C3 plants, respectively.  

A statewide study by Edwards and Still (2008) suggests that the C3 and C4 grass distribution is 

controlled by precipitation gradients, where C4 grasses are able to thrive in drier, warmer climates. Angelo 

and Pau (2015) also suggest that soil δ13C values on Kīlauea, Hawai‘i Island, potentially underpredicts the 

contribution of C4 plants, suggesting that wet regions may support more C4 cover than originally predicted. 

Chadwick et al. (2007) analyzed δ13C values of deep soil organic matter (SOM) samples on the leeward 

side of Kohala, Hawai‘i Island. By sampling soil depths greater than 60 cm, the samples represent pre-

contact vegetation since introduced carbon from modern-day pasture grasses does not reach past 40 cm 

depth. Further, two soil samples were dated to 4,130 and 8,030 years using 14C. Based on isotopic results, 

Chadwick et al. (2007) found that C3 and C4 plants were distributed into three broad zones following a 

general rainfall and temperature pattern. Lowland elevations that experience <500 mm of annual rainfall 

were dominated by C4 plants while higher elevations with >2,000 mm annual rainfall were dominated by 

C3 plants. The intermediate region, with annual rainfall ranging from 500-2,000 mm likely supported C3 

trees with some C4 understory, but the distinction between the two cannot be confidently identified. Despite 

the fact that a large portion of this West Hawai‘i region contains C4 grasses today used for pasture land and 

cattle grazing, we assume that the results of Chadwick et al. (2007) best represent the proportions of respired 

CO2(g) from C3 and C4 vegetation to old groundwater.    

The three rainfall/vegetation zones identified by Chadwick et al. (2007) were expanded to all West 

Hawai‘i aquifer systems using current rainfall patterns from Giambelluca et al. (2013) (Fig. 3.4) The Kīholo 

aquifer receives less than 500 mm of rainfall per year, therefore is likely dominated by C4 plants, and thus 

justifying a δ13CDIC-S endmember of -3‰. A relatively high rainfall belt crosses through the Keauhou 

aquifer, with 500-2,000 mm of rainfall per year. Keauhou therefore falls within the transition zone 

delineated by Chadwick et al. (2007), so likely contains a mixture of C3 and C4 plant cover, therefore 

justifying the intermediate δ13CDIC-S endmember of -8‰. The Waimea aquifer generally receives less than 
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500 mm of annual rainfall, but if recharge from Kohala does indeed flow into the Waimea aquifer (as 

suggested by Bauer, 2003), the groundwater could be sourced from areas with >2,000 mm annual rainfall, 

therefore impacted by more C3 plants and justifying a δ13CDIC-S endmember of -20‰.  

 

 
Figure 3.4. Initial 14C apparent groundwater ages from West Hawai‘i. Blue rainfall contours (Giambelluca 

et al., 2013) show the three broad zones identified by Chadwick et al. (2007). The light blue zone receives 

<500 mm average annual rainfall and supports C4 plants, the dark blue zone receives >2,000 mm average 

annual rainfall and supports C3 plants, and the medium blue zone receives 500-2,000 mm average annual 

rainfall and supports both C3 and C4 plants. Lines generally represent recharge elevations calculated by 

Fackrell et al. (2020) and Kelly and Glenn (2015). 
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The established endmembers were then used in the following equation (Ohsawa et al., 2002): 

𝛿13𝐶𝑚𝑖𝑥 = 𝛿13𝐶𝑉 ∙ 𝑋𝑉 + 𝛿13𝐶𝑆 ∙ (1 − 𝑋𝑉)                                         (3.6) 

which can be rewritten to solve for the fractional contribution of DIC in equilibrium with volcanic CO2(g) 

(XV) as: 

𝑋𝑉 = (𝛿13𝐶𝑉 − 𝛿13𝐶𝐷𝐼𝐶−𝑆)/(𝛿
13𝐶𝑚𝑖𝑥 − 𝛿13𝐶𝐷𝐼𝐶−𝑆)                                (3.7) 

where δ13Cmix, δ13CV, and δ13CDIC-S are the isotopic values of the sample, volcanic DIC endmember, and 

groundwater total DIC equilibrated with biogenic soil CO2, respectively (Ohsawa et al., 2002). Here, δ13Cmix 

is the measured δ13C value of DIC corrected for oceanic DIC and δ13CV is 1.75‰. Three different 

contributions were computed for each sample using the three biogenic soil endmembers (-3‰, -8‰, -20‰) 

for δ13CDIC-S. Equation 3.3 was used to compute the final 14C pMC for the groundwater component free of 

oceanic and volcanic CO2 contribution. Corrected ages were computed using equation 3.1 and the pre-CFC 

Fm (PCF) computed earlier. 

 

3.3.2. Volcanically-corrected apparent 14C ages 

 Results of volcanic CO2 contributions (XV) were highly dependent on the assigned soil CO2 δ13CDIC-

S endmember, and therefore impacted the corrected apparent ages. If calculated XV were too high, corrected 

ages were negative, and if calculated XV were too low, corrected ages significantly increased. This was 

particularly noticeable for samples with DIC concentrations lower than 1.2 mmol/kg, which was the soil 

CO2 endmember assigned to CS. As previously mentioned, the shape and position of the mixing curves in 

Fig. 3.3 are dependent on CS and δ13CDIC-S, so samples with DIC concentrations lower than 1.2 mmol/kg 

may require corrections using a different endmember. Out of the 28 samples, reasonable corrected ages 

were calculated for 15 samples (Table 3.2). Samples from Waimea aquifer initially had apparent ages that 

ranged from 2,610 to 6,770 years, but after correcting for volcanic CO2 influence, the ages reduced to 1,230 

to 2,180 years. The samples collected from the Kīholo aquifer had an average initial age of 4,420 years, 

which reduced to an average 3,330 years after corrections. The three samples collected from the high-level 

aquifer (Kalaoa DW, Honokohau DW, Halekii DW, Keei D DW) had initial apparent ages that ranged from 

3,170 to 6,100 years, but reduced to 2,050 to 3,470 years after corrections.  
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Table 3.2. Apparent 14C ages corrected for CFCs and volcanic CO2 influence. Samples without a Pre-CFC 

age (column 4) could not be calculated due to a lack of CFC-113/CFC-12 age from Chapter 2. Samples 

without a Fraction volcanic CO2 (column 6) and XV corrected age (column 7) produced unrealistically high 

or negative results. Samples without a Fraction 4Heterr (column 8) or 4Heterr corrected age (column 9) were 

not analyzed for 4Heterr. 

Sample Aquifer 

Initial 
14C age 

(years) 

Pre-CFC 

age 

(years) 

Soil CO2 

δ13CDIC-S 

(‰) 

Fraction 

volcanic 

CO2 (XV) 

XV 

corrected 

age (years) 

Fraction 
4Heterr 

4Heterr 

corrected 

age 

(years) 

Lalamilo C DW Waimea 2,610 3,305 -20 0.23 1,230   

Parker #4 DW Waimea 3,140 3,895 -20 0.27 1,330   

Waikoloa 3 Waimea 5,310 6,311 -20 0.43 1,820   

Waikoloa DW-6 Waimea 6,770 7,462 -20 0.48 2,180   

Waikii Ranch Waimea 4,370  -20     

West Hawaii Landfill Kīholo 4,820 20,467 -3 0.19 3,100   

Makani 1 Kīholo 4,220 4,296 -3 0.13 3,210 0.08 3,550 

Puu Lani Kīholo 3,820 3,985 -3 0.04 3,690   

Puu Waawaa Kīholo 4,820 4,899 -3   0.20 3,040 

Huehue Ranch 5 Kīholo 21,200  -20 0.82 9,880   

Huehue Ranch 4 Keauhou 23,300 23,564 -20 0.81 7,920   

Kalaoa DW Keauhou 6,100  -8 0.28 3,470 0.18 4,490 

Honokohau DW Keauhou 4,440 4,714 -8 0.27 2,160   

QLT DW Keauhou 2,410 2,986 -8     

Keopu DW Keauhou 2,680 2,837 -8   0.05 2,300 

Keopu 2 DMW Keauhou 1,970  -8     

Keopu 1 DMW Keauhou 1,750  -8 0.17 210   

Kohanaiki 6 Keauhou 2,850 11,525 -8     

Kahaluu C DW Keauhou 2,610 2,990 -8     

Halekii DW Kealakekua 3,170 4,069 -3 0.22 2,050   

Keei D DW Kealakekua 3,340 5,192 -3 0.32 2,140   

Keei A DW Kealakekua 2,850 4,576 -3 0.25 2,320   

P1A SGD 950 21,160      

KBA SGD 3,440 19,369      

P24 SGD 3,990       

P34 SGD 655       

P39 SGD 135       

P43 SGD 950       
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 In comparison, the fractions of 4Heterr reported in Chapter 2 were used to correct apparent DI14C 

ages of the four samples identified as having a terrigenic helium source. The 4Heterr fraction measured in 

the Kalaoa DW sample was 0.1 less than the calculated XV, so the 4Heterr corrected age of 4,490 years was 

only approximately 1,000 years greater than the XV corrected age of 3,470 years (Table 3.2). The Makani 

1 4Heterr corrected age of 3,550 years was in good agreement with the XV corrected age of 3,210 years, thus 

validating our results (Table 3.2). The apparent ages of Puu Waawaa and Keopu DW decreased from 4,820 

and 2,680 years to 3,040 and 2,300 years, respectively, when corrected using 4Heterr measurements (Table 

3.2). The 4Heterr fractions therefore provided two additional age corrections to supplement the 13 apparent 

ages corrected using only XV calculations. Validation comparisons could not be made between the two 

remaining samples corrected using both DI14C and helium approaches (Puu Waawaa and Keopu DW) 

because ages corrected using XV calculations produced either negative or older ages.  

 

3.3.3. Groundwater model results 

In the numerical model, hydraulic head measurements were the primary parameter used for model 

calibration. Accurate hydraulic head levels were simulated to reproduce measurements (Fig. 3.5), which 

resulted in a strong calibration (r2 = 0.99; Fig. 3.6A). Since the confining unit was assigned a very low 

hydraulic conductivity, the location of the confining unit within the model was a critical component of 

obtaining a strong calibration. The confining unit served as the subsurface hydrogeologic feature 

responsible for the high-low divide, so it was therefore necessary for the confining unit to cross between 

the basal wells (Keopu 1 DMW, Keopu 2 DMW) and the high-level well (Keopu DW) (Fig. 3.5). Due to 

the low hydraulic conductivity, groundwater accumulated inland of the confining unit, therefore producing 

the high hydraulic head measured from Keopu DW, which is consistent with field conditions.  
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Figure 3.5. Simulated model A) hydraulic head and B) groundwater age contours with groundwater 

streamlines that extend from the recharge boundary condition to the observation points. The dike complex 

causes an increase in overall head levels and the low-permeability confining unit causes an increase in 

head levels between the shallow groundwater and deeper high groundwater. See Fig. 3.2A for i-i’ 

location. 

 

Although the model was well calibrated regarding head values, groundwater age simulations 

produced very weak calibration (r2=0.007) when compared to initial, uncorrected DI14C ages, which are 

shown as unfilled symbols in Fig. 3.6B. Results show that the simulated groundwater ages were 

underestimated by the model. However, when the measured ages were corrected for volcanic influence, the 

apparent age of Keopu 1 DMW shifted from 1,750 years to 210 years, which is in much better agreement 

with the simulated age of 390 years (Fig. 3.6B). Since Kahaluu C DW and Kohanaiki 6 are basal wells that 

are not likely influenced by volcanic CO2(g), volcanically-corrected ages were not relevant. However, 

concurrent analysis using CFCs indicate that the Kahaluu C DW and Kohanaiki 6 samples contain 13-75% 

young groundwater with apparent ages <70 years old (Chapter 2). If the young apparent ages calculated 

based on CFC measurements are compared to simulated ages, the apparent age of Kahaluu C DW shifts 

from 2,610 to 60 years, and the apparent age of Kohanaiki 6 shifts from 3,850 to 40 years (Fig. 3.6B). The 
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Kahaluu C DW and Kohanaiki 6 wells are located off of the modeled cross-section, which may therefore 

lead to younger simulated DI14C ages. Nonetheless, with these newly corrected measured ages, a stronger 

calibration (r2=0.95) is obtained. These results therefore suggest that 1) groundwater ages sampled from the 

deeper aquifer should be corrected for volcanic influence, and 2) groundwater ages sampled from the coastal 

basal aquifer may not be appropriately dated using 14C methods. The coastal basal samples may be too 

young and should therefore be dated using relatively younger tracers, such as CFCs. 

 

 

Figure 3.6. Groundwater model results. A) Hydraulic head calibration and B) groundwater age calibration. 

Triangle markers represent the measured apparent ages of samples after being corrected for volcanic 

influence. Square markers represent the apparent ages of samples using CFC-12 measurements. 

 

Additionally, backward streamlines were generated from the modeled observation points and 

follow a negative flow field to the recharge origin (Fig. 3.5). The streamline produced from the coastal 

Kohanaiki 6 observation point extends to an elevation of approximately 100 m, suggesting that groundwater 

is very locally sourced and does not travel very far distances. Streamlines produced from the inland 

observation points (Kahaluu C DW and Keopu DW) extend to an elevation between 1,700 and 2,200 m 

(Fig. 3.5). This elevation is in close agreement with a recharge elevation of 1633 m previously determined 

by Fackrell et al. (2020) and Kelly and Glenn (2015). 

 

3.3.4. Model assumptions and limitations 

 Although the developed model is reasonably calibrated, underlined limitations and assumptions 

cannot be overlooked. Based on highly variable hydraulic head and apparent age measurements, it is evident 

that the West Hawai‘i aquifers have a complex hydrogeologic system that cannot simply be deduced to 
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three hydrogeologic units as conceptualized here. The model assumes that the dominant flow occurs along 

the modeling cross-section, recharge is evenly distributed over the entire top surface, and the model omits 

pumping due to the two-dimensional nature of the domain. The mean age may not be directly interpreted 

as the apparent age unless further modeling analysis is performed with accurate transient state age 

distribution (Sanford, 2010). The overall lack of extensive head and apparent age measurements serves as 

a significant drawback to accurate model calibration. Since wells are primarily drilled near the coast and to 

relatively shallow depths, little to no information is known about the hydrogeology inland of the high-low 

divide and deep beneath the primary basal aquifer.  

Due to the computational expense associated with density-dependent water flow, the predominant 

model limitation is the lack of saltwater simulation. Measured salinity profiles show that deep monitoring 

wells exhibit alternating layers of freshwater and saltwater (Bauer, 2003), which is not simulated in this 

freshwater-only model. It is possible that the density of saltwater intruding into the aquifer system helps to 

maintain the discrete basal and deep groundwater layers (Thomas et al., 1996; Attias et al., 2020). 

Nonetheless, this model is able to accurately replicate hydraulic head and apparent ages from a select area, 

which can aid in future conceptualization. 

 

3.4. Conclusion  

 Few studies have calculated apparent ages of groundwater for the West Hawai‘i aquifer system. 

This work, along with a companion study presented in Chapter 2, demonstrates that groundwater from West 

Hawai‘i is a mixture of relatively young and old waters. The older apparent ages were calculated using 

DI14C, which is a naturally occurring geochemical tracer that is most useful while dating groundwater that 

is approximately 1,000 to 30,000 years old.  

 Measured DIC concentrations and δ13C values suggest that some of the groundwater samples are 

influenced by volcanic CO2(g) that escapes into the aquifers. Since this 14C-free carbon dilutes the inorganic 

carbon in groundwater, apparent ages are biased and appear older than they actually are. Attempts to 

calculate the fraction of volcanic CO2 were successful for the Waimea and Kealakekua samples, where 

average apparent ages decreased from 4,460 to 1,340 years and 4,610 to 2,170 years, respectively. 

Correcting the samples from the Keauhou aquifer proved to be difficult, which is likely due to the fact that 

the Keauhou aquifer is one of the most hydrogeologically complex aquifers of West Hawai‘i. Nonetheless, 

results from this study demonstrate the need to account for input of 14C-free volcanic CO2 while estimating 

apparent groundwater ages from West Hawai‘i. The general findings from this study can also be extended 

to other young volcanic islands. This study demonstrates that the young island does not technically need to 

be volcanically active to still experience dissolution of volcanic CO2(g) into the aquifers and that care 

should be taken when estimating apparent groundwater ages. 
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 The apparent ages corrected for volcanic influence were supported by results produced by a 

simplified two-dimensional numerical model. The model also suggested that apparent groundwater ages 

from the shallow basal aquifer are possibly better defined by younger tracers, such as CFCs, rather than 

older tracers such as 14C. For the shallow samples, a better match was obtained when simulated ages were 

compared to young CFC ages reported in Chapter 2. Based on modeled results, groundwater from West 

Hawai‘i likely have a large range of apparent ages, from 25 to 3,500 years. 

 Although apparent ages were not in perfect agreement and some samples could not be easily 

corrected for volcanic influence, this study has enhanced our understanding of the West Hawai‘i aquifer 

system. Results demonstrate that the aquifers contain old groundwater that can date a few thousand years 

and that despite being an inactive volcano, volcanic CO2(g) likely escapes from Hualālai and equilibrates 

with DIC in groundwater and therefore influences apparent DI14C ages. To better refine calculations, DIC 

concentrations of groundwater in equilibrium with biogenic soil gas CO2 should be investigated, since this 

value influences the fractional contribution of DIC equilibrated with volcanic CO2(g) used to calculate 

groundwater ages. Additionally, the West Hawai‘i aquifers should be further investigated using tracers that 

cover intermediate ages, such as argon-39. Finally, additional improvements can be obtained by simulating 

density-dependent flow to account for saltwater intrusion and circulation. 
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Abstract  

Fresh groundwater is a critical resource supporting coastal ecosystems that rely on low-salinity, nutrient-

rich groundwater discharge. This resource, however, is subject to contamination from point- and nonpoint-

sources, such as on-site sewage disposal systems (OSDS) and urban developments. Thus, the significance 

of flow and transport processes near the coastline due to density effects and water circulation in a complex 

hydrogeologic system was investigated. A three-dimensional, density-dependent groundwater model was 

developed for the Keauhou basal aquifer (Hawaiʻi Island, USA), where hydraulic head, salinity, nutrient 

concentrations, and submarine spring flux rates were used as calibration variables to best constrain 

parameters and produce a comprehensive aquifer management tool. In contrast, a freshwater-only model 

failed to properly simulate nutrient transport, despite the reasonable success in calibrating hydraulic head 

measurements. An unrealistic value for hydraulic conductivity was necessary for freshwater-only 

calibration, proving that hydraulic conductivity is a process-based variable (i.e., depends on model 

conceptualization and the simulated processes). The density-dependent model was applied to assess relative 

contaminant source contributions, and to evaluate aquifer response concerning water levels and quality due 

to changing environmental conditions. Nutrients detected in the aquifer are primarily sourced from OSDS, 

which was supported by a nitrogen isotope mixing model. Additionally, effects of sea-level rise emphasized 

the complexity of the study site and the importance of model boundaries. While the model is developed and 

applied for West Hawai‘i, the adapted approaches and procedures and research findings are applicable to 

other coastal aquifers. 

 

4.1. Introduction 

Groundwater is a critical natural resource required for daily human use, such as potable water 

supply, industrial uses, and agricultural irrigation (Kemper 2004; Alley 2006). The Keauhou region, located 

on the west side of Hawai‘i Island (USA), has approximately 97% of its freshwater demand supplied by 

groundwater resources pumped from the Keauhou aquifer system (Fukunaga & Associates, Inc. 2017). As 

https://doi.org/10.1007/s10040-021-02407-y
https://doi.org/10.1007/s10040-021-02407-y
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Hawai‘i’s population increases, future land development and higher water demand are inevitable, along 

with an expected overall decline in recharge rates due to projected climate change conditions (Elison-Timm 

et al. 2015). These combined factors will further exacerbate saltwater intrusion (Ferguson and Gleeson 

2012), thus emphasizing the need to understand how future circumstances may affect groundwater 

resources. 

Additionally, submarine groundwater discharge (SGD) transports human-derived nutrients to the 

coast, discharging as point sources (submarine springs) or non-point seepage (diffuse) sources (e.g., Burnett 

et al. 2003; Moore 2010; Parra et al. 2014). Natural and anthropogenically-derived nutrients, such as nitrate 

(NO3
-) and phosphate (PO4

3-), have the potential to negatively impact drinking water and the biota of coastal 

ecosystems, which serve as important environmental, economic, food, and cultural resources (Duarte et al. 

2010). Excess nutrients often originate from different types of land use and land cover (LULC) and 

wastewater infrastructure (e.g., on-site sewage disposal systems (OSDS)) (e.g., Knee et al. 2010; Shuler et 

al. 2017; Delevaux et al. 2018). Hawai‘i encompasses several types of LULC, including natural, 

agricultural, and varying degrees of urbanization (Whittier and El-Kadi 2014). Continuous urban, suburban, 

rural housing and commercial development alters groundwater quality through wastewater and landscape 

runoff and is of growing concern, especially where groundwater directly discharges to coastal waters (Knee 

et al. 2010). In many coastal areas, OSDS associated with development are considered one of the major 

sources of nutrient contamination (e.g., Lapointe et al. 1990; Harris 1995; Reay 2004). The majority of 

these OSDS are cesspools, where wastewater effluent is not treated before entering the groundwater system 

(Whittier and El-Kadi 2014). Most of Hawai‘i’s OSDS are located near the shoreline (Whittier and El-Kadi 

2014), and hence overlooking freshwater-saltwater interactions can lead to inaccurate interpretations of 

resulting contaminant loads and consequently poorly inform water management decisions.  

Multiple studies across Hawai‘i demonstrated that elevated nitrogen is the most common coastal 

water impairment problem (Howarth and Marino 2006). Excess amounts of nutrients, such as NO3
-, are of 

primary concern because they can have negative impacts on human health and can significantly affect 

coastal ecosystem productivity and health (Kendall and Aravena 2000; Duarte et al. 2010). Besides natural 

sources and agricultural and lawn runoff, wastewater is the most frequently implicated source of excessive 

nitrogen (Knee et al. 2008; Street et al. 2008). Stable isotopes of nitrate (δ15N and δ18O of NO3
-) are 

commonly used to distinguish nitrogen derived from various sources (e.g., Kendall and Aravena 2000). It 

can sometimes be difficult, however, to identify the exact nitrogen source due to the wide range and 

overlapping nature of these isotopic endmembers. An integrative, model-based approach can quantify 

relative nutrient contributions from various sources and identify essential areas of remediation for resource 

managers (e.g., Shuler et al. 2017). 
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Water resource managers often turn to numerical models to better understand the groundwater 

system and predict how aquifers will respond to future climate and LULC scenarios. Outside of Hawai‘i, 

various numerical models have been developed to investigate groundwater contamination from LULC and 

OSDS in coastal aquifer systems using a freshwater-only approach (e.g., Pang et al. 2006; Shuler et al. 

2017; Walter 2007) and a density-dependent approach (El-Kadi et al. 2014; Murgulet et al. 2016).  

Generally, groundwater flow and contamination in Hawai‘i are studied using the U.S. Geological Survey 

(USGS) suite of models (U.S. Geological Survey 2021c; El-Kadi and Moncur 2006). Unfortunately, there 

are only a few Hawai‘i-based models developed to investigate LULC and OSDS contamination. Delevaux 

et al. (2018) and Amato et al. (2020) developed freshwater models to examine LULC and OSDS-derived 

contamination transport, while Habel et al. (2017) examined groundwater inundation as a result of sea level 

rise. In comparison, studies, such as Voss and Souza (1987, 1998) and Gingerich et al. (2005), have used 

density-dependent models to examine the freshwater-saltwater transition zone but did not assess OSDS 

contamination. To avoid complications in solving nonlinear equations (e.g., Holzbecher 1998) and 

increased data needs, current management of Hawai‘i’s water quality relies on a freshwater-only modeling 

approach (e.g., Whittier and El-Kadi 2014). This approach has several limiting factors, including the failure 

to account for 1) dynamics of the freshwater-saltwater interface and forming a brackish transition zone; 2) 

inland saltwater influxes required for accurate assessment of groundwater sustainability; 3) accurate 

parameters based on salinity measurements; 4) potential sea level rise and saltwater intrusion; and 5) an 

accurate flow field that controls chemical transport (Mezzacapo et al. 2020).  

Based on these limiting factors, it is hypothesized that a freshwater-only model fails to properly 

simulate nearshore solute transport. The objective of this study was thus to investigate the significance of 

flow and transport processes near the coastline due to density effects and water circulation in a complex 

hydrogeologic system. This study aimed to ameliorate earlier model approaches and demonstrate the 

applicability of the model as an aquifer assessment tool. To that end, a three-dimensional, density-

dependent, multi-species model was developed for the Keauhou basal aquifer and calibrated with all 

available data, including hydraulic head, salinity, submarine spring flux rates, and nutrient concentrations. 

To avoid overfitting, the number of calibration parameters was minimized by utilizing independently 

estimated values and critical input variables were investigated through sensitivity analysis. Further, δ15N 

was used for independent model validation. The relative nutrient contributions predicted by the model were 

integrated with δ15N measurements and an isotope mixing equation to confirm point- and non-point source 

contamination. A similar approach was utilized for Tutuila, another tropical volcanic island, by Shuler et 

al. (2017), but has not yet been done in this study area. The study also assessed suitability of a freshwater-

only model in simulating the transport of nutrients in the aquifer. Finally, the density-dependent model was 

applied to test cases, specifically urban development, climate change, and sea level rise.  
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4.2. Materials and methods 

4.2.1. Study area 

Hawai‘i Island is the largest island (10,464 km2) in the Hawaiian archipelago and was built by five 

shield volcanoes: Kohala, Mauna Kea, Hualālai, Mauna Loa, and Kīlauea (Izuka 2011). Basaltic lava flows 

from these five volcanoes covered the island’s surface less than one million years ago, making Hawai‘i 

Island the youngest island in the chain (Clague and Dalrymple 1987). The eruption of each volcano was 

partially simultaneous with its neighboring volcano, so it is likely that lava flows from neighboring 

volcanoes interfinger with each other, creating complex geologic contacts (Wolfe et al. 1997; Izuka et al., 

2018). Basaltic lava typically flows as either pāhoehoe or ‘a‘ā, which differ in viscosity and texture (e.g., 

DePaolo and Stolper 1996; Lau and Mink 2006; Izuka et al. 2018). For sequences of pāhoehoe, groundwater 

primarily travels through spaces, tubes, and vesicles that are formed between the multiple layers of lava 

flows, resulting in higher porosity and permeability. ‘A‘ā are comprised of two general components - 

clinker beds and massive cores. The ‘a‘ā clinker beds typically demonstrate higher porosity and 

permeability while the dense ‘a‘ā cores demonstrate lower porosity and permeability and thus impede 

groundwater flow across layers (Izuka et al. 2018). Because it is common to see alternating pāhoehoe and 

‘a‘ā flows in cross section, the hydrogeologic parameters typically represent both flow types (Lau and Mink 

2006). 

Located in the northern Kona district, the southern flank of Hualālai is defined as the Keauhou 

aquifer (426 km2) (Fig. 4.1). The Keauhou aquifer is geologically divided into a basal aquifer and a high-

level aquifer with a discontinuous head profile characterized by a near abrupt change. Water levels near the 

coast are approximately 1 m above mean sea level (msl) but dramatically rise to more than 100 m above 

msl approximately 4-8 km inland (Fig. 4.1). It is believed that a subsurface geologic structure reduces 

groundwater flow from the high-level aquifer to the coast (Oki 1999). Efforts to characterize this structure 

include modeling of gravity survey data that indicate the presence of a dense substructure under Hualālai, 

located approximately 4 km southwest of the eruptive vents that map Hualālai’s southeast rift zone 

(Kauahikaua et al. 2000; Flinders et al. 2013). Although the geologic structure has been conceptually 

hypothesized (Oki 1999 - Fig. 6), the exact nature of the structure is still not well defined, which is beyond 

the scope of this study. Another significant, yet undefined, geologic feature acts as a confining unit, creating 

a second, deep freshwater body below the primary basal aquifer (Thomas et al. 1996; Attias et al. 2020). 

Since this study focuses on the shallow groundwater, however, no attempt was made to simulate such a 

feature. To avoid such uncertainties, this study instead focuses on the Keauhou basal aquifer (150 km2), 

with head levels less than 5 m and the eastern boundary coinciding with the geologic structure bordering 

the high-level aquifer (Fig. 4.1). The western boundary follows bathymetry and extends beyond the 

coastline to accurately account for processes at the land-ocean interface.  
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Figure 4.1. Keauhou and Kīholo aquifers with flow distribution of Hualālai volcanics and measured water 

levels (Hawai‘i Commission on Water Resource Management, unpublished data, 2017). The figure 

illustrates the boundary between the basal aquifer and high-level aquifer, which is utilized as the eastern 

boundary of the study area. 

 

4.2.2. Available data  

4.2.2.1. Water levels 

Considering the scarcity of current measurements and necessity of spatially distributed data, initial 

pre-development water levels were used in the model calibration for a total of 54 measurements. Static, 

initial water levels (one per well) were obtained from the Commission on Water Resource Management 

(CWRM), where the majority of these levels were measured at the time of drilling, which occurred between 

1944 and 2008 (Fig. 4.2d). While water levels change over time and available values at other wells do not 

necessarily accurately represent current conditions, initial water level data from four monitoring wells fell 

within the ranges of continuous measurements sampled on a quarterly basis (Fig. C-S1). Further, the 

inclusion of all initial water level measurements yielded better results with a more robust dataset. 
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4.2.2.2. Nutrient and δ15N data 

Median salinity, NO3
-+NO2

- and PO4
3- concentrations from 20 wells (Tachera 2021) were used for 

model calibration (Table C-S1). Production well samples were collected three to four times over a year, 

thus median values were used to represent annual concentrations. Thirteen salinity concentrations and 19 

NO3
-+NO2

- and PO4
3- concentrations were collected at identified submarine springs by H. Dulai (University 

of Hawai‘i at Mānoa, unpublished data, 2019) and utilized in model calibration (Fig. 4.2d) (Table C-S1). 

Hawaiian aquifers are well oxygenated, exhibiting dissolved oxygen saturations >90% (Richardson et al. 

2017). It is therefore assumed that dissolved nitrogen species quickly oxidize to NO3
- (Whittier and El-Kadi 

2009). Because NO3
-+NO2

- and PO4
3- (further referred to as N and P, respectively) were the major chemical 

species of nitrogen and phosphorus, these were used during model calibration. Concentrations of NO3
- 

represent >70% of TN in the Keauhou aquifer, so the error introduced by using NO3
-+NO2

- values for model 

calibration is assumed to be minimal. 

         All nutrient and stable nitrogen isotope (δ15N) samples were collected between November 2017 

and March 2019 (Table C-S1). Well samples were collected from port heads in 10-liter cubitainers and 

chilled in coolers when transported to the laboratory. Nutrient samples were transferred from the cubitainers 

to acid-washed 250 mL HDPE bottles and immediately chilled until analysis. The samples were analyzed 

for a suite of nutrients, which include ammonium (NH4
+), nitrate+nitrite (NO3

-+NO2
-), orthophosphate 

(PO4
3-), silicate (SiO4

4-), total nitrogen (TN), and total phosphorus (TP). All nutrient samples were analyzed 

at the Natural Energy Laboratory of Hawai‘i Authority (NELHA) Water Quality Laboratory with a four 

channel Astoria Pacific A2 segmented flow auto-analyzer.  

Water samples for δ15N analysis were filtered through 0.2 μm pore-sized hydrophilic polypropylene 

membrane (Pall Gelman Inc., Ann Arbor, MI) with a filter holder and receiver (Thermo Fisher Scientific, 

Waltham, MA) into acid-washed 60-mL HDPE bottles and immediately frozen. The samples were analyzed 

for δ15N and δ18O of NO3
- at the University of California Davis Stable Isotope Facility using a 

ThermoFinnigan GasBench + PreCon trace gas concentration system and ThermoScientific Delta V Plus 

mass spectrometer (Bremen, Germany). The final δ15N results were calibrated against NO3
- standards 

(USGS 32, USGS 34, USGS 35) obtained from NIST (National Institute of Standards and Technology, 

Gaithersburg, Maryland, USA). 

Submarine spring samples were collected with a one-meter stainless steel push-point sampler 

(MHE Products) connected to a peristaltic pump to capture groundwater before mixing with ocean water. 

All submarine spring samples were filtered with 0.45 μm hydrophilic polyethersulfone capsule filters at the 

time of sampling. Nutrient samples were analyzed for total dissolved nitrogen (TDN), total dissolved 

phosphorus (TDP), NO3
- + NO2

- (because of negligible NO2
-, from here on only listed as NO3

-), PO4
3- (DIP), 

NH4+, and SiO4
4- (DSi) with a SEAL AutoAnalyzer 3 HR in the S-Lab at the University of Hawaiʻi, Mānoa. 
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Sample precisions within one standard deviation based on duplicates were 0.10 μM for NO3
-, 0.19 μM for 

NH4+, 0.015 μM for PO4
3-, and 2.5 μM for DSi. Dissolved inorganic nitrogen (DIN) concentrations were 

calculated as the sum of NO3
- and NH4+, and DON concentrations were determined by difference between 

TDN and DIN. 

 

4.2.2.3. Recharge, pumping rates, and submarine spring fluxes 

Spatial data assigned to the model grid are defined as geospatial coverages. Recharge data for 

Keauhou (Fig. 4.2e) were obtained from the USGS Hawai‘i Island water budget model, calculated for the 

1984-2008 period (Engott 2011). Briefly, using a “reservoir” model, the recharge was calculated with 

rainfall (Giambelluca et al. 1986), fog interception (Juvik and Ekern 1978), and irrigation as inputs, and 

total evapotranspiration and runoff as outputs. Further, it utilized land cover from the Hawai‘i Gap Analysis 

Program (U.S. Geological Survey 2006) and anthropogenically-sourced direct recharge (including cesspool 

leakage, water-main leakage, and disposal pit for treated effluent from the Kealakehe Wastewater 

Treatment Plant (WWTP)). All pumping rates documented from 1990-2017 were obtained from CWRM. 

Approximately 42,000 m3/d of water is pumped from 28 wells located in the Keauhou basal aquifer. 

Johnson et al. (2008) detected at least 27 submarine spring locations along the Keauhou coastline using 

aerial infrared imaging and estimated the flow rate of 19 of those springs, ranging from 370 to 22,000 m3/d. 

 

4.2.2.4. Current land use and land cover (LULC) 

In areas of urban development, this model considered LULC and OSDS as primary nutrient 

sources. LULC can influence the groundwater concentrations of N and P due to wastewater and nutrient 

inputs to lawns and agricultural systems. In this model, LULC was divided into three main categories: 

natural (background), golf courses, and urban development (Fig. 4.2f). Natural N and P concentrations were 

assigned based on average measured concentrations from pumping wells across Keauhou (1.0 mg/L and 

0.1 mg/L, respectively). Golf course locations were extracted from the Hawai‘i Statewide GIS Program 

(State of Hawai‘i 2021) and assigned predetermined N and P concentrations of 7.59 mg/L and 0.54 mg/L, 

respectively (Delevaux et al. 2018). Urban development was further divided into three levels of 

development intensity (low, medium, and high), as defined by the 2005 Hawai‘i Coastal Change Analysis 

Program (National Oceanic and Atmospheric Administration 2006). In this study, urban development was 

defined by the land’s green space. Structures associated with urban development were treated separately 

through calculation of nutrient inputs from OSDS. Nutrient loads associated with residential wastewater 

from OSDS in urban developed lands were added separately to the model as a point-source coverage 

(further explained in Section ‘On-site sewage disposal systems (OSDS) and wastewater treatment plants 

(WWTP)’). 
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Delevaux et al. (2018) determined that the N and P concentrations leaching from a typical lawn are 

0.2 mg/L and 0.01 mg/L, respectively. The low, medium, and high intensity developments correspond to 

65%, 35%, and 10% of green space per land parcel, respectively. Therefore, low intensity development 

areas, with a larger proportion of lawns, leach more N and P into the ground via lawn maintenance. In 

contrast, high intensity development areas, with a smaller proportion of lawns, leach less N and P into the 

ground. To account for the development intensity of each land parcel, typical lawn concentrations were 

scaled according to the proportion of lawns for each development intensity and added to the background 

concentrations (Table 4.1). These LULC concentrations were intersected with recharge and applied to the 

model. 

  

Table 4.1. Annual nutrient concentrations assigned to recharge based on land cover. The current land use 

and land cover (LULC) designations are also shown in Fig. 4.2f. 

Source [N] (mg/L) [P] (mg/L) 

Natural (background) 1.0 0.1 

Golf Course* 7.59 0.54 

Development (low intensity)a 1.13 0.1065 

Development (medium intensity)b 1.07 0.1035 

Development (high intensity)c 1.02 0.101 

* Nutrient concentrations predetermined by Delevaux et al. (2018). 

a [typical lawn concentration] x 0.65 + [background concentration] 

b [typical lawn concentration] x 0.35 + [background concentration] 

c [typical lawn concentration] x 0.10 + [background concentration] 

 

4.2.2.5. On-site sewage disposal systems (OSDS) and wastewater treatment plants (WWTP)  

The OSDS point-source coverage was obtained from a statewide OSDS census database (State of 

Hawai‘i 2021; Whittier and El-Kadi 2014). Within the study area, there are 1,094 Class I (soil) units, 77 

Class II (septic tank to seepage pit) units, 16 Class III (aerobic treatment to seepage pit) units, and 6,251 

Class IV (cesspool) units (Table C-S2). Nutrient mass loads for each OSDS point are reported in units of 

kg/d and were determined by applying typical nutrient concentrations to the estimated effluent rate (Table 

C-S2) (Whittier and El-Kadi 2014). This OSDS coverage has a much finer resolution than the model grid, 

so to properly simulate the total (rather than average) mass load entering the groundwater system, all loads 

from OSDS points that fall within a single grid cell were integrated (Fig. 4.2g). That summed value was 

applied to the top layer of that respective cell in the model. With this method, 250 grid cells represent the 

OSDS compared to the 6,593 actual units, but the total mass load of 890 kg/d was maintained. The 
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Kealakehe WWTP treats wastewater in aerated lagoons before disposing the effluent in a 930 m2 disposal 

percolation basin (Wilson Okamoto Corporation 2019) (Fig. 4.2g). Currently, the basin has an average flow 

rate of 6,435 m3/d with N and P mass loads of 144 kg/d and 45 kg/d, respectively (Wilson Okamoto 

Corporation 2019). 

 

4.2.3. Conceptual model 

Rather than modeling the entire Keauhou aquifer, only the basal area was selected as the focus for 

this study (Fig. 4.1 and Fig. 4.2a) and the high-level Keauhou aquifer was excluded due to the following 

factors: 

1. Water level observations from the high-level aquifer needed for accurate calibration are inadequate. 

2. In contrast to the basal aquifer, there is less concern for increased salinity under extreme conditions 

due to the thick freshwater layer created by the high-level water. 

3. Similarly, nutrient contamination threats are less serious than in the basal aquifer. 

4. There is uncertainty regarding the inland (eastern) boundaries of the Keauhou aquifer (Fig. 4.1). 

Such boundaries are based on surficial features (Commission on Water Resource Management 

2019), which do not necessarily coincide with subsurface divides. Therefore, potentially significant 

inter-aquifer groundwater flow may occur and thus cannot be treated as no-flow boundaries 

(Fackrell et al. 2020). As an additional benefit, modeling the smaller area reduces computational 

expenses associated with modeling density-dependent water flow and transport. 

With the exclusion of the high-level aquifer, the eastern model boundary of the basal aquifer was 

assigned a specified flow condition and the flow rate was estimated by creating a regional, freshwater-only 

MODFLOW model for West Hawai‘i (Fig. 4.2b). Since the eastern boundary of this regional area generally 

follows the rift zones of Mauna Kea and Mauna Loa, groundwater is not believed to flow from the windward 

to leeward side of the island (Izuka et al. 2018), and thus the boundary can safely be assigned a no-flow 

condition. Such a regional model would eliminate the concern about inter-aquifer flow. The geologic 

structure was simulated as a horizontal flow barrier in the regional model and was reasonably calibrated to 

estimate hydraulic conductivity (Kh) and the barrier conductance. MODFLOW’s zone-budget option was 

used to estimate the flow into the eastern boundary of the basal aquifer area. The flows through the northern 

and southern boundaries were negligible and therefore it was reasonable to treat them as no-flow 

boundaries.  

Submarine springs are dominated by brackish spring flows along the coastline of the study site 

(Johnson et al. 2008; Duarte et al. 2010; Kelly et al. 2018). In contrast to diffuse SGD, these point-source 

springs are caused by preferential flow (Taniguchi et al. 2019). Explicitly modeling preferential flow is 

impractical due to the absence of detailed aquifer information, mostly related to identification of fractures 
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or conduits contributing to preferential flow. As an approximation, springs were simulated as point drains, 

or head-dependent sinks, at their respective coordinate locations along the coastline. A similar approach 

was adopted for volcanic aquifers by Oki (2005) and El-Kadi et al. (2014). The approach is motivated by 

studies that indicated that discharge from springs is directly related to the aquifer’s head gradient (Taniguchi 

et al. 2002; Duarte et al. 2010). In MODFLOW, the drain flow is estimated through Darcy’s law, utilizing 

conductance and hydraulic head terms. In this study, with head levels roughly constant near the shoreline, 

it was reasonable to assume that conductance of each submarine spring was linearly proportional to the 

respective measured flow rate. Thus, each submarine spring point has a unique conductance value 

representing the varying degrees of preferential flow that can be encountered across this complex aquifer 

system. The bottom of the drain was assumed to be 0.5 m below msl, representing the rough depth from 

which the springs were sampled. The drains were thus located within the top layer of the model. 

 

 

 

 

 



 

68 
 

 
Figure 4.2. Groundwater conceptual model and numerical model inputs. (a) Conceptualization of the 

Keauhou basal aquifer model. (b) Regional model boundary for West Hawai‘i from which specified flow 

for the eastern boundary was estimated for Keauhou basal aquifer model. (c) Vertical cross section i-i’ (in 

panel a) of the model grid with utilized boundary conditions. (d) Locations of wells and submarine spring 

measurements used for model calibration; locations of initial head measurements used for head calibration. 

(e) Recharge spatial distribution previously calculated by Engott (2011). (f) Spatial distribution of land use 

and land cover (LULC) types assigned varying concentrations of N and P as previously determined by 

Delevaux et al. (2018). (g) Locations of aggregated on-site sewage disposal systems (OSDS) and the 

Kealakehe Wastewater Treatment Plant (WWTP). 

 

4.2.4. Numerical model 

The study applied SEAWAT, a transient, multi-species, density-dependent model (Langevin et al. 

2008), which combines MODFLOW (Harbaugh et al. 2000) with MT3DMS (Zheng and Wang 1999). The 

software package interface GMS (Aquaveo, 2021) was used in facilitating the modeling process. Quasi 

steady-state simulations were utilized by running the models for 30 years to reach near steady-state 

conditions. The model consists of 21 layers, 82 rows, and 36 columns (totaling 26,323 cells) and is rotated 

10⁰ counterclockwise. The model grid covers the Keauhou basal aquifer and extends out into the ocean. 
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The grid’s top elevation follows topography and bathymetry and the bottom of the grid has a flat elevation 

of 550 m below msl (Fig. 4.2c). With head levels less than 5 m above msl, and assuming validity of the 

Ghyben-Herzberg relation, the freshwater-saltwater interface is expected to be located approximately 200 

m below msl. The additional model depth was included as a buffer to ensure the flow in the model area is 

not significantly affected by the bottom boundary condition. Because the bathymetry offshore of Keauhou 

is highly variable, the model grid extends perpendicularly offshore as far as 12,034 m and as close as 743 

m. The bottom of the first layer is set to 1 m below msl to ensure dry cells are not produced if the water 

table drops below the cells’ bottom. The remaining 20 layers vary gradually in thickness, where the upper 

layers are the thinnest (Fig. 4.2c). The horizontal grid spacing is a consistent 490 m by 490 m.  

 

4.2.5. Model calibration 

4.2.5.1. Calibration approach 

Typical calibration approaches were used to estimate parameters of interest that gave the best match 

between measured and simulated head, salinity, nutrient concentrations, and submarine spring flux rates, 

with root-mean-square error (RMSE) as the criterion for assessing match quality. Available measurements 

were described earlier in Section ‘Available data’. The number of calibration parameters was minimized 

by utilizing independently estimated values to the extent of their availability. The calibrated parameters 

were horizontal hydraulic conductivity (Kh), vertical anisotropy (Kh/Kv), porosity (φ), and longitudinal 

dispersivity (αL), and their values were constrained based on available literature ranges. Parameters that 

were not calibrated were specific yield (Sy) and specific storage (Ss).  

Two approaches were adopted for calibrating Kh. In the first, a homogeneous Kh was assumed, and 

nine trial-and-error iterations were performed for calibration, where only one parameter varied per iteration. 

In addition, sensitivity analyses were completed to quantify the effect of potential model parameter 

variations on the modeling results (Cacuci 2003) (see section S.3 of the ESM for details). In a second 

approach, a heterogeneous Kh distribution was calibrated using the principal component geostatistical 

approach (PCGA) as a scalable inversion method for spatially distributed field characterization (Lee and 

Kitanidis 2014; Lee et al. 2016). Using both head levels and salinity measurements in wells for calibration, 

spatially distributed Kh points were estimated. A prior statistical correlation structure, modeled by an 

exponential covariance function with the scale length of 2000, 2000, and 200 m in the x, y, and z directions, 

respectively, was determined by a Bayesian hyperparameter optimization approach (Kitanidis 1996) and 

used as a constraint for the calibration. An open-source Python package (Lee, 2021) was linked to the USGS 

SEAWAT model and approximately 200 SEAWAT model runs were needed to obtain calibration results.  
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4.2.5.2. Parameter ranges 

Few studies have computed Kh values for West Hawai‘i aquifers. Using specific capacity data, 

Rotzoll and El-Kadi (2008) computed Kh values that range from 155 to 11,000 m/d within the Keauhou 

aquifer, and Oki (1999) simulated Kona’s groundwater system by assigning a Kh of 2,300 m/d to the dike-

free volcanic rocks. A Kh/Kv value of 200 was calculated by Souza and Voss (1987), which is consistent 

with lava flow orientation and fracture configuration, and is generally accepted for Hawai‘i-based 

groundwater models (e.g., Voss and Souza 1987; Oki 1999). Values of φ for O‘ahu’s aquifers range from 

0.05 to 0.5 due to the varying degrees of island weathering and age (Izuka 2011). Within that range, Oki 

(1999) and Izuka (2011) used a homogeneous value of 0.1 for Kona groundwater models. Estimates of αL 

were introduced by Oki (2005), Izuka (2011), and Glenn et al. (2013). However, the scale dependence of 

αL is emphasized by previous studies (e.g., Gelhar 1992; Lee et al. 2018). Schulze-Makuch (2005) estimated 

that αL ranges from 0.1 to 100 m for basalts using a scale-dependent regression equation. Previous values 

of Sy range from 0.04 to 0.055 (Gingerich et al. 2005; Izuka 2011) and values of Ss range from 2.3 x 10-5 to 

2.4 x 10-5 1/m (Oki 1999; Izuka 2011).  

 

4.2.5.3. Boundary conditions 

The regional model estimated that approximately 470,000 m3 of water enters the basal aquifer per 

day. That value was adjusted based on calibration to 388,399 m3/d and assigned to the top two layers of the 

eastern boundary (Fig. 4.2c). Because urban developments also exist within the high-level aquifer, the 

eastern boundary was assigned specified salinity, N, and P concentrations of 0.26 ppt, 1 mg/L, and 0.1 

mg/L, respectively. These concentrations were the average of the median concentrations measured from 

pumping wells located within 1 km around the boundary. These include a combination of five high-level 

wells and five basal wells. The ocean floor was treated as a general head (or head dependent) boundary 

(Fig. 4.2c), with a conductance of 1 m2/d/m2 and a salinity of 35 ppt. The conductance was estimated based 

on coastal leakance ranges proposed by Oki (1999). All other boundaries were assigned a no-flow condition. 

 

4.2.6. δ15N model validation 

There are numerous ways nutrients are introduced to the groundwater system in the study site, 

including point-sources, such as OSDS and WWTP, and diffusive nonpoint-sources, such as LULC 

(Kendall and Aravena 2000). Because multiple nutrient inputs are located within Keauhou and because 

their δ15N and δ18O of NO3
- composition ranges overlap, it is difficult to identify the relative contribution 

of each nitrogen source. Relative N contributions from OSDS, WWTP, LULC, and eastern boundary 

condition (BC) were estimated by assigning different N species to these sources. The model is equipped to 
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simultaneously simulate these as distinct species. Following the principle of superposition, the total N 

concentration was estimated by summing these individual concentrations (Reilly et al. 1984).  

To validate the modeled source estimates, δ15N in dissolved NO3
- were used to identify nitrogen 

sources in the aquifer. However, the analysis is complicated by the fact that each source exhibits 

overlapping ranges in isotopic composition. Abaya et al. (2018) measured δ15N from various N sources in 

Puakō, which is located on the coast north of the study area. The study estimated natural soil δ15N ranges 

from approximately 1 to 4‰. While most δ15N samples collected within the Keauhou basal aquifer fall 

within the natural soil δ15N range (e.g., Kendall and Aravena 2000), elevated NO3
- measurements for some 

samples suggest N is added by other inputs as well. To test this, a simple isotope mixing equation was used 

to compute δ15N values for wells and submarine springs based on simulated relative contributions and δ15N 

endmember assumptions.  

Since mixing ratios are used for stable isotopes of dissolved components, δ15N needs to be weighted 

by the simulated concentrations in the mixing model (Hunt and Rosa 2009). The following mixing equation 

was used (Hunt and Rosa 2009): 

 

δ15Nmodel =
(𝑓OSDS𝐶OSDS𝑑NOSDS)+(𝑓LULC𝐶LULC𝑑𝑁LULC)+(𝑓WWTP𝐶WWTP𝑑𝑁WWTP)+(𝑓BC𝐶BC𝑑𝑁BC)

(𝑓OSDS𝐶OSDS)+(𝑓LULC𝐶LULC)+(𝑓WWTP𝐶WWTP)+(𝑓BC𝐶BC)
 (4.1) 

 

where δ15Nmodel is the computed δ15N at wells and submarine springs, f is the simulated fraction of each 

source component at a well or submarine spring location, C is the simulated concentration in the component, 

and dN is the δ15N endmember of each source component. The δ15N endmembers used for OSDS, WWTP, 

LULC, and BC were 7‰ (Wiegner et al. 2016), 1‰ (Abaya et al. 2018), 20‰ (Hunt 2014), and 2‰ (Hunt 

2014), respectively. Single endmember values were selected to obtain the best match, but as previously 

mentioned, each source ranges in δ15N. Wiegner et al. (2016) summarized that δ15N for sewage in Hawai‘i 

ranges from 7‰ to 20‰ while Abaya et al. (2018) narrowed the range to 9‰ to 11‰ in Puakō, Hawai‘i 

Island. Abaya et al. (2018) reported that values for fertilizers range from -2‰ to 0‰ while soil ranged from 

1‰ to 4‰. Since the modeled LULC coverage contains natural land and urbanized land, both ranges were 

considered. Hunt (2014) reported that the treated wastewater from Kealakehe had a δ15N measurement of 

12‰ and a water sample from a well within the Kealakehe wastewater plume had a δ15N measurement of 

20‰. Hunt (2014) reported that the Honokōhau well, which is a high-level pumping well in Keauhou, had 

a δ15N measurement of 2‰. This is similar to this study’s high-level samples, which ranged from 1‰ to 

2‰. 
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4.2.7. Freshwater-only model 

 As previously stated, models overlooking salinity changes in nearshore aquifers are commonly 

used to assess both water levels and quality. To test applicability of such an approach, a freshwater-only 

model was simulated to compare to the density-dependent results. The model was easily set by converting 

SEAWAT to run MODFLOW and MT3DMS in sequence, with MODFLOW set to run in a steady-state 

condition. The model retained the boundary conditions, coverages, and various input parameters previously 

described, except Kh, which was re-calibrated to obtain a reasonable match for hydraulic head under 

freshwater-only settings.  

 

4.2.8. Model applications 

         To demonstrate the capability of the density-dependent model as a management tool addressing 

nutrient and salinity distribution in the basal aquifer, the model was tested with example applications. This 

study therefore focused on two different aspects that are important for water resource management in West 

Hawai‘i: 1) aquifer salinity and storage changes as a response to future development and climate change, 

and 2) aquifer response to sea level rise. 

  

4.2.8.1. Aquifer response to urban development and climate change 

Accounting for future water demand is crucial in ensuring that the aquifer will not be over-pumped 

or subjected to water quality deterioration with anticipated urban expansion. As an example use of the 

model, a future urban development application was created by altering the LULC map described in Section 

‘Current land use and land cover (LULC)’ (Fig. 4.2f). The Kona Water Use Development Plan identified 

areas where new development is expected to occur based on allocated water permits (Fukunaga & 

Associates, Inc. 2017). These new development areas were designated anticipated water demands, where a 

demand of 1.5 m3/d corresponds to one residential unit (Fukunaga & Associates, Inc. 2017). The water 

demand, however, does not necessarily correlate with a particular development intensity level. In the 

majority of cases, new development occurred in areas characterized as natural background, where there is 

no current development. These areas were therefore assigned nutrient concentrations associated with 

medium intensity development, the most common development intensity in the area. In some areas, 

however, new development involved adding units to previously developed land. In this case, anticipated 

water demands for the new parcels (Fukunaga & Associates, Inc. 2017) were used to determine whether 

the development intensity would significantly change with the additional development. Since one 

residential unit does not appear to be a significant addition to an already medium- or high-density area, 

development intensity was assumed to remain the same where anticipated water demand was 1.5 m3/d 
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(adding one or less new home) but was assumed to increase from medium intensity to high intensity where 

anticipated water demand was >1.5 m3/d (adding more than one new home). 

Based on current legal regulations in Hawaiʻi (Act 125), all cesspools are required to be replaced 

by 2050, so future development will need to be connected to sewer lines or replaced with septic or aerobic 

treatment (ATU) systems. For simplification purposes, it was assumed that the first option would be 

adopted. It is also assumed that 50% of the total water demand from new development will be used outdoors 

(Board of Water Supply 2021), so the remaining 50% will be routed to the Kealakehe WWTP via sewer 

lines. With a total future water demand of approximately 64,080 m3/d across Keauhou (Fukunaga & 

Associates, Inc. 2017), 32,040 m3/d will be directed to the Kealakehe WWTP, which results in 724 kg/d 

and 225 kg/d of additional N and P mass load, respectively. Combining this with the already existing mass 

load, the disposal percolation basin was simulated to receive total N and P mass loads of 868 kg/d and 270 

kg/d, respectively. Concurrently, the total future water demand is assumed to be pumped from the high-

level wells in the Keauhou aquifer, so 64,080 m3/d was removed from the eastern boundary condition, thus 

reducing the influx to 324,319 m3/d. 

Further, Elison-Timm et al. (2015) estimated the change in rainfall for the state of Hawai‘i using 

statistical downscaling methods with the Coupled Model Intercomparison Project phase 5 (CMIP5) 

Representative Concentration Pathway (RCP) 4.5 and 8.5 results. Based on these projections, Hawai‘i 

Island may experience an approximately 16 to 40% average reduction in rainfall by 2100 (Elison-Timm et 

al. 2015). Based on interpolated maps, the Keauhou area may experience approximately 20% reduction in 

rainfall following the RCP 8.5 scenario (Elison-Timm et al. 2015). It is outside the scope of this project to 

create a new recharge coverage by computing a water budget under climate change conditions. Therefore, 

to account for the overall reduction in rainfall expected at the end of the century, the current recharge 

computed by the USGS (Engott 2011) was simply reduced by 20% across the entire basal aquifer.  

  

4.2.8.2. Aquifer response to sea level rise 

          As a coastal aquifer, impacts of future sea level rise are of great concern. Global sea level is 

predicted to rise approximately one meter by the end of the century, if greenhouse gas emissions continue 

to rise at the current rate (e.g., Pfeffer et al. 2008; Nichols et al. 2010; Hawai‘i Climate Change Mitigation 

and Adaptation Commission 2017). To simulate future sea level rise, the offshore head stage was set to 1 

m above msl to assess how increasing levels could potentially impact submarine spring flux rate and 

salinity. 
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4.3. Results and discussion 

4.3.1. Density-dependent model calibration 

         Utilizing a heterogeneous Kh distribution, as described in Section ‘Calibration approach’, did not 

lead to a significant improvement in results (section S.4 in the ESM). Accuracy of salinity calibration in 

wells improved but was accompanied with a slightly reduced accuracy of hydraulic head calibration. 

Additionally, the accuracy of N and P predictions worsened. It was concluded that such an effort is only 

useful if appropriate representation of various processes is included in the conceptual model. Under scarcity 

of data, utilizing a simplified Kh distribution is preferred, considering the complications and computational 

expenses associated with developing a more involved Kh distribution. The results presented from here 

forward are all for a homogeneous Kh applied to the entire aquifer. The final calibrated parameter values 

used in the Keauhou basal aquifer model are provided in Table 4.2.  

 

Table 4.2. Calibrated parameter values used in the Keauhou basal aquifer model. 

Parameter Unit Value 

Hydraulic conductivity (Kh) m/d 2,500 

Vertical anisotropy (Kh/Kv) dimensionless 200 a,b 

Porosity (φ) dimensionless 0.1 b,c 

Specific yield (Sy) dimensionless 0.06 c,d 

Specific storage (Ss) 1/m 2.6 x 10-5 b,c 

Longitudinal dispersivity (αL) m 50 

Eastern boundary flux m3/d 388,399 

a Voss and Souza (1987), b Oki (1999), c Izuka (2011), d Hunt (1996) 

 

Head, salinity, N and P concentration calibration results are shown in Fig. 4.3. Head was reasonably 

calibrated with a relatively low RMSE (<0.5 m) (Fig. 4.3a). Under density-dependent conditions, the 

calibration process is complicated by the nonlinear relationship between the hydraulic head and salinity. 

Attempts to improve on the accuracy of salinity calibrations resulted in less precise head calibrations. The 

reasonable accuracy of head prediction, nonetheless, implies validity of the continuum approach via 

Darcy’s law (e.g., Bear 1972) for simulating the hydraulic head for this complex domain. However, lower 

accuracy and the scatter regarding salinity and nutrients are likely attributed to the complexities in 

geological characteristics of the field, such as the potential existence of preferential flow, which would 

naturally affect various simulation processes. The simulated salinity in submarine springs exhibit lower 
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accuracy due to the nature of sampling location. Submarine springs are simulated along the shoreline and 

are positioned at the interface between fresh groundwater exiting the aquifer and saline ocean water moving 

inland. Thus, most of the submarine springs have a simulated salinity confined within a narrow range in 

comparison to the wide range of salinities measured in the field (Fig. 4.3b). This mismatch is possibly 

caused by the model’s inability to simulate a very precise spring point location. The field-based submarine 

spring salinity measurements were assessed from the freshest terrestrial water that could be detected at the 

coast, thus are expected to be biased towards lower values. In contrast, the modeled salinity was averaged 

over an entire cell, and therefore falls within a mid-salinity range.  

The N simulations produce reasonable calibration results (Fig. 4.3c-d). In contrast, many of the 

observed P measurements fall within a small range that is not well represented in the model results (Fig. 

4.3e-f). The imprecise results for P should be expected considering that the assumption of a conservative 

behavior is not valid (Delevaux et al. 2018). However, the results can be useful while applying the model 

for screening purposes. In contrast to salinity, the relatively better correlation between simulated and 

measured N and P for submarine springs is due to the fact that these species are primarily sourced from 

terrestrial sources located in freshwater zones and not drastically influenced by marine processes at the 

land-ocean interface. 

Modeling submarine springs as drain points with varying conductance produced accurate results 

(RMSE=1,237 m3/d, r2=0.98). Under such conditions, the model simulated 107,673 m3/d of groundwater 

discharging at point-source submarine springs, closely matching the observed values. The model also 

simulated an additional 1,230,000 m3/d of fresh and saline water diffusively discharging along the coast 

and offshore. However, accurately simulated flux rates combined with lower accuracy of salinity, N, and P 

concentrations emphasize the fact that a continuum approach for flow modeling can be acceptable for 

preferential flow but fails to simulate solute transport. 
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Figure 4.3. Scatter plots of density-dependent and freshwater-only model calibration results for (a) head, 

(b) salinity, (c) N in wells, (d) N in submarine springs, (e) P in wells, (f) P in submarine springs. As it is 

not possible to simulate salinity using a freshwater-only model setup, panel b only contains density-

dependent results. Root-mean-square errors (RMSE) are included and carry the same units as the respective 

measurements. 

 

4.3.2. Validity of the freshwater-only model 

Although comparable head accuracy was obtained for the freshwater-only model and the density-

dependent model (Fig. 4.3a), a significantly lower Kh of 300 m/d was required to calibrate the hydraulic 

head. Compared to a value of 2,500 m/d for the density-dependent model, such a value is not realistic for a 

young basalt, as documented in previous modeling and other studies (Oki 1999; Izuka 2011). Hence, such 

a value can simply be considered as a fitting parameter that is not physically based. It is of interest to note 

that Kh appears to be a process-based parameter, thus depends on the nature of the conceptual model and 

processes simulated. Saltwater circulation clearly affects the estimated effective aquifer thickness, which 

cannot be accurately estimated by a freshwater-only model. RMSE of submarine spring flux also increased 

from 1,237 m/d to 3,273 m/d. Although the submarine spring drains retained the same conductance values, 

the lower Kh assigned to the freshwater-only model reduced overall flow fields (Fig. 4.4b) and resulted in 

lower discharge at the submarine springs. 
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The overall accuracy of N and P concentrations are comparable for the two models at wells (Fig. 

4.3c,e), in contrast to the values in the submarine springs (Fig. 4.3d,f). The freshwater-only model 

overestimates nutrient concentrations in the springs due to the fact that water circulation is not simulated in 

the nearshore area, where in reality, nutrient-poor saltwater intrudes into the aquifer. As should be expected, 

the influence of circulation diminishes far from the shoreline, leading to a better accuracy for wells. Flow 

fields for the two models are compared in Fig. 4.4, showing a significant contrast in the nearshore area. It 

should be noted that salinity does not directly affect nutrient concentrations, considering that they are 

treated as conservative species. The case can be different for reactive chemicals, such as contaminants of 

emerging concern (CECs), where salinity can directly play a role (e.g., Patel et al 2019; McKenzie et al. 

2020). It can be concluded that, not only does the freshwater-only model overlook salinity, but it also 

ignores the significant water circulation in the nearshore environment, leading to unacceptable errors in 

water quality assessment. Salinity is an important factor regarding water sustainability concerning different 

water uses, such as reducing estimates of aquifer sustainable yield and causing damage to anchialine ponds. 

Fresh groundwater in Hawai‘i is considered to have less than 1,000 mg/L of dissolved solids (Yee 1987), 

while the USGS also classifies water as “slightly saline” with concentration less than 3,000 mg/L (Swenson 

and Baldwin 1965). If it is assumed that salinity measurements directly correspond to dissolved solid 

concentrations, then 45% of the 20 wells used in the Keauhou basal aquifer model had salinity 

measurements that exceed the “slightly saline” water standard, while 75% of the simulated salinity 

measurements exceed the threshold. Such an assessment clearly indicates the need for a density-dependent 

model to accurately assess water sustainability and estimate aquifer sustainable yield. 
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Figure 4.4. Vertical cross section i-i’ (Fig. 4.2a) of flow vectors for the (a) density-dependent model and 

(b) freshwater-only model. The vector lengths vary according to magnitude. The density-dependent model 

also contains salinity contours, displaying a relatively thin freshwater lens. Flow vectors within the lens are 

directed towards the coast while flow vectors within the underlying saltwater body are directed inland. As 

should be expected, freshwater-only vectors move towards the ocean. 

 

4.3.3. Relative N source contributions and δ15N of NO3
- model validation 

Based on simulated N mass loadings entering the Keauhou basal aquifer, the majority of N is 

sourced from OSDS (54%), while urban development LULC contributed 10%, the Kealakehe WWTP 

contributed 9%, and groundwater applied at the eastern boundary contributed 26% (Fig. 4.5). It is clear that 

OSDS have the greatest impact on nutrient contribution to the groundwater system. Areas with urban 

development, where there are significant clusters of OSDS, experience plumes of higher nutrient 

concentrations, which travel with groundwater flow to the coast (Fig. 4.5b). The results can be useful for 

managing water quality issues, such as efforts to meet Federal regulations regarding the total maximum 

daily load and identifying major contributor sources where upgrade efforts should be directed. For this 

study, it is important to recognize the significant nutrient mass load that is sourced from the eastern 

boundary condition (Fig. 4.5e), especially while considering the boundary uncertainties previously 
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discussed. The mass load that enters through the boundary was dependent on the assigned nutrient 

concentrations and water flux.  

  

 
Figure 4.5. Simulated (a) total groundwater N concentration and relative contributions of (b) on-site sewage 

disposal systems (OSDS), (c) land use and land cover (LULC), (d) Kealakehe Wastewater Treatment Plant 

(WWTP), (e) eastern boundary N sources in the Keauhou basal aquifer. Mapped grids display the N 

concentrations of each source simulated in the second layer of the model. 

 

 Based on simulated N concentrations in wells and submarine springs, relative N source 

contributions were also estimated at each sample location (Fig. 4.6). Overall, minimal amounts of LULC-

sourced N were detected in simulated samples, with an average contribution of 0.13 mg/L (13% of total 

concentration). The N sourced from the WWTP contributed a significant amount of N to a few submarine 

springs. An estimated 57-71% of WWTP-sourced N was simulated in the two submarine springs (HHA and 

HHB) located directly downgradient of the WWTP. This was also validated by the enriched δ15N measured 

at these submarine springs (Fig. 4.6). Simulated N sourced from OSDS and the eastern boundary were both 

significantly detected in most wells and submarine springs. Of importance is to note that OSDS-sourced N 

appears in all but one sample across the aquifer, demonstrating the widespread effect of wastewater on 

groundwater quality. Eight of the 25 simulated samples had at least 50% of the simulated N concentration 

sourced from OSDS, while 11 samples had at least 50% of N sourced from the eastern boundary (Fig. 4.6). 

Conversely, the average OSDS-sourced N concentration was 0.6 mg/L, while the average boundary-sourced 

N concentration was 0.4 mg/L. 
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Figure 4.6. Simulated N contributions (bar plots) from on-site sewage disposal systems (OSDS), land use 

and land cover (LULC), the wastewater treatment plant (WWTP) and eastern boundary condition (BC) at 

each well and submarine spring location where a δ15N sample was measured. Corresponding δ15N 

measurements are represented by circle markers. Small grey squares represent OSDS locations and the red 

square represents the WWTP location. 

 

Calculated δ15N values were used to validate simulated N contributions. Results from the described 

isotope mixing model (Section ‘δ15N model validation’) produced a reasonable fit between the measured 

and computed δ15N values (r2=0.76), where 14 of the 25 samples matched within ±1‰ (Fig. 4.7). 

Considering that δ15N values vary over a range within each source, the mixing results are influenced by 

uncertainties associated with endmember designations. Since relative N contributions from LULC and 

WWTP were minimal, variations in δ15NLULC and δ15NWWTP endmembers did not drastically affect overall 

δ15Nmodel results (Fig. 4.7a-b). Although the N contribution from the BC was relatively high, the δ15NBC 

range was not large enough to significantly affect δ15Nmodel results (Fig. 4.7c). Since the BC is an ambiguous 

endmember with mixed water sources, the most reliable δ15N reference were water samples from high-level 

pumping wells, which showed very little variation. Modeling results show that OSDS serves as the most 

significant N source, thus changes in the δ15NOSDS endmember exhibited the greatest variation (Fig. 4.7d). 

An enriched δ15NOSDS endmember would potentially enrich δ15Nmodel results and thus skew relative 
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contributions. There is a large range of OSDS δ15N measurements because of the different individual units, 

but this approach is limited to assigning one OSDS endmember. Therefore, differences between measured 

and modeled δ15N is to be expected. Nonetheless, a reasonable fit was obtained with a δ15NOSDS value of 

7‰. Although this endmember is slightly depleted compared to previously published values from other 

areas in Hawai‘i (e.g., Wiegner et al. 2016), findings from previous studies (e.g., Abaya et al. 2018) already 

demonstrate that δ15N measurements in West Hawai‘i are isotopically depleted compared to universal 

ranges typically found in literature (e.g., Kendall and Aravena 2000). These results therefore emphasize the 

importance of site-specific measurements, suggesting that more sampling from varying conditions is 

required and an approach acknowledging wider ranges should be considered. With these limitations in 

mind, the model captured overall δ15N ranges. These results validate the simulated N transport results and 

show that mixing between N from various sources can be constrained. Hence, the model can be used as a 

tool to estimate relative contributions of multiple nitrogen sources.  

 

 
Figure 4.7. Mixing model results for measured and computed δ15Nnitrate using simulated relative N source 

contributions. Grey squares represent δ15N mixing model results with selected endmembers. Black error 

bars show result uncertainty based on δ15N ranges for (a) land use and land cover (LULC), (b) wastewater 

treatment plant (WWTP), (c) eastern boundary condition (BC), and (d) on-site sewage disposal systems 

(OSDS). 
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4.3.4. Model applications 

4.3.4.1. Future development and climate change 

         Future urban development and climate change negatively impacted simulated head, salinity, N and 

P concentrations to various degrees. When only future development was considered, head was not affected 

(Fig. 4.8a) and salinity was minimally affected (Fig. 4.8b) due to the fact that water fluxes and input 

salinities were not altered. Under these development conditions, N and P concentrations primarily increased 

around the WWTP because the WWTP mass load increased to account for the additional wastewater 

generated with the additional development (Fig. 4.8c-d). When additional water demand was considered 

along with the future development, head levels expectedly declined, while salinity, N and P concentrations 

increased throughout the model due to the reduced water flux applied at the eastern boundary. Further, 

when climate change impacts were considered along with future development and additional water demand, 

head, salinity, N and P changes were exacerbated due to the additional water flux reduction. With less 

freshwater entering the simulated aquifer system, hydraulic head levels declined, with a maximum change 

of -0.3 m (Fig. 4.8a). Submarine spring flow also decreased, leading to more saltwater intrusion, thus 

increasing salinity with a maximum change of 2 ppt. The increased salinities are highest along the southern 

coast of the aquifer, which is likely due to the narrower aquifer model width (Fig. 4.8b). Under these future 

conditions, the increase in N concentrations generally remained under 1 mg/L, but increased notably up to 

122 mg/L directly around the WWTP. It appears that reducing the water flux, whether due to increased 

water demand or climate change impacts, has the greatest impact on simulated results, while nutrient inputs 

from development green space does not appear to significantly alter simulated nutrient concentrations in 

the groundwater (Fig. 4.8c-d). The drastic reduction of water flux ultimately altered nutrient concentrations 

to a greater degree compared to the addition from urban development. 
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Figure 4.8. Change in (a) head, (b) salinity, (c) N, and (d) P concentrations from baseline conditions to 

future development, future development + future water demand, and future development + future water 

demand + reduced recharge from climate change impacts.  In all cases, changes were computed by 

subtracting baseline results from application results. Mapped grids display the changes in the second layer 

of the model. 

 

4.3.4.2. Modeling sea level rise 

         With 1 m of simulated sea level rise, the hydraulic head nearly increased by 1 m across the entire 

area of the modeled aquifer. The unaltered flux at the eastern boundary did not create a significant head 

gradient with the sea level rise to counter the increase in saltwater head gradient. This also resulted in 

approximately 1 m of rise of the freshwater-saltwater interface, thus ultimately lifting the entire freshwater 

lens. The change in salinity, however, did not occur in a simplified trend throughout the aquifer. The 

maximum change in salinity was 2.75 ppt, but most cells typically demonstrated less than 1 ppt change 

(Fig. 4.9). Very little change was observed in the relatively fresher upper layers (Fig. 4.9a) while the greatest 

change was observed in the middle of the freshwater lens (Fig. 4.9c). Additionally, under sea level rise 

conditions, there was an observed increase in simulated coastal discharge. Diffuse (ocean bottom) coastal 

discharge decreased by approximately 120,000 m3/d, but submarine spring discharge (via drains) increased 

by approximately 130,000 m3/d. Total discharge, therefore, increased by approximately 10,000 m3/d with 

1 m of simulated sea level rise. 
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Figure 4.9. Change in salinity from baseline conditions to sea level rise conditions observed at approximate 

model depths of (a) 2 m below msl at layer 2, (b) 16 m below msl at layer 6, (c) 41 m below msl at layer 

10. Positive change represents an increase in salinity with sea level rise, while negative change represents 

a decrease in salinity with sea level rise. 

 

The results of this analysis are supported by Lee et al. (2013), who concluded that when longer 

time scales are considered, sea level rise could potentially result in an increase in submarine spring flow 

under certain conditions (Lee et al. 2013). Werner et al. (2009) suggest that site-specific boundary 

conditions have a significant impact on simulation results when modeling sea level rise in coastal aquifers, 

and thus argue that groundwater discharge and saltwater intrusion under sea level rise conditions are 

sensitive to the assigned inland boundary conditions. Werner et al. (2009) conclude that with sea level rise, 

flux-controlled systems experience less saltwater intrusion and persistent groundwater discharge in 

comparison to head-controlled systems. Results from this study support the concepts proposed by Lee et al. 

(2013) and Werner et al. (2009), where a very small change in salinity and an increase in submarine spring 

flow are observed. 

  

4.3.5. Study assumptions and limitations 

         The model developed for this study simulates groundwater flow and nutrient transport through the 

Keauhou basal aquifer, calibrated with measured head, salinity, N and P concentrations, and submarine 

spring fluxes. The major assumption in the approaches adopted concerns validity of the continuum approach 

(e.g., Bear 1972) for simulating density-dependent flow and transport in a domain that is highly complex 

with apparent preferential flow. Results suggest that such a concept, as the basis of Darcy’s law, is 

applicable with good calibration accuracy for hydraulic head and submarine spring flows. Some scatter 
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obtained for the results of salinity and nutrient calibration is mainly due to effects of local hydrogeologic 

medium variability. Use of models that account for small-scale variability, such as accounting for 

preferential flow, is impractical due to the related extensive data needs. Another assumption concerns the 

treatment of N and P as conservative chemicals based on the justifications presented by Delevaux et al. 

(2018). Additionally, measurements of NO3
-+NO2

- and PO4
3- were used as major chemical species of N and 

P, respectively, due to well oxygenated aquifer conditions (Richardson et al. 2017). Considering that a 

relatively high fraction of TN was represented by NO3
- in this groundwater, it was assumed that these 

measurements could serve as representative values for model calibration. 

Another model uncertainty is related to the estimation of flow through the eastern boundary of the 

model. Occurrence of such a flow is confirmed by Fackrell et al. (2020). A reasonable estimate was utilized 

in this study by a simplified regional model. Since calibration accuracy is sensitive to the eastern boundary 

condition (section S.3 of the ESM), such an estimate can significantly impact results. There is also an 

uncertainty regarding the flow condition at such a boundary regarding an assumed vertical flow distribution, 

considering that the actual hydrogeologic nature of this interflow aquifer boundary is not well understood. 

In addition, the model did not account for deep offshore freshwater discharge that exists off the coast of 

Keauhou (Attias et al. 2020).  

The model has limitations due to the relatively coarse grid resolution that reduces accuracy of 

results regarding the spatial distribution of OSDS and LULC. These variables were averaged and assigned 

as a single lumped value to the corresponding modeling grid since it is certainly impractical to design the 

grid on an individual OSDS scale. However, numerical accuracy was not impacted by the spatial resolution 

and mass conservation for water flow and constituent transport was maintained by the model under all 

applications. 

Finally, model calibration is affected by the lack of continuous head records, which is a serious 

drawback that hinders researchers’ efforts in Hawai‘i and other similar areas. Available data normally 

include initial head values measured during the drilling process. Most pumping wells are not continuously 

monitored, and the initial head measurements were therefore collected at different times. However, our 

assessment indicated that the values used for model calibration are within the average fluctuations in water 

level measurements (section S.1 of the ESM). Fluctuations are not drastic due to the large Kh values 

associated with volcanic rock materials.  

  

4.4. Conclusions 

         As is the case for most coastal aquifers, groundwater from West Hawai‘i Island is vulnerable to 

contaminants derived from point- and nonpoint-sources, such as OSDS, LULC, and WWTP. To ultimately 

explore local water resource management strategies, this study developed a density-dependent groundwater 
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model for the Keauhou basal aquifer, utilizing multiple measurements and species for calibration. By 

including head, salinity, N and P concentrations, and submarine spring fluxes in the calibration process, 

this model obtained overall reasonable result ranges. Comparisons between the results from the density-

dependent and a freshwater-only model concluded that the former is a better fit to assess nearshore 

processes. The freshwater-only model overlooks salinity effects on water circulation, and consequently fails 

to properly simulate nutrient transport. These effects are critical when investigating submarine springs, 

which provide important freshwater and nutrient supplies to coastal ecosystems that are susceptible to 

environmental changes. Calibrating the freshwater-only model necessitates the use of an unrealistic Kh due 

to the failure to account for nearshore flow circulation and the need to define an effective aquifer thickness. 

As such, in addition to depending on aquifer material-type, Kh is a process-based parameter that depends 

on model conceptualization and the simulated processes. Despite the extensive data and computation 

expenses, utilization of a density-dependent model is critical for the accurate assessment of water flow and 

contaminant transport in a coastal aquifer.  

 Relative N source fluxes were estimated from the calibrated model and validated by using δ15N of 

NO3
-, which is the dominant chemical species in this oxic aquifer. Simulated N was primarily sourced from 

OSDS and the eastern boundary. Further, N in submarine springs downgradient of the Kealakehe WWTP 

were overwhelmingly sourced from the WWTP, as validated by δ15N results. Hence, there is a need to 

improve on current practices for collecting and treating wastewater and releasing effluents from a single, 

seemingly inefficient WWTP. 

As should be expected, future developments and climate change impact head, salinity, and nutrient 

concentrations. Specifically, the reduced water flux caused by higher water demands and reduced recharge 

induced by climate change resulted in declining hydraulic head levels and greater saltwater intrusion. 

Additionally, contaminant concentrations increased, most prominently around the WWTP. A 1 m of sea 

level rise increased hydraulic head by an equivalent amount aquifer wide, but effects on salinity distribution 

prove to be more complicated. Sea level rise can effectively increase submarine spring flux due to an 

increase in head gradient.  

To further improve the model, a need exists for a better understanding of the eastern boundary 

structure and assigning its related aquifer interflow. There is also a critical need to identify the range of 

OSDS δ15N, which has proven to vary in isotopic composition. These details have a significant impact on 

the modeled results, which if used to inform groundwater management without acknowledgement of the 

various uncertainties, could result in unexpected or undesirable outcomes. Despite the assumptions and 

limitations, however, it is believed that this model is qualified for use in understanding various water flow 

and transport processes in the Keauhou coastal aquifer and as a management tool for assessing relative 

aquifer responses under various management scenarios. In addition to the examples discussed in the study, 



 

87 
 

the model can address others, including OSDS upgrade efforts that include LULC and climate change, as 

well as the adverse effects in the nearshore environment in response to changes in both quantity and quality 

of submarine springs. Although this model was developed for a specific aquifer, the methodology and 

analyses are applicable to various coastal aquifers, where water quantity and quality are of major concern, 

especially with urban expansion and the increasing severity of climate change-related problems.  
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

 

5.1. Summary 

 This dissertation assessed groundwater flow and transport properties of the West Hawai‘i aquifers 

using multiple tracers and numerical modeling techniques. 

 Chapter 2 estimated the apparent age of young groundwater mixed in the West Hawai‘i aquifers 

using a multi-tracer approach. By utilizing three different transient tracers (CFCs, SF6, and 3H/3He), this 

study aimed to mitigate geochemical challenges that are associated with shallow aquifers in volcanic island 

settings. All groundwater and SGD samples detected these anthropogenic tracers, therefore indicating the 

presence of modern groundwater that recharged within the last 70 years. Further, the CFC tracer plots were 

best defined using a binary mixing model, thus emphasizing that the sampled groundwater is a mixture of 

young waters and old waters that are free of CFCs. The mixing models suggest that <75% of the 

groundwater from the West Hawai‘i aquifers are modern, and that the remaining groundwater recharged 

before 1953. Measurements of SF6 and 3H/3He indicate that some of the sampled groundwater are 

potentially terrigenically influenced and could therefore lead to tracer contamination and biased ages. Once 

corrected for the influence of terrigenic helium, apparent ages estimated using 3H/3He tracers were in good 

agreement with apparent ages estimated using CFC-12 (RMSE=10 years). These CFC and 3H/3He apparent 

ages demonstrate a relatively negative correlation with nitrate concentrations, which implies that modern 

groundwaters are more likely to transport contaminants through the aquifers.  

Chapter 3 used DI14C to estimate the apparent age of the old groundwater hypothesized to mix with 

the modern water in the West Hawai‘i aquifers. Similar to initial findings presented by the SF6 and 3H/3He 

results, measurements of DIC concentrations and δ13CDIC values indicate that the groundwater samples are 

influenced by volcanic CO2(g), which equilibrates with DIC in groundwater and mixes into the deep 

aquifers. The δ13CDIC values and DIC concentrations, in addition to 4Heterr fractions, were therefore used to 

correct the biased ages, and the resulting old apparent ages ranged from 790 to 3,000 years. These ages 

were supported by a 2D groundwater model, which was developed to test a new conceptual model for the 

area. The model demonstrates the need of a low permeability confining unit that transects through the 

Keauhou aquifer in order to simulate the unusual high-low head divide.  

Chapter 4 presented a robust groundwater model for the basal Keauhou aquifer, which is vulnerable 

to contaminants derived from point- and nonpoint-sources. This chapter demonstrates the need to include 

density-dependent flow properties when simulating coastal aquifers, because freshwater-only models do 

not properly represent the nearshore processes that occur in this area. The robustness of this model enabled 

us to examine multiple parameters (salinity, N, and P concentrations) that are important to coastal 

ecosystems. Modeled results indicate that the OSDS are the largest source of N detected in groundwater 
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and SGD samples, which was validated using δ15N values of NO3
-. Although the Kealakehe WWTP 

contributed a relatively small proportion of N to the aquifer, it was the cause of the densest plume with the 

highest measured N concentrations. It is therefore necessary to properly manage both of these wastewater 

sources to ensure a healthy coastal ecosystem. Finally, test scenarios were applied to the model, which 

suggest that future development, water demands, and climate change effects have the potential to negatively 

impact Keauhou freshwater resources, and must therefore be carefully and sustainably managed.  

To obtain a comprehensive understanding of groundwater flow and transport, this dissertation was 

approached from multiple directions, taking advantage of field sampling, multiple tracer techniques, and 

numerical modeling. Groundwater ages provided insight into subsurface flow and aquifer storage 

properties. Combined with measurements of nutrient concentrations, groundwater ages can help us assess 

contaminant transport and therefore better manage our freshwater resources, particularly in the shallow 

aquifers near the coast. The groundwater models can then be used to assess how future natural and 

anthropogenic conditions will impact those resources by testing various scenarios in a noninvasive manner. 

This dissertation emphasizes the benefits of using these techniques in tandem and demonstrates that all are 

necessary to ensure sustainable freshwater management.  

 

5.2. Future Work 

 The West Hawai‘i aquifers are hydrogeologically complex system and would highly benefit from 

continued investigation. Future studies can build upon the findings presented in this dissertation, and thus 

further expand our understanding of this unique setting. Apparent groundwater age has proven to be a 

fundamental property that can inform us of aquifer storage properties. Future studies can work to better 

refine and interpret the age results presented in this dissertation by better constraining the appropriate 

endmembers used in the calculations. For example, the apparent ages of DI14C samples were corrected for 

the influence of volcanic CO2(g) with the assumption that δ13C of volcanic CO2 in equilibrium with 

groundwater DIC is equal to 1.75‰. It is also assumed that the initial DIC concentration of groundwater 

with soil DIC in equilibrium with biogenic soil CO2 is equal to 1.18 mmol/kg. These assumptions were 

made due to the lack of available data in this area, but the error of uncertainty could be significantly lower 

if these variables were definitively established for the West Hawai‘i area. More specifically, I recommend 

the establishment of multiple endmembers to better reflect individual aquifers. Based on mixing curves and 

the range of δ13C values and DIC concentrations, it is clear that although the West Hawai‘i aquifers are 

interconnected, they each have unique properties that would benefit from independent attention. Future 

studies should also consider utilizing tracers aimed to estimate intermediate ages ranging from 50 to 1,000 

years, which is a gap that is not well covered by CFCs, 3H/3He, and DI14C. For example, argon-39 (39Ar), 

with a half-life of 269 years, has been recognized to fill that gap (e.g., Kralik, 2015), but is unfortunately 
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difficult to measure on samples collected in the field (e.g., Bethke and Johnson, 2008). If additional transient 

tracers are not available, I recommend sampling more wells using the tracers presented in this dissertation, 

specifically in the basal Keauhou and Kīholo aquifers, where our access was limited. With respects to 

groundwater modeling, future studies should expand the 2D groundwater age model to include density-

dependent properties, which may better simulate apparent ages. The 3D basal Keauhou aquifer model 

would benefit from being further refined, particularly along the coastline, where SGD interacts with 

seawater. Additionally, less assumptions would be made regarding boundary conditions if the model 

domain is expanded to the entire Keauhou aquifer, or even the entire West Hawai‘i area. Ultimately, 

groundwater models are only justifiable if one has sound data for calibration and validation.  
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APPENDIX A: Chapter 2 Supplementary Material 

Table A-S1. Equivalent atmospheric concentrations of CFCs and SF6 samples (in triplicate). 

Sample # 
Sampling 

Date 

SF6 

(pmol/mol) 

CFC-12 

(pmol/mol) 

CFC-11 

(pmol/mol) 

CFC-113 

(pmol/mol) 

CFC-11/ 

CFC-12 

CFC-113/ 

CFC-12 

Lalamilo C DW 1 8/13/2019 4.498 55.236 21.511 3.060 0.389 0.055 

Lalamilo C DW 2 8/13/2019 1.941 57.038 20.448 3.895 0.359 0.068 

Lalamilo C DW 3 8/13/2019 4.081 55.537 20.203 3.895 0.364 0.070 

Parker #4 DW 1 8/13/2019 2.207 59.803 17.529 4.958 0.293 0.083 

Parker #4 DW 2 8/13/2019 2.215 57.349 17.694 4.958 0.309 0.086 

Parker #4 DW 3 8/13/2019 1.916 57.656 17.282 4.682 0.300 0.081 

Waikoloa 3 1 8/15/2019 2.187 54.896 17.282 4.682 0.315 0.085 

Waikoloa 3 2 8/15/2019 3.807 49.989 16.706 5.233 0.334 0.105 

Waikoloa 3 3 8/15/2019 4.742 51.829 16.130 0.000 0.311 0.000 

Waikoloa DW-6 1 3/22/2019 0.263 22.902 6.653 1.685 0.290 0.074 

Waikoloa DW-6 2 3/22/2019 1.081 26.408 7.183 1.948 0.272 0.074 

Waikoloa DW-6 3 3/22/2019 1.106 26.226 6.906 1.555 0.263 0.059 

West Hawaii 

Landfill 
1 8/20/2019 3.916 203.747 87.134 13.054 0.428 0.064 

West Hawaii 

Landfill 
2 8/20/2019 3.120 213.172 83.249 13.287 0.391 0.062 

Makani 1 1 3/25/2019 0.766 5.705 1.190 0.343 0.209 0.060 

Makani 1 2 3/25/2019 0.778 6.225 1.288 0.560 0.207 0.090 

Makani 1 3 3/25/2019 0.493 4.456 1.047 0.427 0.235 0.096 

Puu Lani 1 8/15/2019 1.831 16.979 5.334 1.782 0.314 0.105 

Puu Lani 2 8/15/2019 1.350 17.858 5.566 1.782 0.312 0.100 

Puu Lani 3 8/15/2019 1.247 15.516 4.870 1.782 0.314 0.115 

Puu Waawaa 1 3/25/2019 0.622 4.090 0.767 0.245 0.187 0.060 

Puu Waawaa 2 3/25/2019 0.284 0.652 0.314 -0.048 0.483 -0.074 

Puu Waawaa 3 3/25/2019 0.000 1.602 0.625 -0.048 0.390 -0.030 

Huehue Ranch 4 1 3/18/2019 0.000 2.779 1.620 0.202 0.583 0.073 

Huehue Ranch 4 2 3/18/2019 0.000 2.544 1.053 0.056 0.414 0.022 

Huehue Ranch 4 3 3/18/2019 0.000 1.382 0.925 -0.077 0.670 -0.056 

Kalaoa DW 1 3/20/2019 0.000 2.383 2.362 -0.060 0.991 -0.025 

Kalaoa DW 2 3/20/2019 0.071 2.474 2.362 -0.060 0.955 -0.024 

Kalaoa DW 3 3/20/2019 0.107 2.928 2.483 -0.060 0.848 -0.020 

Honokohau DW 1 8/20/2019 1.034 18.150 11.440 1.527 0.630 0.084 

Honokohau DW 2 8/20/2019 0.742 18.736 10.513 1.527 0.561 0.082 

Honokohau DW 3 8/20/2019 0.489 17.272 10.358 0.509 0.600 0.029 

QLT DW 1 8/20/2019 0.710 28.104 12.986 1.273 0.462 0.045 

QLT DW 2 8/20/2019 0.663 23.713 12.445 0.764 0.525 0.032 

QLT DW 3 8/20/2019 0.955 25.469 12.677 1.018 0.498 0.040 

Keopu DW 1 3/20/2019 0.860 9.551 6.086 0.959 0.637 0.100 
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Keopu DW 2 3/20/2019 0.316 5.895 5.578 0.245 0.946 0.042 

Keopu DW 3 3/20/2019 0.813 8.492 5.883 0.362 0.693 0.043 

Kohanaiki 6 1 3/20/2019 4.164 223.451 114.167 22.086 0.511 0.099 

Kohanaiki 6 2 3/20/2019 4.235 225.643 117.460 22.987 0.521 0.102 

Kohanaiki 6 3 3/20/2019 4.776 230.981 115.162 23.064 0.499 0.100 

Kahaluu C DW 1 3/20/2019 0.816 40.765 19.483 2.445 0.478 0.060 

Kahaluu C DW 2 3/20/2019 0.620 39.561 19.925 4.192 0.504 0.106 

Kahaluu C DW 3 3/20/2019 0.979 41.338 20.263 3.544 0.490 0.086 

Halekii DW 1 3/19/2019 0.316 60.555 23.610 2.521 0.390 0.042 

Halekii DW 2 3/19/2019 0.235 60.136 24.225 3.733 0.403 0.062 

Halekii DW 3 3/19/2019 0.433 60.784 24.399 3.735 0.401 0.061 

Keei D DW 1 3/19/2019 1.093 124.174 59.452 14.807 0.479 0.119 

Keei D DW 2 3/19/2019 0.698 116.226 55.886 0.593 0.481 0.005 

Keei D DW 3 3/19/2019 0.685 100.024 49.100 0.423 0.491 0.004 

Keei A DW 1 3/19/2019 1.733 128.070 55.072 11.785 0.430 0.092 

Keei A DW 2 3/19/2019 1.409 126.373 55.541 13.083 0.440 0.104 

Keei A DW 3 3/19/2019 1.748 126.288 58.275 14.097 0.461 0.112 

P1A 1 1/21/2019 6.503 292.822 129.087 28.370 0.441 0.097 

P1A 2 1/21/2019 6.713 302.017 130.294 27.679 0.431 0.092 

P1A 3 1/21/2019 6.426 295.802 131.268 29.278 0.444 0.099 

KBA 1 1/9/2019 3.705 209.215 80.147 11.387 0.383 0.054 

KBA 2 1/9/2019 3.863 205.311 81.585 12.660 0.397 0.062 

KBA 3 1/9/2019 3.834 204.121 82.937 15.163 0.406 0.074 

P24 1 1/21/2019 6.832 307.353 160.974 15.906 0.524 0.052 

P24 2 1/21/2019 6.410 346.824 161.612 15.434 0.466 0.045 

P24 3 1/21/2019 6.149 343.726 161.972 14.974 0.471 0.044 

P34 1 1/20/2019 4.171 253.800 118.920 12.448 0.469 0.049 

P34 2 1/20/2019 4.449 252.386 119.968 11.169 0.475 0.044 

P34 3 1/20/2019 4.157 251.643 118.775 10.490 0.472 0.042 

P39 1 1/20/2019 4.509 294.578 159.704 21.034 0.542 0.071 

P39 2 1/20/2019 4.994 297.922 159.062 19.697 0.534 0.066 

P39 3 1/20/2019 5.122 292.378 159.135 19.367 0.544 0.066 

P43 1 1/20/2019 4.887 289.655 143.279 23.945 0.495 0.083 

P43 2 1/20/2019 4.823 290.079 139.593 25.168 0.481 0.087 

P43 3 1/20/2019 4.214 292.245 143.979 29.625 0.493 0.101 

coastal ocean 1 10/2/2019 5.319 338.836 157.977 45.324 0.466 0.134 

coastal ocean 2 10/2/2019 5.706 333.518 158.729 46.467 0.476 0.139 

coastal ocean 3 10/2/2019 4.304 325.161 157.334 46.086 0.484 0.142 

deep ocean 1 3/25/2019 0.000 14.382 8.538 -0.087 0.594 -0.006 

deep ocean 2 3/25/2019 0.000 14.256 8.405 -0.084 0.590 -0.006 

deep ocean 3 3/25/2019 0.000 14.412 7.972 -0.084 0.553 -0.006 
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APPENDIX B: Chapter 3 Supplementary Material 

 
Table B-S 1. Relative coordinates used to create the model domain outline in FEFLOW,  

where the origin (0,0) is the coastline at mean sea level (0 m). 

X Y 

-5,500 -1,000 

-4,300 -525 

-4,200 -475 

-3,500 -150 

0 0 

1,000 15 

4,000 85 

5,000 105 

5,750 150 

6,700 225 

8,500 475 

11,000 825 

13,000 1,050 

15,000 1,275 

18,500 1,550 

21,000 1,600 

23,000 1,600 

24,000 1,550 

27,000 1,500 

31,000 1,700 

38,000 2,000 

54,000 2,500 

54,000 -1,000 

-5,500 -1,000 
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Table B-S2. Relative coordinates used to create the upper and lower confining unit boundaries in 

FEFLOW, where the origin (0,0) is the coastline at mean sea level (0 m). The confining unit was created 

as two separate lines. 

Upper Confining Unit Lower Confining Unit 

X Y X Y 

-4,200 -475 -4,300 -525 

0 -375 0 -425 

2,700 -325 2,700 -375 

5,000 -275 5,000 -325 

8,500 40 8,500 -10 

11,000 375 11,000 325 

13,000 575 13,000 525 

15,000 775 15,000 725 

18,500 1,050 18,500 1,000 

21,000 1,100 21,000 1,050 

 

 

Table B-S3. Relative coordinates used to create the observation wells in FEFLOW, where the origin (0,0) 

is the coastline at mean sea level (0 m). Two sets of coordinates were assigned for Keopu 1 DMW 

because the head measurement was recorded at a deeper elevation during the drilling process, whereas the 

age sample was obtained at mean sea level. 

X Y Observation well 

8,500 0 Keopu DW (head and age calibration) 

6,700 0 Keopu 1 DMW (age calibration) 

2,500 -10 Kahaluu C DW (head and age calibration) 

1,600 0 Kohanaiki 6 (head and age calibration) 

6,700 -25 Keopu 1 DMW (head calibration) 

6,700 -140 Keopu 2 (head and age calibration) 
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APPENDIX C: Chapter 4 Supplementary Material 

 

Data of sampled measurements used for model calibration. 

 

Table C-S1. δ15N measurements for wells and submarine springs. 

Sample Well ID Latitude Longitude 
Sample depth 

(m msl) 

δ15N 

(‰) 

δ18O 

(‰) 

HR2 8-4459-001 19.74 -155.98 -4.51 1.83 0.35 

NELHA 3A 8-4363-022 19.72 -156.05 -2.74 3.59 3.67 

Kohanaiki 5 8-4161-006 19.69 -156.03 -2.56 3.59 0.27 

Kohanaiki 7 8-4161-008 19.69 -156.03 -1.52 3.61 0.25 

Kohanaiki 6 8-4161-007 19.69 -156.03 -2.59 3.76 0.29 

NELHA 9A 8-4262-005 19.71 -156.04 -16.76 6.24 0.77 

Kahaluu Shaft 8-3557-005 19.58 -155.95 -2.29 1.72 0.68 

Keopu 2 8-3858-002 19.64 -155.96 -133.67 1.87 -0.35 

Kahaluu C 8-3557-003 19.58 -155.94 -8.83 1.89 0.87 

Kahaluu B 8-3557-002 19.58 -155.95 -11.28 2.15 0.35 

Kahaluu D 8-3557-004 19.58 -155.94 -5.60 2.17 0.12 

Holualoa 8-3657-001 19.61 -155.95 -13.72 3.07 0.84 

HHA7 - 19.66 -156.02 0 10.00 5.00 

HHB3 - 19.66 -156.02 0 21.60 11.40 

P24 - 19.78 -156.04 0 2.10 -0.10 

PKI1 - 19.69 -156.03 0 3.50 0.30 

PKI2 - 19.69 -156.03 0 3.60 0.20 

P37 - 19.63 -155.99 0 2.10 -0.10 

Heiau 1 - 19.57 -155.96 0 2.80 0.70 

Heiau 2 - 19.57 -155.96 0 3.10 0.80 

Heiau 3 - 19.57 -155.96 0 3.40 1.40 

P39 - 19.63 -155.99 0 4.90 1.50 

OKA2 - 19.64 -156.01 0 5.50 1.90 

P34 - 19.64 -156.01 0 6.40 1.70 

P40 - 19.62 -155.98 0 6.40 1.80 
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Table C-S2. Median salinity, nitrate+nitrite, and phosphate measurements at wells used for calibration 

(original data from Tachera 2021). Samples marked with * indicate basal measurements used to compute 

the boundary condition concentration. Samples marked with + indicate high-level measurements used to 

compute the boundary condition concentration, but were not used in model calibration. 

Sample Well ID Longitude Latitude Salinity 
Nitrate+Nitrite 

(mg/L) 

Phosphate 

(mg/L) 

NELHA 1 8-2979-011 -156.03 19.71 11.33 1.17 0.102 

Kahaluu DW 8-3457-004 -155.95 19.57 1.6 0.05 0.04 

*Kahaluu B 8-3557-002 -155.95 19.58 0.46 1.18 0.14 

*Kahaluu C 8-3557-003 -155.94 19.58 0.15 1.22 0.14 

*Kahaluu D 8-3557-004 -155.94 19.58 0.44 1.14 0.15 

Kahaluu Shaft 8-3557-005 -155.95 19.58 0.72 1.23 0.13 

*Holualoa 8-3657-001 -155.95 19.61 0.43 1.11 0.12 

Keopu 1 8-3858-001 -155.96 19.64 0.98 0.01 0.01 

Keopu 2 8-3858-002 -155.96 19.64 0.1 1.0 0.14 

Kohanaiki 4 8-4161-005 -156.03 19.69 8.25 1.15 0.10 

Kohanaiki 5 8-4161-006 -156.03 19.69 8.61 1.35 0.10 

Kohanaiki 6 8-4161-007 -156.03 19.69 8.32 1.15 0.10 

Kohanaiki 7 8-4161-008 -156.03 19.69 8.45 1.12 0.12 

Kohanaiki 2 8-4262-002 -156.03 19.70 9.14 1.06 0.12 

NELHA 9A 8-4262-005 -156.04 19.71 20.36 1.03 0.10 

NELHA 3A 8-4363-022 -156.05 19.72 8.22 1.50 0.11 

*Makalei 8-4458-002 -155.97 19.73 0.68 0.63 0.21 

HR2 8-4459-001 -155.98 19.74 0.64 0.77 0.28 

HR4 8-4459-002 -155.98 19.74 0.68 0.65 0.33 

NELHA 12A 8-4463-006 -156.05 19.74 22.14 0.43 0.10 

+Honokohau Deepwell 8-4158-002 -155.96 19.68 0.12 1.12 0.12 

+Kalaoa Deepwell 8-4358-001 -155.97 19.71 0.12 0.96 0.13 

+Keopu Deepwell 8-3957-001 -155.95 19.65 0.06 1.10 0.12 

+Palani Ranch Deepwell 8-4158-003 -155.96 19.69 0.09 0.99 0.14 

+QLT Deepwell 8-4057-001 -155.95 19.66 0.08 1.21 0.12 
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Table C-S3. Salinity, nitrate+nitrite, and phosphate measurements at submarine springs used for 

calibration. 

Sample Longitude Latitude Salinity 
Nitrate+Nitrite 

(mg/L) 

Phosphate 

(mg/L) 

P23 -156.03 19.78 - 0.50 0.02 

P24 -156.04 19.78 - 0.18 0.19 

P25 -156.05 19.73 - 0.32 0.64 

PKI2 -156.03 19.69 16.12 1.06 0.13 

PKI1 -156.03 19.69 15.06 1.05 0.12 

HHA7 -156.02 19.66 20.98 0.95 0.13 

HHB3 -156.02 19.66 22.85 1.64 0.1 

QLT1 -156.02 19.64 - 0.23 0.19 

P34 -156.01 19.64 23.72 0.79 0.08 

OKA2 -156.01 19.64 31.2 0.20 0.05 

P37 -155.99 19.63 - 0.18 0.12 

P38 -155.99 19.64 16.58 0.51 0.11 

P39 -155.99 19.63 11.74 0.93 0.04 

P40 -155.98 19.62 12.8 1.40 0.04 

P41 -155.97 19.60 - 0.42 0.09 

P43 -155.96 19.58 16.77 0.50 0.08 

Heiau 1 -155.96 19.57 4.53 1.40 0.08 

Heiau 2 -155.96 19.57 4.43 1.45 0.04 

Heiau 3 -155.96 19.57 6.63 1.27 0.07 
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As most water level measurements are obtained during the drilling process, head data used for model 

calibration are static values. In general, the static head measurements are within fluctuations, as 

demonstrated in Fig. C-S1. The static measurements from four monitoring wells fall within the range of 

transient water level measurements that are continuously monitored on a quarterly basis. 

  

Figure C-S1. Comparison of long-term water level changes versus static measurements used for model 

calibration. Colored boxes represent range of water levels measured within each well, as documented by 

CWRM (http://dlnr.hawaii.gov/cwrm/groundwater/monitoring/). Colored circles represent static 

measurements, all of which fall within the corresponding ranges 

 

 

 

Classifications and characteristics of on-site sewage disposal systems (OSDS) within the Keauhou 

basal aquifer study area. 

  

Table C-S4. Typical OSDS class effluent concentrations (based on Whittier and El-Kadi 2014). 

OSDS 

Class 
Treatment 

Typical N conc. 

[mg/L] 

Typical P conc. 

[mg/L] 

Total quantity 

(within study area) 

I Soil 1 <2 1094 

II 
Septic tank to 

seepage pit 
39-82 11-22 77 

III 
Aerobic treatment to 

seepage pit 
7-60 2-18 16 

IV Cesspool 15-90 5-20 6251 

  

http://dlnr.hawaii.gov/cwrm/groundwater/monitoring/
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S.3 – Sensitivity Analysis 

Due to the extreme hydrogeologic heterogeneity observed across the islands and the lack of 

hydrogeologic data in this specific study area, four flow and transport parameters were tested to determine 

which is the most influential during the model calibration process. The primary flow parameters tested 

were Kh and Kh/Kv, while the primary transport parameters tested were φ and αL. To maintain consistency 

for sensitivity analyses, all four of the flow and transport parameters were multiplied by factors of 0.5 and 

2.0. Apart from the parameter tested, all others remained fixed at the values used for the control model. 

The relative sensitivity coefficient, S, was computed following the equation (Nearing et al. 1990): 

S = [(O2-O1)/Oavg]/[(I2-I1)/Iavg]                                                         (C-S1)                                                  

where I2 and I1 are the highest and lowest model input parameter values, respectively, and Iavg is the 

average of the two I values. Similarly, O2 and O1 are the highest and lowest output values respective to 

the input values, and Oavg is the average of the two O values. Following a similar method performed by 

Shuler et al. (2017), the root-mean-square error (RMSE) computed from head, salinity, N, and P 

concentrations in wells were used as the respective O variables to investigate how changes in parameters 

can improve or degrade model calibration. In this way, the sensitivity of an identified parameter can be 

quantified with a range of validity. The final S is therefore normalized and can thus be compared across 

parameters (Nearing et al. 1990). This assessment can identify which parameters were critical for 

calibration and should be further investigated. 

Sensitivity analysis showed that all four calibration variables (head, salinity, N, and P) are most 

significantly affected by the assigned upland boundary flux, as illustrated by the sensitivity coefficients in 

Fig. C-S2. Head results were expectedly sensitive to change in the boundary flux. The specified N and P 

concentrations assigned to the upland boundary were not altered during this analysis, so as anticipated, a 

reduced boundary flux resulted in higher N and P concentrations simulated in wells relative to the control 

model, due to reduced dilution. In contrast, relatively lower N and P concentrations resulted under 

increased flux, which seemed to improve the accuracy of calibration with a lower RMSE. 
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Figure C-S2. Sensitivity coefficients, S, for select model parameters (Kh, hydraulic conductivity; Kh/Kv, 

vertical anisotropy; φ, porosity; αL, longitudinal dispersivity; BC, upland boundary condition). 

Coefficients were computed using RMSE values between measured and simulated (a) head levels, (b) 

salinity, (c) N concentrations, and (d) P concentrations in wells with respect to a factor change in each 

parameter input value. The control values for Kh, Kh/Kv, φ, αL, and BC were 2500 m/d, 200, 0.1, 25 m, 

388,399 m3/d, respectively. Note different scales on charts. 

  

Among flow and transport parameters, calibration accuracy was most significantly affected by αL 

and Kh (Fig. C-S2). A higher αL value produced an overall narrower range of simulated N and P 

concentrations. This therefore reduced the calibration error of concentrations that were associated with the 

original model calibration. The higher αL, however, also produced slightly more scatter amongst values 

with lower simulated concentrations. These results suggest the heterogeneous nature of αL, which was not 

simulated in the model. The primary parameter that impacted head calibration was Kh. Varying the Kh 

most significantly affected the calibration accuracy of wells with higher hydraulic head measurements, 

which are generally distanced from the coastal wells. These wells may also be affected by the Hualālai rift 

zone, of which the geological nature is currently not well characterized. Wells with higher simulated 

nutrient concentrations were also significantly impacted by Kh. As Kh increased, the simulated nutrient 

concentrations decreased, likely due to the higher flux of water that moved through the model. 
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S.4 – Results obtained using a heterogeneous hydraulic conductivity distribution produced from 

automated calibration 

Potential improvements in model results were investigated by calibrating Kh utilizing PCGA, 

which produced a heterogeneous field with values that ranged from approximately 75 to 4,000 m/d (Fig. 

C-S3). Accuracy of salinity calibration in wells improved from a baseline of about 9 to about 3 for the 

RMSE, but slightly reduced the RMSE of hydraulic head from 0.39 to 0.72 m. Additionally, N and P 

concentration calibration accuracy worsened. Compared to baseline RMSE values, the RMSE values for 

N concentrations in wells and submarine springs were 1.15 and 3.06 mg/L, respectively, while the RMSE 

values for P concentrations in wells and submarine springs were 0.28 and 0.88 mg/L, respectively. A 

primary reason for the inaccuracies is due to the salinity profile of the Keopu 2 deep monitoring well. A 

second layer of fresh water exists, that is located approximately 180-340 m below msl (Fukunaga & 

Associates, Inc. 2017). Such a profile is not considered in the current model, and therefore necessitates 

the use of a very low calibrated Kh surrounding the well to simulate the lower salinity concentrations. 

Removing this observation from the error assessment would reduce the baseline salinity RMSE from 9.16 

to 5.24. These PCGA calibration results demonstrate the need to further investigate these layered fresh 

and saline groundwaters. Similar layered groundwater systems have also been discovered on the east side 

of Hawai‘i Island (Thomas et al. 1996), suggesting the prominence of these features.  

  

Figure C-S3. Calibration of Kh at approximately -2 m msl depth (model layer 2) using PCGA (Lee et al. 

2016). White circle marker indicates the location of Keopu 2 deep monitoring well. Scatter plots show 

calibration results between observed and simulated head, salinity, N concentrations, and P concentrations 

at wells and submarine springs using heterogeneous Kh distribution. 
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