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EXECUTIVE SUMMARY 

The California Institute of Technology (Caltech) plans to decommission the Caltech Submillimeter 
Observatory (CSO), located near the summit of Maunakea, Hawai’i Island, Hawai’i.  As part of 
the decommissioning process, Caltech is preparing an environmental assessment (EA).  This report 
is intended to be part of the EA and provides a hydrogeological evaluation of Maunakea and a 
qualitative analysis of the potential impacts of wastewater from the CSO.  This report also includes 
a geologic characterization of the rock fill material used in the CSO’s foundation.   

The regional groundwater body below the summit of Maunakea is probably a dike-impounded 
high-level aquifer (Figure 13; Izuka et al., 2018). The five aquifer systems that connect to the peak 
of Maunakea are Honokaa, Paʻauilo, Hakalau, Onomea and Waimea (Figure 17). There are also 
an unknown number of relatively small perched water bodies associated with buried glacial 
deposits and deposits of weathered ash or sediment. Lake Waiau is the surface expression of a 
shallow perched aquifer (Leopold et al., 2016). 

One of the purposes of this report is to assess the potential for groundwater pollution from the 
onsite cesspool at the CSO.  The cesspool is a minor source of pollution and will be closed and 
filled soon.  Three general areas of potential concern were identified: 1) The public water systems 
in the regional aquifers surrounding Maunakea in Hilo, Waikoloa, Lālāmilo, Waiki‘i and Paʻauilo; 
2) Potential impacts to the springs and water systems at Pōhakuloa; and 3) Lake Waiau.   

Potential impacts to the regional aquifers were analyzed using published literature, by estimating 
travel times and attenuation, looking at nitrate data from water supply wells and by estimating 
dilution factors.  Based on this analysis, there is virtually no possibility of impacts from wastewater 
on the surrounding regional aquifers.   

Potential impacts to the springs and water sources of Pōhakuloa Gulch were analyzed by a 
literature search and by visual examination of the local topography.  There is no indication that 
there is a direct groundwater connection between the CSO site and the springs of Pōhakuloa Gulch.  
It is highly unlikely that wastewater from the CSO would impact the springs.  In addition, there is 
no indication of impacts in nitrate data from the springs.   

Potential impacts to Lake Waiau were analyzed by reviewing scientific literature and through 
visual inspection of the area.  Lake Waiau is not hydraulically connected to the CSO site via 
groundwater.  There is also no surface water connection from the CSO site to Lake Waiau. There 
is no possibility that wastewater from the CSO is affecting Lake Waiau.   

Approximately 2,335 cubic yards of fill were used to construct the CSO.  Depending on the 
decommissioning alternative, Caltech may need to remove the fill.  If the fill is removed, it may 
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be considered necessary to return it to its source.  INTERA conducted a geochemical analysis of 
samples from the fill and from a nearby lava flow.  Based on the lithologic descriptions and 
geochemical analyses of the three fill samples and one sample from an adjacent a’a lava flow, the 
fill material at the CSO Site is determined to be sourced from Laupāhoehoe Volcanics which 
underlies Maunakea summit area. Much of the CSO Site fill was likely originally sourced from an 
excavation in a Laupāhoehoe lava flow during widening of the main road. Other components of 
the fill are probably tephra from one of the nearby Laupāhoehoe cinder cones. 
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1.0 INTRODUCTION 

The California Institute of Technology (Caltech) is moving forward with the decommissioning of 
the Caltech Submillimeter Observatory (CSO) per its “Notice of Intent to Decommission” 
submitted to the Office of Maunakea Management in November of 2015 (Stolper, 2015). 
Decommissioning involves removal of the structures and restoration of the site in accordance with 
its sublease and the 2010 Maunakea Decommissioning Plan (SRG, 2010). The CSO is located on 
a 0.75-acre site at 13,350 feet above mean sea level (ft-msl) altitude near the summit of Maunakea. 
The site is located within the Astronomy Precinct of the Maunakea Science Reserve (TMK: (3) 4-
4-015:009) and is managed by the University of Hawaiʻi (UH, 2009). Since 1983, the subject site 
has been used exclusively for the construction and scientific operation of the CSO. The CSO was 
constructed between 1983 to 1986; since that time, Caltech has operated the CSO on Maunakea. 
The CSO facility includes the telescope, dome foundation, other underground structures, and 
support structures. The foundation is composed of rock fill. In addition, there is a cesspool to 
dispose of waste from two toilets and a few sinks.  

The Maunakea summit is in the Conservation Land Use District, Resource subzone. Pursuant to 
Hawai‘i Administrative Rules (§13-5-2 (4) (HAR)) ‘demolition’ of existing structures is an 
‘identified land use’ in the Resource subzone of the Conservation Land Use District. A 
Conservation District Use Permit (CDUP) is required for certain land uses in the State Land Use 
Conservation District. State law (§343-5 (a) (2) (HRS)) requires that an Environmental Assessment 
(EA) be prepared “for any use within the land classified as a conservation district,” unless 
otherwise exempt. The EA addresses topics on the environmental effect of the project. One of the 
topics is the geological and hydrogeological setting. This report is intended to address this 
requirement. 

INTERA Incorporated (INTERA) was selected to produce the report. INTERA was given the 
following tasks: 

1. Prepare a general geological and hydrogeological assessment of Maunakea. 

2. Prepare a qualitative analysis of the potential impacts of cesspool leachate flow.  

3. Conduct a geologic characterization of the CSO fill material.  
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2.0 REGIONAL SETTING HAWAI’I 

This chapter describes the regional climate, geology, and hydrology of Hawai’i and the Island of 
Hawai’i. 

2.1 Climate  
Hawai’i Island is in the tropics and the trade-wind belt of the North Pacific anticyclone. Hawai’i’s 
climate varies seasonally and differs depending on the location (Giambelluca et al., 1986; 2013). 
The climate is diverse, including deserts, tropical rain forests and snow-capped mountains (Izuka 
et al., 2018). Hawai’i’s diverse climate is attributed to the prevailing northeasterly trade winds that 
encounter the mountains, producing an orographic effect that forces moist air to rise, cool, 
condense and preferentially precipitate on the windward side and crests of mountain slopes rather 
than the leeward sides (Figures 1 and 2; Giambelluca et al., 2013; Izuka et al., 2018). Precipitation 
from orographic forcing is found at altitudes less than 7,000 ft-msl due to a thermal inversion at 
about 6,000 feet (ft), yielding desert conditions near the volcanic mountain summits (Giambelluca 
et al., 2013). Precipitation also varies spatially as a result of wind-mountain interactions, such as 
trade winds that wrap around the mountain slope and deposit precipitation on the southern side of 
Mauna Loa. Precipitation at the dry, leeward sides and mountain summits is largely sourced from 
storms, unrelated to orographic effect (Giambelluca et al., 2013). Strong diurnal heating and 
cooling in the summer produces convective rainfall precipitation at mid-altitudes in the afternoon 
(Giambelluca et al., 2013). Precipitation sourced from fog drip is associated with vegetated areas 
below 9,000 ft-msl and above 2,500 ft-msl (Figure 3; Engott, 2011). The effect climate and 
topography have on the distribution of vegetation on Hawai’i is shown on Figure 4. 

2.2 Hawaiian Geology 
The Hawaiian-Emperor Islands chain (archipelago) comprises basaltic shield volcanoes that 
formed over the last 75 to 80 million years as the Pacific Plate continues to migrate to the northwest 
over the Hawaiian Hotspot (Clague and Dalrymple, 1987). The hotspot is a conduit for magma 
flow from the Earth’s mantle up through the oceanic crust (Figure 5). The main Hawaiian Islands 
formed in the last five million years, with the oldest (Kaua’i) found at the northwest, becoming 
younger towards the southeast, at which the youngest is the “Big Island” – Hawai’i. An idealized 
Hawaiian volcano evolves through four eruptive stages: pre-shield, shield, postshield and 
rejuvenated (Figure 6; Clague and Dalrymple, 1987; Clague and Sherrod, 2014). These stages are 
distinguished by lava composition, eruptive rate, style, and stage of development (Wolfe et al., 
1997). An island can comprise more than one shield volcano. For example, Hawai’i Island is 
composed of five subaerial volcanos and two adjacent submarine volcanos: Loihi and Mahukona.  
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2.3 Hawai’i Island Geology  
The land area of Hawai’i Island is composed of five subaerial shield volcanoes: Kohala, Hualālai, 
Mauna Loa, Maunakea and Kīlauea (Figure 7; Table 1; Izuka et al., 2018). Kohala, Maunakea 
and Hualālai volcanoes are in postshield stage, while Mauna Loa and Kīlauea are in the active 
shield stage (Clague and Dalrymple, 1987). Hawai’i Island volcanoes do not have known vents 
from the rejuvenated stage. Each volcano erupted contemporaneously (to some degree) with its 
neighboring volcanoes, resulting in complex interbedding (Wolfe and Morris, 1996; Wolfe et al., 
1997). Wolfe et al. (1997) documented field evidence of interlayered strata from Mauna Loa, 
Maunakea and Hualālai at the saddle formed by the intersection of these volcanoes.  Figure 8 
shows a simplified geologic map of Hawai’i Island with the major formations. The major 
formations of Hawai’i Island geology are summarized below, from youngest to oldest, from Izuka 
et al. (2018). 

The subaerial volcanic and sedimentary rocks of Hawai’i Island can be divided into four main 
groups: lava flows (‘a‘ā and pāhoehoe), pyroclastic deposits and dikes (Wolfe et al., 1997). In 
addition, there are limited glacial and alluvial sedimentary deposits. The volume of sediments and 
tephra is small compared to the volume of lava flows in Hawai’i volcanos; however, part of the 
surficial geology on Maunakea is composed of tephra and glacial-related sediments (Figure 8). 
‘A‘ā flows contain a solid central core between gravelly clinker layers. Pāhoehoe flows are 
typically characterized by a smooth, ropy texture. Lava flows typically form highly permeable 
aquifers. Thick-ponded flows are less permeable and can be impediments to groundwater flow. 
Even more impermeable to groundwater flow are dikes, which are tabular, vertical, or sub-vertical 
lava intrusions that function as groundwater “dams.” Pyroclastic deposits originate from explosive 
volcanism and form tuff and ash beds (Wentworth and MacDonald, 1953). Ash deposits often 
rapidly weather and become less permeable.   

Kohala Volcano is mostly formed by thin shield-stage basalt lava flows of the Pololū Volcanics 
from two rift zones trending northwest and southeast (Figure 9) that are now covered by younger, 
thicker rocks of the postshield stage Hāwī Volcanics. A summit caldera likely exists based on 
slightly curved faults near the summit and positive anomalies from gravity surveys. Dike swarms 
are exposed in the heads of large valleys on the northeast flank of the volcano. Subparallel faults 
formed a graben on the southeast flank, bordering Maunakea lavas. 

Like Kohala, Maunakea is thought to be mostly composed of shield volcanics that are covered by 
the lower postshield Hāmākua Volcanics and upper postshield Laupāhoehoe Volcanics. The shield 
and lower postshield volcanics have similar hydrogeological properties; lower postshield volcanics 
differ mainly by geochemistry instead of structure. Laupāhoehoe Volcanics formed thicker flows 
than the Hāmākua Volcanics with many cinder cones. Discontinuous ash and soil layers are 
interbedded between some lava flows. Positive gravity anomalies indicate dense intrusive rocks, 
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thousands of feet thick, exist beneath the summit (Kauahikaua et al., 2000; Flinders et al., 2013), 
interpreted by some as a buried caldera and associated dike complex (Stearns and Macdonald, 
1946; Macdonald et al., 1983). Maunakea does not have clearly delineated rift zones, but rifts have 
been proposed by Stearns and Macdonald (1946), Fiske and Jackson (1972), and Macdonald et al. 
(1983), based on the distribution of cinder cones (Figure 9). Wolfe et al. (1997) suggested the 
distribution of cinder cones is unrelated to rift zones, which is consistent with nonconclusive 
interpretations from gravity surveys (Kauahikaua et al., 2000; Flinders et al., 2013). A few 
sedimentary (glacial till and glacial outwash) deposits exist on the summit and southern slope of 
Maunakea. Multiple cycles of glaciation between 280,000 and 9,080 years ago changed erosional 
and depositional patterns (Porter, 1979a,b) near the summit. No glaciers exist today, but permafrost 
was observed at the summit in 1969 (Woodcock, 1974) and persists in two locations (Schorghofer 
et al. 2017).  

Hualālai is located on the west or Kona coast of Hawai’i Island. Hualālai is completely covered 
by postshield-stage volcanics of pāhoehoe and ‘a‘ā flows (Moore et al., 1987). These deposits are 
collectively known as the Hualālai Volcanics. The postshield Hualālai Volcanics form a relatively 
thin veneer over the shield volcanics that ended 130,000 to 105,000 years ago (Moore and Clague, 
1992). Hualālai Volcanics interbed with the Mauna Loa Volcanics to the north, east and south. 
The interpretation of rift zones associated with cinder cones are not conclusive based on gravity 
data. Hualālai is the only Hawai’i volcano without a positive gravity anomaly centered beneath the 
summit; instead, the anomaly is located several miles to the southwest (Kauahikaua et al., 2000).  

Mauna Loa is the largest of Hawai’i’s volcanoes, still in the shield stage, producing thin shield-
stage, basalt lava flows. Rift zones are prominent to the northeast and southwest of the summit. 
Few dikes are exposed due to limited erosion, but many likely exist beneath the volcano based on 
gravity anomalies (Flinders et al., 2013). Kīlauea is an active volcano that has recently completed 
a near-continuous eruptive episode lasting more than 35 years and consists primarily of thin ‘a‘ā 
and pāhoehoe flows with minor ash beds.  

The Pāhala Ash is a loose term for pyroclastic deposits found throughout Hawai’i Island. They are 
primarily weathered and reworked ash layers (less than 55 ft thick). Ash is a glassy (no mineral 
structure) formation which can quickly weather into clayey soils. Radiometric dating has shown a 
wide range of ages: 3,000 to 39,000 years old (Sherrod et al., 2007). The Pāhala Ash is found on 
the slopes of Maunakea and southern slopes of Mauna Loa. The Pāhala Ash on Maunakea is likely 
derived from Laupāhoehoe or Hāmākua pyroclastic or hyaloclastic events. 

Since Hawai’i is the youngest of the Hawaiian Islands, it has experienced the least amount of mass 
wasting and dissection by weathering. The limited erosion means that, even for the older 
volcanoes, the postshield volcanics obscures evidence of intrusive activity occurring over the 
constructional life of the volcano. The relative youth of the island also precludes formation of 
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extensive reefs and caprock sequences found on the older islands due to its continuing rapid 
subsidence. 

2.4 Groundwater  
Historically, groundwater in Hawai’i Island has been considered in four general categories: (1) 
basal, (2) high-level or dike-impounded, (3) perched, and (4) sedimentary or caprock (Figure 10). 
The hydrogeology of Hawai’i Island is unusual relative to the other islands due to active volcanoes, 
little weathering and absence of sedimentary caprock deposits. Drilling and research in the past 25 
years has shown that this model may not be fully applicable to Hawai’i Island and possibly other 
islands (Thomas et al., 1996; Stolper et al., 2009; Thomas, 2016). Researchers have discovered 
deep freshwater aquifers in Hilo and Kona that do not fall into the four general categories. 
However, these four categories are still commonly used in Hawai’i hydrogeology. Hawai’i Island’s 
hydrogeology is categorized by Izuka et al. (2018) into four principal settings (Figures 10-12):  

• Freshwater lens in highly permeable lava flows 

• Dike-impounded groundwater associated with rift zones and calderas 

• Perched groundwater associated with sediment or tephra deposited in between lava flows 

• Stacked freshwater bodies located below sea level (Figure 11). 

Groundwater basal aquifers, also called freshwater lens systems, are an important source of 
drinking water in Hawaiʻi. Hawai’i basal aquifers can occur in basalt and other igneous rocks as 
well as in sedimentary formations, locally known as caprock. In a basal aquifer, lower density 
(lighter) fresh water can be thought of as floating on higher density (heavier) saltwater. The fresh 
water and saltwater are separated by a mixing or transition zone where salinity gradually increases 
from near-fresh to seawater concentrations (i.e., brackish water, Figure 12). The behavior of basal 
groundwater is a function of the geologic properties of the rock, groundwater recharge, the 
dynamics of the transition zone and groundwater pumping. The water level in feet above sea level 
of basal aquifers is generally less than 50 ft-msl. Basal groundwater (that is not pumped out of the 
ground) ultimately discharges into the ocean as seeps and/or springs.  

Some groundwater is retained behind dikes on the upper slopes of the volcanos or along rift zones. 
Dike-impounded water is also called high-level water because groundwater can be impounded 
several thousand feet above sea level. There are no mapped dikes in the study area, but this is not 
surprising because dikes are subsurface features that are exposed by mass wastage or fluvial 
erosion and Maunakea is only slightly eroded. It is probable that dikes occur in the subsurface. 
Dike-impounded groundwater discharges or “leaks” into the basal groundwater, deeper 
groundwater systems or, in many cases, into streams. Dike-impounded groundwater is also a 
drinking water source on Hawai’i Island.  
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Perched water in Hawaiʻi generally refers to relatively small aquifers situated on layers of 
weathered ash or soil above the basal or high-level aquifers. Perched aquifer systems either leak 
downward below the restrictive layers or discharge into streams and springs. Perched water is used 
for drinking water on Hawai’i Island.  

The hydrogeologic framework of Hawai’i is not understood as well as the other islands due to the 
relatively large size of the island and the uneven distribution of lithological and hydrological data 
from wells that are generally clustered near the coastline (Mink and Lau, 1993; Whittier et al., 
2004). Because of these data gaps, island-wide groundwater elevation contours cannot be made. 
A few scientific exploratory wells (i.e., PTA [Pōhakuloa Training Area], and the deep Hawaiian 
Scientific Drilling Project [HSDP] drill holes near Hilo, HSDP1 and HSDP2, see Figure 8) and 
geophysical studies (Zohdy and Jackson, 1969; Pierce and Thomas, 2009; Thomas, 2016) provide 
some subsurface information, but little or no subsurface hydrogeological data exists at the high-
altitude interior, including beneath Maunakea.  

The permeability or hydraulic conductivity of an aquifer are important parameters when 
considering contaminant transport or productivity. Permeability is a measure of how easily a 
subsurface material (i.e., different types of lava) transmits fluid. The parameter is used when 
variable density fluids are anticipated. Hydraulic conductivity, the common measure of fluid 
transmissivity in groundwater hydrology, accounts for fluid (i.e. density and salinity) and material 
properties (permeability of the rock).  

Although permeability and hydraulic conductivity are technically different, the terms are 
commonly used interchangeably. The greater the hydraulic conductivity or permeability number, 
the easier water flows through the formation. Hydraulic conductivity is important in this study 
because, along with other aquifer parameters including porosity and gradient, it is used to estimate 
groundwater velocity. Velocity can be used to estimate groundwater travel time, which is a 
conservative measure for potential contaminant break though times. Groundwater velocity is a 
function of the hydraulic conductivity, groundwater gradient, and porosity. It is an expression of 
the speed at which groundwater flows through the geologic media or rock. Note that although 
hydraulic conductivity and velocity have the same units (distance/time), they denote different 
aquifer properties. Travel time is the elapsed time, in years, for water to travel from its place of 
origin, usually where it falls as rain, to its discharge point, the ocean or a water well.  

Dike-impounded aquifers tend to have lower hydraulic conductivity because of the low-
permeability intrusive dikes. Where lava flows are free of dikes, the shield and lower postshield-
stage (i.e., Hāmākua Volcanics) are considered moderately to highly permeable, while the upper 
postshield stage volcanics (i.e., Laupāhoehoe Volcanics) are considered to have low to moderate 
permeability. Volcanic aquifers have a large range of hydraulic conductivity estimates in Hawai’i, 
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from 270 to 34,000 ft/day. Field estimates of horizontal hydraulic conductivity have been 
determined based on pump testing in the following locales of Hawai’i Island:  

• 2,885-6,670 ft/d in Kīlauea (Takasaki, 1993) 

• 610-6,400 ft/d in Kohala (Underwood et al., 1995) 

• 500-34,000 ft/d in the west coast of Hawai’i (Oki, 1999) 

• 269-4,502 ft/d for the whole island (Rotzoll and El-Kadi, 2008) 

Horizontal hydraulic conductivity estimates based on modeling include: 

• 3,000-20,000 ft/d in Kīlauea (Gingerich, 1995) 

• 918-3,116 ft/d about Maunakea (Whittier et al., 2004) 

Lava intruded with dikes has lower hydraulic conductivity because dikes have very low 
permeability, and heat alteration of the rock reduces permeability. Dikes are vertical barriers which 
impede horizontal flow, causing high (i.e., impounded) groundwater levels (Stearns and 
Macdonald, 1946). Inland wells and springs with water levels greater than 1,000 ft-msl may 
represent groundwater impounded by dikes (Takasaki and Mink, 1985; Gingerich, 1995). 
Gingerich (1995) used model calibration based on tidal fluctuations to demonstrate that rift zone 
lava hydraulic conductivity is at least two orders of magnitude less than dike-free lava. Where rift 
zones are well delineated, dikes tend to parallel the trend (Takasaki and Mink, 1985; Whittier et 
al., 2004). Much uncertainty exists regarding the number of dikes and how thermal alteration varies 
spatially throughout rift zones (Izuka et al., 2018). 

 In dike-impounded groundwater, horizontal hydraulic conductivity estimates range as follows: 

• <33 ft/day in the Kīlauea rift zone near the summit (Takasaki, 1993) 

• 0.03-3.3 ft/day in Maunakea dike complexes (Whittier et al., 2004, based on numerical 
model calibration) 

• 196-328 ft/day in Maunakea marginal dike complexes (Whittier et al., 2004) 

Where sediment and tephra deposits exist, hydraulic properties are related to grain size and the 
degree of weathering. From a simple hydrogeological viewpoint, there are two types of tephra: 
coarse-grained and weathered fine-grained tephra. Coarse tephra (i.e., cinder) is highly permeable, 
but generally does not support aquifers (Stearns and Macdonald, 1946). Weathered fine tephra 
(i.e., ash) is associated with widespread perched aquifers on the Kohala and Maunakea windward-
facing slopes where rainfall and recharge are abundant (Figure 10). The permeability of the 
weathered tephra is relatively low, and it tends to form a barrier to groundwater flow, creating a 
perched aquifer. Hydraulic conductivity values have not been quantified for tephra deposits.  
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Sedimentary deposits (i.e., glacial till) are considered to have low to moderate permeability, 
regardless of whether they are unconsolidated or consolidated (Stearns and Macdonald, 1946). 
Hydraulic conductivity values for sediments have been estimated on Maui at 0.38 ft/day in the 
vertical direction and 17 ft/day in the horizontal direction (Gingerich, 2008). Most deposits on 
Maunakea are poorly sorted gravel, sand, and silt deposited by fluvial, glacial, and landslide 
processes. 

Recent research on the Island of Hawai’i indicates the presence of multiple stacked bodies of 
freshwater thousands of feet below sea level separated by seawater-saturated basalts (Thomas et 
al., 1996; Stolper et al., 2009). The deep HSDP drill holes near Hilo, HSDP1, and HSDP2 (Figure 
8), revealed upper and lower freshwater-saturated aquifers (Figure 11, Thomas et al., 1996). They 
found a deep freshwater body about 400 ft thick, confined below a soil layer at 900 ft-bgs that 
marked the transition from Maunakea lavas below and younger overlying Mauna Loa lavas above 
in the HSDP1 borehole. The second, deeper HSDP2 borehole encountered this same deep 
freshwater aquifer at about 1,000 ft-bgs, as well as several, much deeper, freshwater-saturated 
aquifers extending from a depth of about 6,500 ft-bgs to more than 9,900 ft-bgs (Stolper et al., 
2009). 

Thomas et al. (1996) considered these stacked freshwater bodies as part of a deep groundwater 
system that receives water from approximately 7,000 ft elevation on the slopes of Maunakea, based 
on stable isotope and carbon-14 age dating. Stolper et al. (2009) estimated these fresh groundwater 
bodies account for as much as one third of the rainfall recharge from the windward, mid-altitude 
slopes of Maunakea. Scientists continue to investigate these systems. 

Groundwater velocities are useful for estimating the time and distance contaminants can be 
transported. Groundwater velocities have been measured near the coast at Lahaina on Maui using 
fluorescein tracer, based on the time it took 50% of the dye mass to arrive (Craig et al., 2013). 
Groundwater velocity measurements varied from 1 to 31 ft/day and averaged 8.2 ft/day; however, 
these velocity values were probably higher than the natural velocity because the high injection 
rates during the study (3 mgd) increased the groundwater head gradient. Lau and Mink (2006) 
report a typical groundwater velocity of 1 ft/day for the Hawaiian Islands. Groundwater velocity 
parameters for the aquifers in Honolulu varied from 0.5 ft/day to 5.0 ft/day at Molokai (Liu, 2007). 
These values are representative of groundwater flow in the dike-free highly permeable lavas on 
Oahu. 

2.5 Water Budget for Hawai’i Island  
An understanding of the water budget provides information on groundwater availability and the 
potential for dilution of contaminants. A schematic of a water budget showing components for 
Hawai’i Island’s hydrologic system, representative of recent conditions, is shown on Figure 13 
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(Izuka et al., 2018). A water budget is based on the concept that inputs must equal outputs plus 
changes in storage. For example, for natural conditions, precipitation should equal 
evapotranspiration plus runoff and groundwater recharge.  

Precipitation includes rain, snow, and fog drip. Evapotranspiration is the water that is either 
evaporated directly into the atmosphere or that which is used by plants and transpired back into 
the atmosphere. Runoff is the component that contributes to streamflow. Groundwater recharge is 
the component of precipitation that percolates into the subsurface and is not lost to the atmosphere 
via evapotranspiration.  

Estimates for each of Hawai’i Island’s water budget components are provided in Table 1. Average 
precipitation for Hawai’i Island is 14,402 million gallons per day (mgd) from snow, rain, and fog 
drip. About 45% of the precipitation goes to groundwater recharge (6,595 mgd). A map of the 
fraction of precipitation that becomes recharge is shown on Figure 14, while actual recharge rates 
are shown on Figure 15. Recharge is highly variable throughout the island. Most of the 
groundwater recharge is modeled to naturally discharge to the ocean (6,492 mgd), with a relatively 
minor component extracted for human use (103 mgd). Most of the precipitation that does not 
recharge the groundwater system (approximately 55%) transfers back to the atmosphere as 
evapotranspiration (6,175 mgd), and the remaining 1,686 mgd is transported as runoff (RO) to the 
coast. A map view of the runoff zones and stream systems used in the Engott (2011) water budget 
is shown on Figure 16. A map of Hawai’i Island’s aquifer systems and State of Hawai’i sustainable 
yield estimates are shown on Figure 17 (CWRM, 2008). 

 

Table 1. Water Budget Components for the Island of Hawai’i. 
Inputs (mgd)  Outputs (mgd) 

Precipitation  
(PR) 

Human 
Inputs 

(HI) 

Groundwater 
 Recharge 

(GR) 

Evapo-
transpiration 

(ET) 
Runoff  
(RO) 

Groundwater  
use 

(GW) 
Discharge 

(ND) 

14,402 57 6,595 6,175 1,686 103 6,492 
Notes:           Source: Engott, 2011. 
HI: Human inputs (injection, irrigation, wastewater) 
PR: precipitation, including rain, snow and fog.  
GR: groundwater recharge 
ET: evapotranspiration. 
RO: runoff (i.e., streams and floods). 
GW: groundwater withdrawals (i.e., pumping wells). 
ND: net discharge. Submarine discharge, springs, seeps and stream baseflow.  
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3.0 MAUNAKEA 

This chapter focuses on the climate, geology and hydrology of Maunakea. The CSO is located 
near the peak of Maunakea (Figure 4).  

3.1 Climate  
The climate of Maunakea is variable from sea level up to the summit at approximately 13,350 ft-
msl. Orographic rainfall from the prevailing trade winds on the windward (northeast) side of the 
mountain causes abundant (greater than 100 inches/year) precipitation at the middle elevations, 
approximately 2,500 to 7,000 ft-msl. On the leeward side, where the trade winds are blocked, 
ocean-land temperature and pressure differences generate local diurnal variations in the wind. 
Surface heating causes upslope winds during the day that result in convective rainfall in the 
afternoon. Wind direction reverses at night, as cooled mountain air moves downslope. Higher 
temperatures during the summer cause more convective rainfall (Giambelluca et al., 2013). Above 
9,000 ft-msl, near the summit of Maunakea, the climate is that of alpine desert where mean annual 
precipitation is less than 10 inches/year. The estimated mean annual rainfall at the CSO is 8.0 
inches/year (Giambelluca et al., 2013).  

3.2 Geology 
Maunakea last erupted between 3,600 and 4,600 years ago (Porter et al., 1977; Lockwood, 2000). 
There are three known geologic formations in Maunakea. They are, from youngest (top) to oldest 
(bottom), the Laupāhoehoe, Hāmākua and shield-stage volcanics. The stratigraphy, or layering, of 
Maunakea Volcanics is shown in Figure 18 (Wolfe et al., 1997). The Pāhala Ash, which is found 
intercalated with the Laupāhoehoe Volcanics, has been discussed previously.  

Much of the surface of Maunakea is covered in Holocene-Pleistocene age Laupāhoehoe Volcanics 
which are composed of relatively thick flows of alkalic rocks (West et al., 1992), consisting of 
hawaiite, mugearite and benmoreite (Wolfe et al., 1997). The Laupāhoehoe Volcanics are 
composed of more viscous lavas that are often dense and thickly bedded with relatively low 
permeability.  

The contact between Laupāhoehoe and Hāmākua Volcanics has been mapped and noted in 
boreholes like the PTA well at the saddle between Maunakea and Mauna Loa (Figure 8). Rock 
core from the PTA well drilled at 6,353 ft-msl elevation revealed Laupāhoehoe in the upper 425 ft 
below ground surface (bgs), which was distinguished from the underlying Hāmākua Volcanics 
based on a baked volcanic soil layer (Thomas and Haskins, 2013; Thomas, 2018).  

The Pleistocene-age Hāmākua Volcanics, emplaced as relatively thin lava flows with tholeiitic 
basalt composition (low silica), are found stratigraphically below the Laupāhoehoe. Shield-stage 
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lavas are stratigraphically below the Hāmākua and have similar lithology but are not exposed at 
land surface. The Hāmākua Volcanics are exposed in deep erosional canyons (Porter et al., 1977). 
Ash and soil layers in the Hāmākua and shield-stage volcanics form low permeability layers which 
impede vertical groundwater flow. These layers may also form small perched aquifers. There is no 
clear boundary between the shield and postshield lavas, due to intercalated tholeiitic and alkalic 
lava flows (Frey et al., 1991). Both the Hāmākua and underlying shield-stage lavas are composed 
of relatively thin-bedded ‘a‘ā and pāhoehoe lava flows and are highly permeable.  

Dikes, with magma sourced from the shield or postshield volcanics, extend through the Hāmākua 
Volcanics and very likely the Laupāhoehoe Volcanics, in a zone that is approximately 3 miles wide 
at the summit of Maunakea (Don Thomas, 2018). The dike-intruded lavas are significantly less 
permeable, due to the dikes themselves and heat alteration of the surrounding lavas.  

The volcanic formations, ash layers, and glacial/alluvial deposits comprising the surficial geology 
of Maunakea are shown on Figure 19. The glacial deposits shown on Figure 19 coincide with an 
ice cap that was approximately 27 square miles in area, extending down to 12,000 ft-msl elevation, 
13,000 to 40,000 years ago (Lockwood, 2009).  

3.3 Groundwater  
The regional groundwater body below the summit of Maunakea is probably a dike-impounded 
high-level aquifer (Figure 13; Izuka et al., 2018). It is “probable” because there is no direct 
confirmation of high-level water from drilling. Ground water hydrologic units have been 
established by the Commission on Water Resource Management to provide a consistent basis for 
managing ground water resources (CWRM, 2008). The five aquifer systems that connect to the 
peak of Maunakea are Honokaa, Paʻauilo, Hakalau, Onomea and Waimea (Figure 17). There are 
also an unknown number of relatively small perched water bodies associated with buried glacial 
deposits and deposits of weathered ash or sediment. Lake Waiau is the surface expression of a 
shallow perched aquifer (Leopold et al., 2016).  

There are several factors affecting the vulnerability of an aquifer. They include potential flow 
pathways of groundwater recharge, the occurrence of potential contaminating activities, and 
physical and geochemical conditions in the vadose zone that may affect contaminant transport 
(Whittier et al., 2010; Eberts et al., 2013). Contaminant transport is affected by attenuation factors. 
These include adsorption, biological action, chemical action (cation and anion exchange or 
precipitation), filtration, and dilution. These natural geochemical and physical conditions also 
influence the viability and transport of bacteria.  For example, slightly elevated temperatures may 
increase biological activity and accelerate alteration of organic contaminants and nutrients.  Other 
important factors in the phreatic zone include travel time and dilution. Dilution of contaminants 
will be greater in areas with high groundwater recharge.  Travel time is a function of groundwater 
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velocity and distance between recharge areas and discharge areas.  There is more potential for 
attenuation during longer travel times. Multiple groundwater flow pathways are a function of the 
geology, recharge and hydrogeology of the region.  Travel time and attenuation is affected by 
longer or shorter flow paths.    

One of the purposes of this report is to assess the potential for groundwater pollution from the 
onsite cesspool at the CSO (Section 4.1). The cesspool is a minor source of pollution and will be 
closed and filled. INTERA has formulated a conceptual groundwater model of the region. A 
conceptual model is a simplified graphical representation of the relevant geology and 
hydrogeology of a site.  

The depth to groundwater is important in determining possible recharge flow pathways. There is 
no direct information on the regional groundwater table below the summit of Maunakea, but data 
exist at the PTA in the saddle between Maunakea and Mauna Loa from the scientific boring at 
PTA Test Well 1 (Figure 20) (Thomas and Haskins, 2013). Perched groundwater was encountered 
at two depth intervals in the PTA Test Well 1: 500-540 and 700-1,181 ft bgs. The regional water 
table was encountered at 1,806 ft bgs, or at about 4,500 ft-msl.  

Geophysical surveys have also indicated elevated groundwater levels at the lower slopes of the 
eastern flank of Maunakea (Pierce and Thomas, 2009; Thomas, 2016). Zones of low resistivity 
observed in magnetotelluric surveys collected about the eastern flank of Maunakea suggest the 
frequency and extent of perched or high-level groundwater bodies is higher than previously 
anticipated (Thomas, 2016).  

This information indicates that the regional groundwater level below Maunakea is at the deepest 
9000 ft bgs (4,500 ft-msl). If known water levels in other Hawai’i summit areas are extrapolated, 
the regional water level below the summit is probably significantly higher. We have assumed an 
average depth to groundwater below the summit area of 3,000 ft bgs (10,000 ft-msl). The regional 
groundwater below the summit is probably dike impounded, so water levels will vary significantly 
in different dike compartments.  

Groundwater travel time is also a factor in assessing aquifer vulnerability. Another scientific 
boring of the HSDP, Kahi Puka 1 (KP-1), in Hilo revealed important age-dating information on 
groundwater encountered at 1050 ft bgs (Thomas et al., 1996). Freshwater sampled in this interval 
was determined to have an age of approximately 2,200 years (elapsed time since it originated as 
rainfall), based on carbon dating of dissolved bicarbonate. Stable isotopic data suggested that the 
water originated at about the 7000 ft-msl elevation, about 18.5 miles away from Hilo. This 
indicated an average groundwater velocity in this deep flow system of at least 44 ft/year. This 
velocity was derived from data on the deep groundwater flow system at about 1000 ft below sea 
level, and it provides an indication of flow velocity. It is likely that groundwater originating from 
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the peak of Maunakea enters the deep flow system. These findings suggest it would take at least 
3,000 years for groundwater to travel from the summit of Maunakea to the shoreline of Hilo 
(Thomas, 2018b).  

Based on these and other data, the Maunakea groundwater system is represented by Cross Section 
A-A’ on Figure 21. Cross Section A-A’ depicts the groundwater system for approximately 24 
miles between the CSO (Maunakea peak) and Hilo. The Laupāhoehoe Volcanics are assumed to 
extend approximately 1,000 ft bgs in the summit area and become a thinner veneer downslope. 
The Hāmākua Volcanics are lumped with the shield volcanics because they have similar 
hydrogeological properties (i.e., relatively high hydraulic conductivity), while the Laupāhoehoe 
Volcanics have distinctly lower hydraulic conductivity. Groundwater levels in the dike-impounded 
zone beneath the CSO are thought to vary around an average of 10,000 ft-msl in the 3-mile wide 
rift zone (Figure 21). 

We depict two major flow paths for regional groundwater flow originating in the summit area. The 
upper arrow depicts overflow or spill from the dike compartments. This water would flow through 
other high-level aquifers in areas that are potentially not fully saturated. The lower arrow shows a 
flow path for water discharging at or below sea level from the dike compartments and flowing as 
basal or deep groundwater towards the ocean. Recharge at higher elevations will be pushed to 
deeper levels in the saturated zone by recharge occurring at lower elevations.  This will result in 
deeper groundwater flow paths for higher elevation recharge.  Contaminants transported in 
groundwater from higher elevations will also tend to be pushed deeper in the aquifer.  The flow 
paths will be discussed in more detail in Section 4.3.  

The dike-impounded groundwater beneath the summit of Maunakea is a leaky system that flows 
radially in all directions away from the summit and CSO. This distribution of flow directions 
means a contaminant that is introduced to the dike-impounded groundwater system could be 
transported radially, in several directions from the Maunakea summit area. 

The “may not be fully saturated” labeled zone between 20,000 and 100,000 ft (horizontal) on 
Figure 21 is in a zone where extensive perching likely exists with alternating saturated and 
unsaturated zones (Thomas, 2018). If high level water discharges into this zone the flow would be 
both saturated and unsaturated.  

Dilution is another factor in assessing the vulnerability of an aquifer to contamination. The rate of 
groundwater recharge and the surface area over which the recharge occurs affects dilution. The 
recharge above 9,000 ft elevation is less than 10 inches/year. The recharge at the mid-elevation 
trade wind high rainfall zone between 2,000 and 6,000 ft elevation is greater than 100 inches/year 
(Figure 21).  As groundwater moves radially downslope from the summit area, the surface area 
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that is receiving recharge from rainfall increases and the total volume of recharge also increases.  
Consequently, groundwater recharge from the summit is diluted many times as it flows seaward.   

Groundwater levels are high in the dike-impounded zone despite the lower recharge due to the low 
average hydraulic conductivity of the dike intruded rock that limits outflows (Figure 21). The 
groundwater gradient (slope) between the dike impounded water of the summit and the basal water 
beneath Kaūmana and Hilo is considered to be relatively uniform due to the very high recharge 
rates (>100 in/yr) that help maintain high water levels in this area. This distribution of groundwater 
levels is supported by geophysical surveys of Thomas (2016) and water tables observed in the 
following wells (Figure 20): 

• PTA Test Well 1, 8-4532-002, at an elevation of approximately 6,500 ft-msl, has a water 
table of around 4,500 ft-msl. 

• Saddle Road well, 8-4110-001, at an elevation of approximately 2000 ft-msl and 7 miles 
from shoreline, has a water table of around 950 ft-msl. 

• The Kaūmana test well, 8-4010-001, at an elevation of approximately 1800 ft-msl and 
6.5 miles from shoreline, has a reported water table of 997 ft-msl. 

• The Pi’ihonua Deepwell C, 8-4208-001, at an elevation of approximately 975ft-msl and 
3.7 miles from shoreline, has a reported head of 26 ft-msl. 

3.4 Surface Water and Lake Waiau 
Other hydrologic systems to consider are perched groundwater and surface water. A map showing 
the watersheds, surface water and aquifer systems near the summit of Maunakea is shown in 
Figure 22. The Pōhakuloa and Waikahalulu Gulches are the most highly developed gulches on the 
upper mountain slopes (Figure 22). There are three known major springs near Pōhakuloa gulch: 
the Hopukani, Waihū, and Liloe springs (collectively “Pōhakuloa Springs”).  

Pōhakuloa Gulch originates on the southwest side of Maunakea. The watershed includes the CSO 
and Lake Waiau. The surficial geology in the higher elevations is comprised of lava flows, 
pyroclastic deposits and glacial deposits. There is little or no soil and vegetation. The gulch likely 
formed due to scouring from melting glaciers (Macdonald et al., 1983; Lockwood, 2000; Porter, 
2005). These melt waters are thought to have contributed to the initial filling of Lake Waiau 
(Sherrod et al., 2007). 

INTERA visited Lake Waiau and walked the upper portion of the Pōhakuloa Gulch watershed on 
November 9, 2018. The lake was filled and overflowing into the gulch (Figures 23 and 24). The 
watershed around the lake is mostly rock rubble, red weathered lava rock, and slightly weathered 
lava flows. Occasional tufts of grass grew in the weathered material. The lake was pigmented green 
from algae, and the perimeter of the lake was surrounded by grass. Although the lake was 
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overflowing, the soil was dry and there was no indication of recent precipitation or surface water 
inflows, indicating that the lake is an expression of perched groundwater.  

INTERA noted that there are green algae in the lake. This implies the presence of nutrients. 
Nutrients and algae have been documented in Lake Waiau in 1977 to 1978 before the CSO was 
constructed (Laws and Woodcock, 1982). Laws and Woodcock (1982) noted that there were 
hypereutrophic conditions in the lake and found elevated levels of chlorophyll a in the lake during 
a drought. Patrick and Kauahikaua (2015) also noted that the lake was green during a period of 
low water levels in September 2013.  

Lake Waiau is a culturally significant feature of Hawai’i, named after one of the snow goddesses 
of Maunakea, located approximately 4,000 ft south of the CSO (Figure 22). Lake Waiau is a 
perched alpine lake that fluctuates in size with precipitation and has recently been shrinking in 
overall size (Patrick and Delparte, 2014); although it was at full volume in November 2018. It is a 
perennial body of water in the crater of a cinder cone that was occupied by ice during past 
glaciations. Water remains in the lake despite being situated atop porous volcanics, due a fine-
grained ash or glacial till layer that perches groundwater (Leopold et al., 2016).  

Woodcock (1980) suggested that Lake Waiau water levels are related to rainfall and suggested that 
winter storms play an important role in the lake water budget, meaning that winter storms help 
recharge the lake. Woodcock (1980) also conducted a comparative study of tritium concentrations 
in lake, groundwater, and spring water. The results indicated that Lake Waiau water discharges 
into the Pōhakuloa Springs. Woodcock (1980) also suggested that relict ice may be blocking 
groundwater flow and that when the ice melts the lake may not be sustainable. Woodcock (1974) 
discovered permafrost near the summit crater, but there is no direct evidence of permafrost near 
Waiau. Leopold et al. (2016) also found no indication of ice through geophysical analysis. In 
addition, Woodcock (1974) did not show permafrost below Lake Waiau.  

Ehlmann et al. (2005) analyzed hydrologic and isotopic data over a three-year period. They 
concluded that winter storms are the primary source of water for Lake Waiau. They also derived 
watershed and drainage channels from field and topographic data. The watershed and drainage 
calculations indicate the land surrounding the CSO does not drain into Lake Waiau. Runoff from 
the CSO area would flow into Pōhakuloa Gulch below Lake Waiau (Figure 25, Plate 1 from 
Ehlmann et al., 2005). This is corroborated from field observations by INTERA.  Figure 26 shows 
a view looking southwest towards Pōhakuloa Gulch (C), Lake Waiau (B) and the CSO (A).   
Surface water flow appears to go west and then south around the lake.  

Ehlmann et al. (2005) concluded that Lake Waiau is fed by a small 135,000 square meter circular 
basin and is isolated from the surface drainage of the telescopes. They concluded that precipitation 
is sufficient to fill and sustain the lake. There is no indication that the small aquifer and watershed 
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that feeds Lake Waiau are hydraulically connected to the CSO site via surface water or 
groundwater. 

Based on published studies and INTERA’s field visit, a conceptual model of the area under the 
CSO and Lake Waiau was constructed, as shown on Cross-Section B-B’ (Figure 27). Dike-
impounded groundwater is depicted in the 10,000 ft-msl range, about 3,000 ft bgs. The perched 
Lake Waiau water is depicted in a cinder cone of the Laupāhoehoe Volcanics. The CSO, Lake 
Waiau and the dike-impounded groundwater are hydraulically disconnected. There is no potential 
for surface or groundwater to reach Lake Waiau. 

3.5 Water Budget  
As mentioned in Section 2, the distribution of groundwater recharge varies significantly along the 
eastern flank of Maunakea (Figures 15 and 21). The recharge at the peak, near the CSO, is less 
than 10 inches/year, while the recharge at the 2,000 to 6,000 ft elevation is greater than 100 
inches/year. The average precipitation at the CSO is 8.0 inches/year (Giambelluca et al., 2013), 
indicating that the recharge is less than 8 inches/year. The State of Hawai’i, Commission on Water 
Resource Management (CWRM) calculated water budgets as part of the Water Resource 
Protection Plan (WRPP) (CWRM, 2008). The United States Geological Survey (USGS) have 
calculated water budgets for the Onomea Aquifer System (Engott, 2011). The Onomea Aquifer 
System is the hydrologic unit of interest in this study because it is between the CSO and Hilo 
(Figure 15). Similar water budget components as those presented in Table 1 for the Island of 
Hawai’i are presented for the Onomea Aquifer System in Table 2: 

Table 2. Water Budget Components for the Onomea Aquifer System (Engott, 2011). 

Inputs (mgd) Outputs (mgd) Sustainable 
Yield (mgd) 

Precipitation 
(PR) 

Groundwater 
Recharge 

(GR) 

Evapo- 
transpiration 

(ET) 

Runoff  
(RO) 

WRRP 
Recharge 

Water Use 
2005 

WRRP 
Sustainable 

Yield 

1,310 417 412 481 335 0.372 147 
Notes: 
Precipitation is calculated as sum of rainfall and fog from Table 7 of Engott, 2011. 
Evapotranspiration is sum of ET and CEvap from Table 7 of Engott, 2011. 
WRRP = CWRM (2008) 

The State of Hawai’i has calculated a baseline recharge rate of 335 mgd for the Onomea aquifer 
(CWRM, 2008; Figure 17), while the USGS (Engott, 2011) calculated 417 mgd (24% higher). 
Figures 14 and 15 illustrate the spatial distribution of groundwater recharge values used in the 
USGS estimate for the Onomea aquifer.  
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4.0 WASTEWATER LEACHATE  

The public has voiced concern over the potential for the wastewater leachate from the onsite 
wastewater disposal system (OSDS) to contaminate aquifers. This section describes the CSO 
facility, leachate associated with the facility’s cesspool, a conceptual model for transport in the 
subsurface, as well as a comparative study of cesspools and water quality in the downhill 
community of Kaūmana in Hilo. A map of the CSO cesspool in the context of the others on Hawai’i 
Island is presented on Figure 28. 

4.1 CSO Facility  
The site has been used exclusively for construction and scientific operation of the CSO since 1983 
(Stolper, 2015). The CSO telescope was constructed between 1983 and 1986, on a 0.75-acre site 
at 13,350 ft-msl, 200 ft below the summit of Maunakea (Figure 29). The CSO is located within 
the Astronomy Precinct of the Maunakea Science Reserve. The CSO site has been subleased to 
Caltech by the University of Hawai’i (UH) and the State of Hawai’i Department of Land and 
Natural Resources (DLNR) and has been operated since 1986, subject to a CDUP, issued by the 
DLNR, and an Operating Agreement between Caltech and UH.  

The CSO facility includes a small wastewater system to dispose of waste from two toilets and a 
few sinks. The initial application for the CDUP (application submitted June 10, 1982) notes: “It is 
estimated that when the telescope becomes operational an average of five to seven persons will be 
present on the mountain at one time, operating in two shifts per day at the telescope site. The 
additional personnel are expected to generate an additional 1,100 to 1,500 gallons per month 
(gal/mo) of liquid sewage.” Consistent with these prior estimates and review of a sampling of 
water delivery to the CSO over the years, it appears that the average monthly water delivery to 
CSO was 1,250 gal/mo. An as-built figure of the cesspool in the context of the CSO is shown on 
Figure 30, with a cesspool-specific drawing on Figure 31 (Stolper, 2015). The cesspool is seven 
(7) ft in diameter, ten (10) ft tall and the discharge occurs through the bottom and side perforations.  

The 1982 Environmental Impact Statement (EIS), prepared prior to the construction of CSO, notes 
that, “disposal of 1,100-1,500 gal/mo of liquid sewage into an 850-gallon septic tank is not 
expected to impact the hydrology of the area or pollute Lake Waiau.” The EIS further noted, “The 
combined factors of relatively low effluent flow, evaporation losses from the cesspool tank, storage 
within the underlying lava rock or permafrost, probable downward dispersion (in event of a deep 
permafrost layer) and estimated negligible flow rate combined with significant purification within 
a few hundred feet of the source−lead to the conclusion of no impact on Lake Waiau.” 

The intent of Section 4.3 is to discuss and test the conclusions of the original assessment of the 
potential impact of the cesspool on the ground and surface water resources of Maunakea.  
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4.2 Leachate  
Cesspool leachate contain nutrients (i.e., nitrogen) and potentially pathogens. Nitrogen compounds 
are commonly used to determine if leachate has contaminated surface water and/or groundwater. 
Nitrogen content is often used in wastewater quality assessments because it is a limited nutrient 
and because it can be harmful to humans. The federal maximum contaminant level (MCL) for 
nitrate (NO3) is 10 mg/L (NO3 as N or NO3-N). Nitrogen and other nutrients can also cause 
eutrophication in streams, other freshwater bodies and coastal waters (Cummings and Babcock, 
2012). The typical background nitrate level in Hawai’i groundwater is less than 3 milligrams per 
liter (mg/L) NO3-N (Hawai’i Department of Health [HDOH], 2018).  

Figure 32 shows the typical sequence of transformations that nitrogen undergoes after being 
introduced to the environment as wastewater (organic nitrogen). Organic nitrogen is first 
transformed into ammonium by microbes in the soil. If sufficient oxygen is present, ammonium 
will convert to nitrate. Most of the aquifers used for potable water supply in Hawai’i contain 
enough oxygen to allow nitrate to be the stable form of nitrogen (HDOH, 2018). Thereafter, in the 
absence of oxygen, microbes can consume nitrate and release nitrogen back to the atmosphere as 
nitrous oxide. It is important to note that nitrate and ammonium can transform back and forth 
repeatedly, depending on oxygen content at various zones of an aquifer. Typically, there is less 
oxygen with increasing depth in an aquifer. 

Cesspools at public facilities generally have higher nitrogen concentrations (about 110 mg/L) than 
those at residential properties (about 80 mg/L), probably because of less dilution associated with 
the washing machines, showers, and numerous sinks found at residences (Figure 4-2 from 
Cummings and Babcock, 2012). An average nitrogen concentration of 87 mg/L in cesspool 
effluent was determined based on sampling and an assumed average effluent discharge rate of 
9,580 gal/mo in Maui (Whittier and El-Kadi, 2014; HDOH 2017b, 2018; Delevaux et al., 2018). 
The CSO did not have as many visitors as a typical public facility, therefore the 87 mg/L nitrogen 
concentration from Delevaux et al. (2018) is most likely present in the CSO cesspool effluent 
because the facility lacked washing machines, and other facilities etc. that contribute to lower 
concentrations at residence cesspools.  

The estimated cesspool leachate discharge rate, based on water delivery records, is 1,250 gal/mo. 
We calculate an average nitrogen loading rate of 0.41 kg/month for the CSO cesspool, based on 
the 87 mg/L N concentration. In Kaūmana, the average effluent and nitrate loading rate for a single 
cesspool is 20,100 gal/mo and 4.5 kg/mo, respectively. The nitrogen loading rate at the CSO is 
significantly lower than a typical cesspool because of the low total effluent discharge.  
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4.3 Potential Transport Pathways  
INTERA developed Cross Sections A-A’ and B’B’ (Figure 20) to illustrate possible flow and 
transport pathways from the CSO to areas where there might be impacts to humans or the coastal 
environment. INTERA analyzed two potential transport pathways at regional and local scales. The 
larger scale flow pathway is via the regional groundwater flow system (Figure 21). The three 
components of the regional flow system are labeled A, B and C on Figure 21.  

For example, if the leachate were to impact the regional groundwater system in Hilo, it must first 
percolate through the 3,000 ft thick vadose (unsaturated) zone beneath the summit of Maunakea 
(A) and then travel 120,000 ft (about 23 miles, the first 20 miles of which have no monitoring 
wells) of straight-line (horizontal) distance towards Hilo through the basal or shallower flow 
system (B) and/or the deep aquifer (C).  

It has been suggested that there might be a smaller scale surface-groundwater flow system that 
connects the CSO to surface water features near the summit of Maunakea (i.e., Lake Waiau) or 
Pōhakuloa Gulch (Figure 22). There is no indication that Lake Waiau is connected via surface 
water or groundwater. The approximate straight-line horizontal travel distance from the CSO to 
the springs in Pōhakuloa Gulch is 12,000 ft. This local scale flow path is limited to the shallow 
depths of the vadose zone (Component A from Figure 21, depicted with larger scale in Figure 27) 
and areal extent shown on Figure 22. Hopukani, Waihū, and Liloe Springs are located between 
three and four miles downhill from the CSO, along Pōhakuloa Gulch. Surface water runoff from 
the CSO and Lake Waiau flows through Pōhakuloa Gulch, near these springs.  

4.3.1 Regional Scale (CSO to Hilo) 
Figure 21 shows a diagram the conceptual flow system from the CSO to Hilo. The regional dike-
impounded groundwater is about 3,000 ft below ground surface. Groundwater recharge, along with 
the leachate, must percolate through this unsaturated zone to reach the regional flow system. The 
unsaturated zone includes the vertical extent of the Laupāhoehoe formation and some of the 
Hāmākua or shield-stage volcanics.  

INTERA used the graphical software package VS2DI to model the vertical flow of leachate 
through the unsaturated zone. VS2DI simulates fluid flow and solute or energy transport through 
variably saturated porous media (USGS, 2000). INTERA constructed a conservative model that 
does not account for low permeability zones that would slow groundwater flow. The model did 
not simulate any saturated zones, although they may be present. Additionally, the model did not 
simulate dispersion.  

Aquifer parameters are required to model groundwater flow. In this case saturated hydraulic 
conductivity, porosity, residual moisture content, and van Genuchten parameters: alpha and beta 
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(van Genuchten, 1980) were included in the simulation, while dispersion, , which would reduce 
leachate concentrations as the plume travels more distance, was not. 

A porosity of 0.1 was assumed (within the published range of 0.05-0.5 for volcanic rocks). The 
model is very sensitive to porosity. Porosity is a measurement of the open space in the rock that 
can contain water. The higher the porosity, the more water that can be contained in the formation. 
Higher porosity results in slower downward groundwater velocity. We used a relatively low 
estimate of porosity because we assume only a fraction of all the pore spaces are interconnected 
to transmit fluid. This is a conservative estimate and could result in an overestimate of the vadose 
zone groundwater velocity.  

We assume 0.15 ft/day hydraulic conductivity in the vertical and horizontal directions. We used 
this hydraulic conductivity value for two reasons: (1) It is in the range of horizontal hydraulic 
conductivity values (0.03-3.3 ft/day) typical for dike complex basalts (Whittier et al., 2004), and 
(2) it is equal to the CSO leachate loading rate. This is the rate at which the subsurface must 
transmit leachate flow to prevent ponding of waste in the cesspool. The hydraulic conductivity 
must be greater than the leachate loading rate or there would have been evidence of overflow from 
the cesspool. The 0.15 ft/day leachate loading rate is calculated by converting the 1,250 gal/mo 
loading rate to cubic feet, dividing by the cross-sectional area of the cesspool (38 ft2) and 
converting to day units. It is probable that the actual hydraulic conductivity of the various 
formations (Laupāhoehoe, Hāmākua, shield stage) is much more variable, but there is no direct 
information on the hydraulic characteristics of the geologic features in these formations, except 
for observational evidence indicating that the Laupāhoehoe Volcanics are likely less permeable 
than the Hāmākua and shield volcanics. 

The residual moisture content and van Genuchten parameters were chosen based on assumptions 
of how much of the pore space contains water when drained and how rapidly the pore spaces 
saturate. 5% residual moisture content was assumed, based on the conceptual model of the geology 
in which the fraction of pore spaces that are interconnected are considered relatively large in 
diameter. Larger diameter pore spaces have less capillary suction to resist groundwater flow. The 
alpha and beta parameters were specified as 1.3 and 3.1, respectively. The alpha and beta van 
Genuchten parameters represent pore spaces that fill and drain relatively rapidly, consistent with 
the nature of fractured basalt. 

No attenuation factors were considered in this simple model solution to be conservative. The 
leachate would have been subject to several attenuation factors. These include adsorption, 
biological action, chemical action (cation and anion exchange or precipitation), filtration, and 
dilution. There is simply not enough information to adequately model these parameters. But it is 
probable that that these parameters act on the leachate and reduce the concentrations of pathogens 
and nutrients. In particular, dilution and biodegradation are significant components not considered 
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in this conceptual model that would reduce the concentrations of leachate material (i.e., pathogens 
and nitrate). The predicted concentrations are likely to be higher (conservative) than actual 
concentrations since the model does not account for these attenuation factors. 

The model simulated 35 years of CSO operation. The model domain consisted of a grid 3,000 ft 
tall and 100 ft by 100 ft wide with 0.1 foot vertical and 1-foot horizontal resolution. For the top 
boundary condition, we represented cesspool discharge as pure leachate (i.e., concentration = 1) 
and the surrounding ground surface as recharging at 0.00014 ft/day of pure water (i.e., leachate 
concentration = 0), based on the <8 inches/year recharge rate at the summit of Maunakea. 

The results indicate the leachate plume would travel downward to the dike-impounded 
groundwater level 3,000 ft below ground surface in 34 years (Figure 33). This travel time was 
determined based on the time it took for the unit concentration (i.e., the red color of Figure 33) to 
reach the bottom of the model boundary, representing the groundwater table depth. This equates 
to a vertical velocity of about 88 ft/year. Any leachate that percolated to the dike impounded 
groundwater table(s) would become part of the regional aquifer system between the CSO and Hilo 
(Figure 21). 

Estimation of the travel time through the unsaturated zone is the first step. Next, we need to show 
the travel time though the saturated or phreatic zone. Figure 21 illustrates two flow paths through 
the saturated zone. The range of estimated velocities and travel times for the vadose zone, the 
saturated or phreatic zone basal aquifer (Lau and Mink, 2006; Liu, 2007, Thomas et al., 1996), are 
shown in Table 3.  

The estimated travel time for leachate from the CSO cesspool to the basal aquifer beneath the Hilo-
Kaūmana area is estimated to range between 72 years to 412 years, based on the sum of travel 
times through Components A and B from Figure 21 and Table 3. Regarding the deep aquifer flow 
path (Component C from Figure 21 and Table 3), the groundwater travel time is estimated about 
3,000 years from the peak of Maunakea to Hilo based on the age dating of groundwater from 
Thomas et al. (1996). The mean velocity of 50 ft/year for groundwater transport through 
Component C (Table 3) is a conservative estimate based on findings from Thomas et al. (1996). 
The earliest estimated arrival time for effluent from the Maunakea Summit in Hilo is 72 years. In 
other words, no effluent from the cesspool, even in miniscule amounts, has reached Hilo. 
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Table 3. Groundwater Velocity and Travel Time Estimates for Components of Regional Groundwater 
System Between the CSO and Hilo. 

Component 
Groundwater Velocity (feet/year) 

Travel 
Distance 

(feet) 
Travel Time (years) 

Mean Minimum Maximum  Mean Minimum Maximum 
A -Vadose zone 88 -- -- 3,000 34 -- -- 
B - Basal aquifer 1,747 318 3,176 120,000 208 38 378 
C - Deep aquifer 50 -- -- 120,000 3,000 -- -- 

        
Notes: 
Source for vadose zone: this report. 
Sources for basal aquifer: Lau and Mink, 2006; Liu, 2007; Whittier, 2018b. 
Source for deep aquifer: Thomas et al., 2016. 

Groundwater recharge in the Onomea Aquifer System is very high when compared to the potential 
human-induced recharge of the cesspool at the CSO facility. The CSO cesspool may contribute up 
to 1,250 gal/mo or 0.0000417 mgd. The input from the CSO represents about 0.0000100% of the 
total recharge in the aquifer. Based on the groundwater recharge, hypothetical inflow from the 
CSO cesspool would be too diluted to measure when it reaches drinking water wells in the Hilo 
area.  

4.3.2 Regional Scale Aquifers Surrounding CSO 
We must also consider potential impacts to the environment and other drinking water sources 
around Maunakea. Groundwater flow emanates radially from the Maunakea peak. The regional 
flow path between the CSO and Hilo is analogous to other flow paths emanating radially outward 
from the CSO to the northwest and northeast (Figure 34).  

For example, the Waimea Aquifer System is northwest of the Maunakea peak. The sustainable 
yield of the Waimea Aquifer System is 24 mgd (CWRM 2008). Engott (2011) estimated that the 
groundwater recharge is 35.62 mgd. Public water supply wells owned by the Waikoloa Water 
Company (PWS 135) and the Hawai’i Department of Water Supply (PWS 160) currently exist in 
the Aquifer. These wells are approximately 120,000 ft from the CSO (the wells are widely 
separated so this represents an average). The wells are potentially downgradient from the CSO and 
are in the Waimea aquifer system. Based on the basal groundwater velocities presented in Table  3, 
we estimate the minimum groundwater travel times from the CSO to these public water supply 
wells to be in the range of 70 to 400 years (similar to the Hilo travel times). Nitrate data from wells 
sampled from public water systems (PWS) #135, 160 are shown on Tables 4 and 5, respectively. 
Nitrate (as nitrogen) concentrations are consistently between 1 and 2 mg/L, still well below the 
MCL of 10 mg/L. Nitrate levels are also lower than the Hawai’i natural background level of 3 
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mg/L. Based on this information, there is no indication of impacts from the CSO cesspool.  There 
are also no discernable impacts from other cesspools and OSDS in the Waimea Aquifer System. 

Table 4. Nitrate results from municipal water supply wells in PWS 135 of Waikoloa Village, 
 1997-2013. 

 PWS 135 

 8-5745-002 8-5745-003 8-5546-001 8-5546-002 8-5545-001 8-5745-004 

 Parker 4 Waikoloa 1 Waikoloa 2 Waikoloa 3 Waikoloa 6 Waikoloa 7 

Date Sampled Nitrate as Nitrogen (mg/L) 
11/18/1997 -- 1.3 1.3 1.3 -- -- 
7/28/1998 -- 1.2 1.2 1.3 -- -- 
12/9/1998 -- -- -- 1.3 -- -- 
5/11/1999 -- -- -- 1.3 -- -- 
8/9/1999 -- 1.2 1.2 1.3 -- -- 

10/4/1999 -- -- -- < 0.3 -- -- 
3/1/2000 -- -- 1.2 1.3 -- -- 
3/8/2000 -- 1.2 -- -- -- -- 

3/27/2001 -- 1.2 1.3 1.4 -- -- 
4/15/2002 -- 1.2 1.2 1.3 -- -- 
6/18/2003 -- 1.2 < 0.3 1.3 -- -- 
6/15/2004 -- -- 1.3 1.4 -- -- 

10/11/2004 -- 1.2 -- -- -- -- 
5/24/2005 -- 1.3 1.2 1.4 -- -- 
7/12/2006 -- 1.3 1.2 1.3 -- -- 
3/28/2007 -- 1.2 1.2 1.3 -- -- 
8/18/2008 -- -- -- -- 1.1 -- 
2/10/2009 -- -- -- -- 1.0 -- 

10/18/2010 1.4 -- -- -- -- -- 
1/18/2011 1.5 -- -- -- -- -- 
7/15/2013 -- -- -- -- -- 1.4 
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Table 5. Nitrate Results from Municipal Water Supply Wells in PWS 160 Owned by the Hawai’i 
Department of Water Supply, 1998-2007. 

 PWS 160 

 8-5946-001 8-5946-002 8-5946-003 8-5946-004 8-5846-001 8-5846-002 8-5846-003 

 Lālāmilo A Lālāmilo B Lālāmilo C Lālāmilo D Parker 1 Parker 2 Parker 3 

Date Sampled Nitrate as Nitrogen (mg/L) 
7/28/1998 1.2 1.2 1.2 1.2 -- -- -- 
8/16/1999 1.2 1.2 1.2 -- -- -- -- 

10/20/1999 -- -- -- -- -- 1.2 -- 
12/13/1999 -- -- -- -- -- 1.2 -- 
2/23/2000 1.2 1.2 1.2 -- -- 1.2 -- 
8/15/2000 -- -- -- -- 1.2 -- -- 
4/17/2001 0.8 1.2 1.2 1.1 -- -- -- 
3/19/2002 1.3 1.3 1.3 1.2 -- 1.3 -- 
9/17/2002 -- -- -- -- 1.2 -- -- 
11/5/2003 1.2 1.2 1.2 -- 1.2 1.2 -- 
12/9/2003 -- -- -- -- 1.3 -- -- 
4/20/2004 1.2 1.2 1.2 -- 1.2 1.2 -- 
6/15/2005 -- 1.2 1.2 -- -- 1.2 -- 
6/29/2005 -- -- -- -- 1.2 -- -- 
12/5/2005 1.2 -- -- -- -- -- -- 

11/14/2006 1.2 1.2 -- 1.2 -- 1.2 -- 
3/21/2007 1.2 -- 1.2 1.2 -- 1.2 -- 
9/26/2007 -- 1.3 -- -- -- -- -- 
4/21/2008 -- -- -- -- -- 1.2 -- 
5/19/2008 -- -- -- -- 1.2 -- -- 
1/26/2009 -- -- -- -- 1.2 -- -- 

10/26/2010 -- -- -- -- -- -- 1.3 
1/18/2011 -- -- -- -- -- -- 1.4 

Waiki‘i Ranch is located about 12 miles (66,000 ft) from the Maunakea peak. Based on the basal 
groundwater velocities presented in Table 3, we estimate the minimum groundwater travel times 
from the CSO to these public water supply wells to be in the range of 55 to 240 years. Nitrate 
levels (Table 6) in the Waiki’i Ranch wells are less than 2 mg/L NO3-N. There is no indication of 
elevated nitrate levels.  
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Table 6. Nitrate Results from Municipal Water Supply Wells in PWS 162 of Waikoloa Village, 1998-
2007. 

 PWS 162 

 8-5239-001 8-5239-002 
  Waiki’i 1 Waiki’i 2 
Date Sampled Nitrate as Nitrogen (mg/L) 

11/4/1997 1.5 -- 
7/27/1998 1.6 -- 
8/17/1998 1.6 1.7 

11/24/1998 1.1 1.7 
12/8/1998 1.1 1.7 
8/11/1999 1.7 1.7 
8/17/1999 1.7 1.6 
3/8/2000 1.5 1.7 

4/10/2001 1.6 1.8 
4/8/2002 1.4 1.7 

7/16/2003 1.4 1.7 
6/28/2004 1.5 1.7 
4/11/2005 1.4 1.7 
8/2/2006 1.7 1.7 

3/28/2007 1.4 1.6 

To the northeast, Pa‘auilo is about 85,000 ft downgradient from the CSO. The sustainable yield of 
the Pa’auilo Aquifer System is 60 mgd (CWRM 2008) and the estimated recharge is 120.86 mgd 
(Engott 2011). The estimated groundwater travel times from the CSO to Pa’auilo are between 60 
and 300 years based on the maximum and minimum groundwater velocities from Table 3 and 
85,000 ft straight-line distance between the two locations. Nitrate data from the municipal Pa’auilo 
supply well are consistently 1.4 mg/L (Table 7), indicating no impact from the CSO cesspool.  

Table 7. Nitrate Results from Municipal Water Supply Wells in PWS 134 of Waikoloa Village, 1998-
2007. 

 PWS-134 
 8-6223-001 
 Pa’auilo 

Date Sampled Nitrate as Nitrogen (mg/L) 
5/5/2004 1.4 

4/13/2005 1.4 
10/23/2006 1.4 
2/28/2007 1.4 
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It is extremely unlikely that leachate from the CSO will impact the regional aquifer beneath Hilo 
and the other regional aquifers near the communities of Waikoloa Village and Pa’auilo (Figure 
34). The dike-impounded groundwater beneath the summit of Maunakea is a leaky system that 
flows radially in all directions away from the summit and CSO. This distribution of flow directions 
means a contaminant that is introduced to the dike-impounded groundwater system could be 
transported radially, in several directions from the Maunakea summit area. Abundant groundwater 
recharge would dilute the contaminants introduced in the summit area. Additionally, 
biodegradation processes would result in some uptake of nitrogen. 

It is unlikely that any pathogens from the CSO will reach the regional aquifer system. Pathogens 
from wastewater have been known to degrade by 10-5 (five orders of magnitude) within 92 days 
of travel time (Crockett, 2007). This means that the unit concentration of pathogens would be 
0.00001 after 92 days. During this time, the attenuation factors mentioned above would reduce the 
mass of the leachate. Any leachate flowing through the regional aquifer system would be subject 
to dispersion with more travel distance. Below approximately 7,000 ft-msl elevation, groundwater 
recharge is substantial (~100 inches/year) and would dilute any leachate (i.e., nitrate) that manages 
to travel that far. It is extremely unlikely that leachate from the CSO would affect drinking water 
sources in Hilo. This report discusses cesspools and drinking water quality data from the Kaūmana 
study in Section 4.4. 

4.3.3 Local Scale (CSO to Lake Waiau and Springs) 
There is concern that leachate from the CSO may impact the culturally significant Lake Waiau or 
impact Hopukani, Waihū and Liloe springs (collectively the “Pōhakuloa Springs”; (Figure 22), 
which is adjacent to the Pōhakuloa Gulch There is a concern that during large rainfall, surface 
water from the CSO site may discharge into Pōhakuloa Gulch. Ehlmann et al. (2006) found, based 
on topographic watershed analysis, that the CSO is not in the Waiau drainage basin, but in the 
Pōhakuloa Gulch watershed. There is no direct evidence of a saturated groundwater connection 
between the CSO site and Pōhakuloa Gulch, but the surface water connection indicates that there 
may be a hydraulic connection during heavy rainfall and runoff periods. Note that there is no 
documentation that surface water runoff from the CSO reaches the gulch, but it is theoretically 
possible as ascertained from analysis of topographic data.  

The potential for groundwater hydraulic connection between Lake Waiau and the downslope 
springs (i.e., Waihū) was first proposed by Woodcock (1980). In addition, Woodcock found a 
correlation between Lake Waiau water levels and flow from the springs. INTERA observed 
overflow from Lake Waiau into the gulch on November 9, 2018.  

There is a possibility that there is a surface water connection between the CSO and the Pōhakuloa 
Springs. If this is the case, then there is a possibility that leachate from the cesspool may reach the 
groundwater supplying the springs. If leachate is significantly affecting water quality in the 
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springs, then there should be indications in spring water quality. INTERA obtained nitrate data 
from the HDOH. Nitrate water quality data sampled from the springs six times between 2009 and 
2013 range between 0.3 and 0.58 mg/L (Table 8). Natural background nitrate in Hawai’i is 
probably about 0.5 mg/L, although in some places it may be as high as 4 mg/L (HDOH, 2018). 
Nitrate levels in the springs are at background level and do not show influence from contamination.  

Table 8. Nitrate in the Pōhakuloa Springs. 

 Nitrate as Nitrogen Nitrate + Nitrite 
Date Sampled (mg/L) 

4/29/2009 0.48 -- 
9/9/2009 0.30 0.30 

2/22/2010 0.49 0.49 
5/23/2011 0.56 0.56 
3/6/2012 0.57 0.57 
6/4/2013 0.58 0.58 

Source: Rob Whittier of the State of Hawai’i Department of Health Safe Drinking Water Branch (email October 12, 2018)  

4.4 Kaūmana OSDS Comparison 
The influence of potential contaminant flux from the single CSO cesspool on the regional aquifer 
is small compared to the total contaminant flux from cesspools and other OSDSs. The following 
section includes calculations of the contaminant flux from cesspools in the Kaūmana area of Hilo. 
In addition, we look at nitrate data in neighboring wells. It is important to note that the CSO 
cesspool is not currently in use and is slated for closure and filling, but the cesspools in Kaūmana 
and adjacent regions are still in operation. There are nearly 88,000 known cesspools in the State 
of Hawai’i. The total effluent discharge from these cesspools is about 53 mgd. About 49,300 
cesspools serve 82,000 housing units on Hawai’i Island (HDOH, 2017). Cesspool effluent can be 
a significant threat to human health and to sensitive ecosystems. Cesspool effluent has not been 
formally treated in an engineered system and contains pathogens and nutrients such as nitrogen 
and phosphorus. Cesspool effluent may percolate into the groundwater system and enter water 
supplies or discharge via groundwater to streams and coastal waters. The Hawai’i legislature has 
begun to address the challenge of upgrading cesspools by prioritizing the hazard from cesspools 
and initiating methods to help encourage people to upgrade their cesspools to safer ODSDs.  

In order to constrain our comparison of the discontinued CSO cesspool with the cesspool challenge 
on Hawai’i Island we have limited our study area to the cesspools in the potential impact area of 
four public water supply wells (Figure 20). These wells belong to the Hawai’i Department of 
Water Supply (HDWS) and include Saddle Road Deepwell (8-4110-001), Pi’ihonua #1 C (8-4208-
001), and Pi’ihonua #3 A&B (8-4306-001 and 002). The Saddle Road Deepwell and Pi’ihonua #1 
are the furthest inland and are less subject to contamination from cesspools. Pi’ihonua #3 A & B 
are downgradient of numerous cesspools, indicating that these are more vulnerable to 
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contamination, if there is any measurable impact. Figure 35 shows the area used for our 
comparison in Kaūmana and neighboring communities.  

We created a polygon encompassing the cesspools that may influence the HDWS wells introduced 
in the previous paragraph (Figure 35). There are about 1,000 cesspools (class IV OSDS) in this 
part of Kaūmana. We did not consider other types of OSDS, only cesspools. The HDOH has 
calculated the effluent loading rates from these cesspools. The effluent (leachate) loading rates 
vary from 200 to 1,400 gallons per day (gpd) (6,000 to 42,000 gal/mo) from each cesspool. The 
average nitrogen loading rate from a single cesspool varies from 0.05-0.32 kg/day. The total 
discharge from the cesspools in our Kaūmana study area is 680,000 gallons/day of effluent (Figure 
35). This discharge includes 155 kg/day of nitrogen (Figure 36). For comparison, the assumed 
cesspool leachate discharge rate at the CSO was 42 gpd, with a range of nitrogen loading rates of 
0.01 kg/day to 0.017 kg/day (0.014 kg/day on average). The discharge rate of the CSO was de 
minimis compared to the total discharge in the Kaūmana area. 

Despite the large effluent and nutrient flux from the cesspools in the Kaūmana area, there is no 
discernable impact to nitrate concentrations in the HDWS wells. Table 9 shows recent nitrate 
levels in our study area wells. The nitrate levels in wells were all under 0.5 mg/L, which is at the 
lower end of nitrate background (i.e., natural) levels in Hawai’i groundwater (HDOH, 2018). 
Nitrate background levels in Hawai’i are less than 3 mg/L NO3-N. The state and federal maximum 
contaminant level (MCL) for nitrate in drinking water is 10 mg/L (as nitrogen). The maximum 
nitrate concentrations from the wells in our study area were between 1997 - 2017 were 0.42 mg/L, 
with mostly non-detect results (<0.05 mg/L) (Table 9). These low concentrations are most likely 
the consequence of the enormous amount of recharge in the Onomea Aquifer System. Engott 
(2011) estimated the baseline recharge at 417 mgd. The lower nitrate concentrations observed in 
Kaūmana water supply wells suggests that dilution from high groundwater flows is an important 
factor in mitigating the impact of cesspools. Whittier and El Kadi (2014) also concluded that 
dilution is an important factor in determining risk from cesspools.   
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Table 9. Nitrate Results from Municipal Water Supply Wells in Kaūmana, 1998-2007. 

State Well ID / Name 

 

8-4110-001 8-4306-001 8-4306-002 8-4208-001 
Saddle Road Pihonua #3 A Pihonua #3 B Pihonua #1 C 

Date Sampled Nitrate as Nitrogen (mg/L) 
5/19/1998 -- -- -- 0.30 
7/15/1998 -- < 0.30 0.38 0.31 
6/22/1999 -- 0.39 0.38 0.31 

10/11/1999 -- -- < 0.30 -- 
2/22/2000 -- 0.38 0.38 0.30 
3/28/2001 -- 0.38 0.38 < 0.30 
6/18/2003 0.40 0.38 0.40 0.32 
4/19/2004 0.40 0.37 0.38 < 0.30 
11/8/2004 < 0.30 < 0.30 0.38 < 0.30 
3/30/2005 0.41 0.38 < 0.30 0.30 
6/19/2006 0.42 0.38 0.38 0.31 
2/27/2007 0.42 0.38 0.38 0.31 

Source: Rob Whittier of the State of Hawai’i Department of Health Safe Drinking Water Branch (email October 12, 2018) 

4.5 Leachate Conclusions 
There is concern that regional and local water supplies may be affected by the CSO cesspool. 
Potentially affected wells include water supply wells located around Maunakea, including drinking 
water wells in Hilo. Closer to the CSO, there is also concern that local surface water and shallow 
groundwater of nearby Lake Waiau and the Pōhakuloa Springs may be affected by the cesspool.  

There is virtually no potential for leachate impact to drinking water supplies of Hilo or other 
communities around Maunakea, based on the long groundwater travel times, and the substantial 
amount of groundwater recharge and dilution. Despite the more than 1,000 cesspools located in 
Kaūmana (Figures 35 and 36), water supply wells in the area have nitrate (as nitrogen) 
concentrations less than 0.5 mg/L, which is lower than both the general Hawai’i background level 
of less than 3 mg/L, and the Federal MCL of 10 mg/L. 

In addition, nitrate data from water supply wells in the communities surrounding Maunakea show 
no sign of impact. Leachate transport through the 3,000 ft of unsaturated volcanics separating the 
CSO from the dike-impounded groundwater is calculated to take a minimum of 34 years. This 
calculation does not consider perching layers, dispersion, adsorption, chemical attenuation, or 
biodegradation factors. Thereafter, if any leachate were to enter the dike-impounded groundwater, 
contaminants would have to travel 12 to 24 miles to drinking water wells while getting 
significantly diluted from recharge and groundwater underflow. For example, the estimated travel 
times to Hilo vary from 72 to 3000 years. Slower groundwater velocities have been calculated for 
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the deep groundwater flow systems system of Maunakea that were discovered below Hilo. 
Groundwater flowing between the CSO and Hilo is subject to substantial amounts of recharge, 
which would dilute potential contamination.  

There is virtually no potential for leachate impact to Lake Waiau or the Pōhakuloa Springs based 
on the lack of hydraulic connection between these water bodies and the CSO and the low nitrate 
levels from the springs.
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5.0 FILL ANALYSIS 
5.1 Introduction  
Approximately 2,335 cubic yards of fill were used to construct the CSO, and the maximum depth 
of the fill is about 10 ft deep on the downhill side of the facility. The origin of the fill was not 
documented and, depending on the decommissioning alterative implemented, the CSO permit 
conditions may require the fill to be removed from the CSO site. It is possible that the fill used 
was from the summit area (Laupāhoehoe Volcanics), but it is also possible that the fill came from 
further down the mountain in the Hāmākua Volcanics or from a quarry in Mauna Loa lavas. The 
problem is that the fill may have to be returned to the volcano from where it originated. The 
generally accepted hypothesis is that the fill came from the Laupāhoehoe Volcanics of Maunakea, 
near the summit.  

A total of four (4) samples were obtained for geochemical analysis (Figure 37). Three (3) samples 
were obtained from the underlying fill. These provide information to characterize the geochemical 
composition of the fill. One (1) sample was obtained from a lava flow that was immediately 
adjacent to the CSO site to provide compositional data on the Laupāhoehoe Volcanics. The four 
(4) samples were collected and analyzed in accordance with the Sampling and Analysis Plan (SAP) 
(INTERA, 2018).  

5.2 Methods  

5.2.1 Field Sampling and Descriptions 
Field sampling occurred on November 9, 2018 by a Professional Geologist, Kevin Gooding of 
INTERA, using the “Judgmental Sampling” methodology (EPA, 2002). Sample selection was 
made based on knowledge of the geology and fill under investigation. Four (4) samples were 
collected: three (3) from the fill (CSO-F-1, CSO-F-2, and CSO-F-3) and one (1) from an adjacent 
native lava flow (CSO-N-1) (Figure 37 and Table 10). The fill samples were located around the 
CSO property and all samples were collected from hand dug holes, one (1) foot bgs on average. 
The native lava flow sample location was chosen based on recommendation from Mr. Fritz 
Klasner. Mr. Klasner noted that a portion of the lava flow adjacent to the CSO Site had been 
removed in order to widen the access road at about the same time the CSO was constructed. 

Table 10. Sample Types and Locations. 
Sample Location Type Location Description 
CSO-F-1 19.822490° - 155.475771° Fill Approximately 70 feet west of the CSO 

CSO-F-2 19.822693° - 155.475739° Fill Approximately 90 feet north northwest of the CSO; 28 feet north 
of the cesspool manhole. 

CSO-F-3 19.822366° - 155.475380° Fill Approximately 18 feet southeast of the CSO. 

CSO-N-1 19.822440° - 155.474727° Lava flow North side of the Maunakea Road, 250 feet downhill (east) of 
the centerline of the CSO driveway. 
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The general lithology of the fill material was determined with observations from six (6) randomly 
located holes dug to various depths, ranging from 0.8 to 1.5 ft below the top of the fill surface. 
Fill-clast lithology was described using terminology consistent with Compton (1985) and 
Wentworth and MacDonald (1953). Lithology of the native lava flow sample (CSO-N-1) was also 
described. Lithologic descriptions of the four (4) samples are presented in Section 1.3.1. These 
three (3) fill and one (1) native rock samples were stored in double-bagged Ziploc® packaging 
and labeled for shipment for geochemistry analyses. Duplicate field samples were not necessary. 

5.2.2 Geochemical Analyses 
The four (4) samples were shipped to the Washington State University (WSU) GeoAnalytical Lab 
in Pullman, Washington, via overnight freight (FedEx) with a chain-of-custody (COC) form for 
major and minor oxide and trace element geochemical analysis using x-ray fluorescence (XRF). 
Samples were dried prior to submittal to the WSU GeoAnalytical Lab. XRF analysis was 
conducted using a low (2:1) lithium-tetraborate fused bead technique developed in-house at the 
WSU GeoAnalytical Lab (Johnson et al., 1999) to get percent composition (by weight) for 29 
elements: silicon, aluminum, titanium, iron, manganese, calcium, magnesium, potassium, sodium, 
phosphorus scandium, vanadium, nickel, chromium, barium, strontium, zirconium, yttrium, 
rubidium, niobium, gallium, copper, zinc, lead, lanthanum, cesium, thorium, neodymium, and 
uranium. These elements are reported in oxide (mineral) form because this is a byproduct of the 
ignition process used to get percent composition. A duplicate lab analysis was made on fill sample 
CSO-F-2 for quality assurance and quality control (QA/QC). 

5.3 Results 
Sample lithology descriptions and geochemical compositions for the four (4) samples collected at 
the CSO Site (Figure 37) are presented in this section. 

5.3.1 Field Descriptions 
Lithological descriptions of the fill material from CSO-F-1 through CSO-F-3 rock samples are as 
follows. 

5.3.1.1 CSO-F-1 
This sample was collected from 0.5 ft below the top of the fill surface (Figures 38 and 39). The 
fill was composed of crushed compacted cinders with occasional fragments of dense lava. Three 
(3) approximately 4-inch diameter rocks were encountered. The sample submitted to the WSU 
GeoAnalytical Lab was an aphanitic piece of vesicular basalt, with very small glassy, green 
phenocrysts that appear to be olivine. 
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5.3.1.2 CSO-F-2 
This sample was collected from approximately 1 foot below the top of the fill surface (Figure 
340). The fill was composed of compacted cinders and dense lava fragments with fragments up to 
five (5) inches in diameter. Three (3) pieces of dense, aphanitic black dense lava that were 2 to 4 
inches in diameter were collected.  

5.3.1.3 CSO-F-3 
This sample was collected from 1.3 ft below the top of the fill surface (Figures 41 and 42). The 
fill was composed of compacted dense lava fragments and cinders. Two (2) boulder-sized 
fragments were encountered in the hole, with the larger fragment being greater than 1-ft diameter. 

5.3.1.4 CSO-N-1  
This sample was collected from an a’a lava flow exposed approximately 250 ft east of the CSO 
Site (Figures 43 through 45). A portion of this lava flow was excavated (removed) to widen the 
existing road about the same time as the CSO facility was built. The central portion of this a’a lava 
flow consists of dense, aphanitic, fine-grained lava with very small plagioclase phenocrysts, which 
impart a silvery sheen to fresh hand samples. This a’a lava flow has ice polishing on its undisturbed 
upper surfaces. The top of this flow consists of flow-generated clinker (a’a lava) that is very porous 
and could be mistaken for cinders (air-fall tephra). The sample was collected in-situ, and jointed 
lava immediately below the clinker flow top. The texture of the selected sample was vesicular and 
aphanitic. 

5.3.2 Geochemistry 
The unnormalized percent composition (by weight) of major oxides are listed in Table 11 along 
with the sum of percentages and loss-on-ignition (LOI) percentages. The ten (10) major oxides 
listed in descending order of abundance are: silicon (Si), aluminum (Al), iron (Fe), titanium (Ti), 
manganese (Mn), magnesium (Mg), calcium (Ca), sodium (Na), potassium (K), and phosphorus 
(P). Selected major oxides proved to be diagnostic for the purposes of this investigation (see 
below).   
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Table 11. Unnormalized Percent Composition of Major Elements for Each of the CSO Rock Samples. 
Sample 

 CSO-F-1 CSO-F-2 CSO-F-3 CSO-N-1 
Major Oxide Unnormalized Percent Composition (by weight) 

SiO2 52.27 52.06 49.23 50.97 
TiO2 2.36 2.33 2.86 2.44 

Al2O3 17.36 17.20 17.55 17.34 
FeO* 9.61 9.63 11.05 10.08 
MnO 0.22 0.22 0.21 0.22 
MgO 3.02 3.40 3.96 3.39 
CaO 6.34 6.19 6.78 6.23 

Na2O 4.97 4.79 4.10 4.87 
K2O 2.09 2.11 1.65 2.06 

P2O5 0.95 0.96 0.87 0.99 
Sum 99.22 98.89 98.26 98.59 
LOI 0.28 0.32 1.01 0.79 

The LOI values indicate how much mass was lost during analyses. Typically, LOI values greater 
than 1.5% suggest the sample may have experienced significant alteration. All four (4) samples 
were considered acceptable. As a QA/QC check for laboratory analyses, we compare the relative 
percent difference (RPD) in percent composition for each major oxide in the CSO-F-2 sample 
versus a duplicate analysis. The unnormalized baseline and duplicate percent compositions and 
RPDs for CSO-F-2 are provided in Table 12. The ® denotes that a duplicate bead made from the 
same rock powder and analyzed.  

Table 12. Baseline and Duplicate (®) CSO-F-2 Unnormalized Percent Compositions for Each Major 
Oxide with Corresponding Relative Percent Differences. (RPD) 

 Sample  
 CSO-F-2 CSO-F-2® RPD 
Major Oxide Percent (%) 
 SiO2  52.06  52.01  0.10  
 TiO2  2.33  2.34  0.43  
 Al2O3  17.20  17.17  0.17  
 FeO 9.63  9.58  0.52  
 MnO  0.22  0.22  0.00  
 MgO  3.40  3.38  0.59  
 CaO  6.19  6.20  0.16  
 Na2O  4.79  4.79  0.00  
 K2O  2.11  2.11  0.00  
 P2O5  0.96  0.96  0.00  
 Sum 98.89  98.76  0.13  
LOI 0.32  0.32  0.00  
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RPDs for all major oxides are well below 1%, indicating the laboratory analytical approach meets 
the QA/QC criteria. Since the data meet field and lab QA/QC requirements, we can normalize 
percent compositions relative to the mass remaining after analysis, as shown on Table 13. 

Table 13. Normalized Percent Composition of Major Oxides for Each of the CSO Rock Samples. 
 Sample 
 CSO-F-1 CSO-F-2 CSO-F-3 CSO-N-1 

Major Oxide Normalized Percent Composition (by weight) 
SiO2 52.69 52.65 50.11 51.69 
TiO2 2.38 2.36 2.92 2.47 

Al2O3 17.50 17.39 17.86 17.58 
FeO 9.69 9.74 11.25 10.23 
MnO 0.22 0.22 0.21 0.23 
MgO 3.05 3.43 4.03 3.44 
CaO 6.39 6.26 6.90 6.32 

Na2O 5.01 4.84 4.17 0.94 
K2O 2.11 2.13 1.68 2.09 

P2O5 0.96 0.97 0.88 1.01 
Total 100.00 100.00 100.00 100.00 

Normalized percent compositions are most suitable for comparison of samples. CSO-F-3 has the 
lowest amount of SiO2 and highest amount of FeO. The comparison of subtle differences between 
each sample’s elemental composition is most intuitively done with a plot, presented and discussed 
in the following section. 

5.4 Discussion 

5.4.1 Geochemistry 
Wolfe et al. (1997) used the classification scheme of Le Bas et al. (1986) to define Maunakea lava 
flow types. This classification system plots total alkali (Na2O + K2O) versus silica (Si02). We 
plotted total alkali (Na2O + K2O) versus silica (Si02) for the four (4) samples collected in this study 
on the diagram used by Wolfe et al. (1997; Figure 5 on p. 17) to distinguish Hāmākua and 
Laupāhoehoe Volcanics. We also added the “general field extents” of the Hāmākua and 
Laupāhoehoe Volcanics defined by Wolfe et al. (1997) to our Figure 46. All four (4) analyzed 
CSO samples plot within the Laupāhoehoe Volcanics field defined by Wolfe et al. (1997). Samples 
CSO-F-1, CSO-F-2, and CSO-N-1 are fairly closely clustered, suggesting that they are very likely 
“related”, possibly even produced by the same eruptive event. Sample CSO-F-3 doesn’t cluster 
with the other three (3) samples and is compositionally different enough to suggest that it isn’t 
related to the other three (3) samples. For example, CSO-F-3 (Table 11) has much higher TiO2, 
FeO, MgO, & CaO and lower SiO2, Na2O, K2O, & P2O5 than the other three (3) samples – which 
makes it a Hawaiite, while the other three (3) samples are mugearite. This Hawaiite sample may 
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represent a piece of tephra from one of the adjacent cinder cones. All four (4) samples likely came 
from the area around the CSO facility, since two (2) of the three (3) fill samples are 
compositionally similar to the nearby Laupāhoehoe lava flows. Lastly, we compare these findings 
via geochemical analyses with rock descriptions from the field campaign. 

5.4.2 Field Descriptions 
The determination that all three (3) fill samples and the native lava flow sample belong to the 
Laupāhoehoe Volcanics (hawaiite and mugearite) using geochemical analyses is consistent with 
the general field lithologic descriptions of the samples. The road-cut through the Laupāhoehoe 
lava flow is likely the main source of the fill. This supports the interpretation that fill material is 
sourced from local, native volcanics adjacent to the CSO Site near the summit of Maunakea.  

5.5 Conclusion 
Based on the lithologic descriptions and geochemical analyses of the three (3) fill samples and one 
(1) sample from an adjacent a’a lava flow, the fill material at the CSO Site is determined to be 
sourced from Laupāhoehoe Volcanics which underlies Maunakea summit area. Much of the CSO 
Site fill was likely originally sourced from an excavation in a Laupāhoehoe lava flow during 
widening of the main road. Other components of the fill are probably tephra from one of the nearby 
Laupāhoehoe cinder cones.  
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Figure 1. Conceptual Model of Hawaiian Island Hydrologic Cycle 
(Izuka et al., 2018). 
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Figure 2. Distribution of Rainfall Throughout the Hawaiian Islands 
(Giambelluca, et al. 2013). 
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Figure 3. The Distribution of Fog Zones on Hawai’i Island (Engott, 
2011). 
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Figure 4. The Distribution of Vegetation on the Island of Hawai’i 
(Engott, 2011). 
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Figure 5. Conceptual Model for the Hawaiian Hot Spot  
(Thomas 2018a) 
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Figure 6. Conceptual Model for Stages of Hawaiian Volcanism 
(Izuka et al., 2018). 
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Figure 7. Physiologic Map with Streams for Island of Hawai’i 
(Engott, 2011). 

Hydrogeological and Geological Evaluation  
Decommissioning of the Caltech Submillimeter Observatory 



For 
Boa

rd 
Acti

on

 

 

Figure 8. Simplified Geology Map with Locations of Scientific 
Borings (Izuka et al. 2018). 
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Figure 9. Island of Hawai’i Rift Zones (Izuka et al., 2018). 
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Figure 10. Conceptual Model of Groundwater Systems Throughout 
the Island of Hawai’i (Izuka et al., 2018). 
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Figure 11. Conceptual Model of Stacked Freshwater Nodies 
(Thomas 2018a). 
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Figure 12. Conceptual Model of Groundwater Occurrence and Flow 
in Hawai’i Developed in the Middle 20th Century (Izuka et al., 2018). 
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Figure 13. Water Budget Schematic for Hawai’i Island  
(Izuka et al., 2018). 
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Figure 14. Fraction of Precipitation that Becomes Recharge on 
Hawai’i Island (Engott, 2011). 
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Figure 15. Distribution of Recharge through Hawai’i Island (Engott, 
2011). 
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Figure 16. Zonation Used for Hawai’i Island Water Budget by the 
U.S. Geological Survey (Engott, 2011). 
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Figure 17. Island of Hawai’i Hydrologic Units and Sustainable Yield 
(CWRM, 2008). 
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Figure 18. Cross-Section and Location Map of Maunakea  
(Wolfe et al., 1997). 
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Figure 19. The Distribution of Maunakea Lava Flows, Cinder Cones 
and Makanaka Glacial Deposits  

(modified from Wolfe et al., 1997). 
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Figure 20. Geologic Map with Cross-Section A-A’  
and Locations. 
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Figure 21. Cross Section A-A. 
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Figure 22. Geologic Map showing the Department of Land and 
Natural Resources aquifer systems, watersheds, PTA Test Well 1 

and the Springs in relation to the CSO and Lake Waiau. 
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Figure 23. Photo of Lake Waiau Taken on November 9, 2018 
Looking Southeast. 
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Figure 24. Water Cascading from Lake Waiau Towards  
Pōhakuloa Gulch (11/9/18). 
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Figure 25. Figure showing flow lines (blue) and watershed 
boundaries (red) (Ehlmann et al., 2006). 
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Figure 26. Looking Southwest Towards the CSO and Mauna Loa.  
Hydrogeological and Geological Evaluation  

Decommissioning of the Caltech Submillimeter Observatory 

“A” is the CSO. “B” is the approximate location of Lake Waiau. The flow from the CSO goes behind “C” and flows into 
Pōhakuloa Gulch. 
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Figure 27. Cross-Section B-B. 
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Figure 28. Map of Cesspools Throughout Hawai’i Island  
(Act 125 Legislature Cesspool Report). 
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Figure 29. Facility Map 1  
(2015 CSO Decommissioning Report). 
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Figure 30. Facility Map Showing Cesspool in Relation to CSO  
(2015 Decommissioning Report). 
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Figure 31. Cesspool Schematic  
(2015 CSO Decommissioning Report). 
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Figure 32. A Typical Nitrogen Cycle for Waste Effluent (Organic 
Nitrogen). Source: WERF (2009); HDOH (2018). 
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Figure 33. Wells from Waikoloa Village and Paauilo Public Water 
Systems (PWS) with Nitrate Sample Data from the State of Hawai’i 

(see tables 4-7). 
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The colorbar represents relative concentration and time is in days.  Mass balance error is 
attributed to the fluid and solute leaving the model domain. 

 

Figure 34. VS2DI Transport Model of the Subsurface  
below the CSO. 
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Dark green dots represent on-site disposal systems (OSDS) that are outside the study area or 
non-cesspool OSDS for those located within the study area. 

 

Figure 35. Kaūmana Total Nitrogen Loading Rate Map. 
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Figure 36. Kaūmana Total Nitrogen Loading Rate Map. 
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Dark green dots represent on-site disposal systems (OSDS) that are outside the study area 
or non-cesspool OSDS for those located within the study area. 
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Figure 37. CSO Fill and Native Rock Sample Locations. 
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Figure 38. CSO-F-1 Sampling Hole. 
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Figure 39. CSO-F-1 Sample Location. 
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Figure 40. CSO-F-2 Sample Hole. 
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Figure 41. CSO-F-3 Sample Hole. 
Hydrogeological and Geological Evaluation  

Decommissioning of the Caltech Submillimeter Observatory 



For 
Boa

rd 
Acti

on
 

 

Figure 42. CSO-F-3 Sample Location. 
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Figure 43. Volcanic Flow in Relationship to CSO from which  
CSO-N-1 Sample was Collected from the  

Left-Back Area Shown in this Photo. 
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Figure 44. CSO-N-1 Sample. 
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Figure 45. CSO-N-1 Sample Area. 
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Figure 46. Total Alkali Versus Silica Contents Diagram  
(Le Bas et al., 1986).  
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Diagram was used by Wolfe et al. (1997) to compositionally classify Mauna Kea lavas. The 
green dashed line denotes the approximately extent and range of geochemically analyzed older 

Hāmākua Volcanics and the blue dashed line denotes the approximately extent and range of 
geochemically analyzed younger Laupāhoehoe Volcanics as reported by Wolfe et al. (1997, p. 

17, Figure 5). The 4 samples collected and analyzed for this investigation (red diamonds) all fall 
within the Laupāhoehoe Volcanics extent.  


	EXECUTIVE SUMMARY
	1.0 INTRODUCTION
	2.0 REGIONAL SETTING HAWAI’I
	2.1 Climate
	2.2 Hawaiian Geology
	2.3 Hawai’i Island Geology
	2.4 Groundwater
	2.5 Water Budget for Hawai’i Island

	3.0  MAUNAKEA
	3.1 Climate
	3.2 Geology
	3.3 Groundwater
	3.4 Surface Water and Lake Waiau
	3.5 Water Budget

	4.0 WASTEWATER LEACHATE
	4.1 CSO Facility
	4.2 Leachate
	4.3 Potential Transport Pathways
	4.3.1 Regional Scale (CSO to Hilo)
	4.3.2 Regional Scale Aquifers Surrounding CSO
	4.3.3 Local Scale (CSO to Lake Waiau and Springs)

	4.4 Kaūmana OSDS Comparison
	4.5 Leachate Conclusions

	5.0 FILL ANALYSIS
	5.1 Introduction
	5.2 Methods
	5.2.1 Field Sampling and Descriptions
	5.2.2 Geochemical Analyses

	5.3 Results
	5.3.1 Field Descriptions
	5.3.1.1 CSO-F-1
	5.3.1.2 CSO-F-2
	5.3.1.3 CSO-F-3
	5.3.1.4 CSO-N-1

	5.3.2 Geochemistry

	5.4 Discussion
	5.4.1 Geochemistry
	5.4.2 Field Descriptions

	5.5 Conclusion

	6.0 REFERENCES
	7.0 FIGURES



