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Abstract 

Ordnance Reef (HI-06) served as a disposal site for discarded military munitions 

(DMM) after World War II. Since then, a number of incidents of munitions retrieval and 

washing ashore raised safety concerns about the presence and integrity of munitions and 

their impact on human and ecological health. Identification, research and monitoring of 

sea munitions disposal areas were authorized by H.R. 5122, and those specifically in 

Hawai'i by H.R. 4778 and S. 2295.  

The current study was undertaken as part of a remedial investigation requested by 

State and Federal agencies to address concerns remaining after several prior assessments 

of DMM in this area and to fill gaps in existing knowledge regarding potential threats 

posed by the DMM. 

The study demonstrates that there is no widespread contamination in the 

Ordnance Reef (HI-06) area. The predominantly marine carbonate sediments found in the 

Ordnance Reef (HI-06) area generally display typical concentrations of contaminants of 

potential concern (COPC), although it is clear that the DMM do release certain trace 

elements into the environment at Ordnance Reef (HI-06) and contribute to increased 

sedimentary concentrations of these constituents. Other sources of contaminants to the 

study area were identified and include inputs from the wastewater treatment plan outfall 

and non-point source (NPS) pollution delivered from runoff through storm water along 

the coast of the study area. The analysis of sediments and biological samples (octopus, 

fish, crab and seaweed) recovered from the same locations shows that the enrichments in 

trace elements observed in sediments at selected sites do not translate into an increase of 

the concentration of those elements in the biological samples.  
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Chapter I: Introduction 

I.  Motivation for the study  

U.S. Department of Defense (DoD) military munitions sea disposal site Hawaii 06 

(HI-06), known locally as Ordnance Reef is situated off the Wai'anae Coast of O'ahu. 

Discarded military munitions1 (DMM) present at HI-06 are believed to have been 

disposed of during or shortly after World War II (Figures 1a, 1b). Prior to the 1970s, 

munitions disposal was generally limited to burning, burial on land, or disposal at sea. At 

the time, sea disposal was considered one of the safest alternatives available to dispose of 

munitions. DoD conducted its last sea disposal in 1970 and in 1971 the Secretary of the 

Navy declared a defense-wide moratorium on sea disposal with the exception of emergencies 

where military munitions placed a vessel or its crew at risk. Subsequently, Congress 

prohibited the practice with the passage of the Marine Protection, Research, and 

Sanctuaries Act of 19722. As of 2007, no comprehensive scientific study had been 

undertaken of potential risks to human health and the marine environment in specific 

areas of the ocean where munitions disposed in US coastal waters. This study is a part of 

a broader effort by DoD and the Office of the Deputy Assistant Secretary of the Army for 

environmental safety and occupational health (ODASA-ESOH) to research the effects on 

                                                 
1 Discarded Military Munitions (DMM).  Military munitions that have been abandoned without proper disposal 
or removed from storage in a military magazine or other storage area for the purpose of disposal.  The term does 
not include unexploded ordnance, military munitions that are being held for future use or planned disposal, or 
military munitions that have been properly disposed of, consistent with applicable environmental laws and 
regulations. (10 U.S.C. 2710(e)(2)) 

2 This act allows the US Environmental Protection Agency (USEPA) to issue permits for disposals at sea.  
However, EPA has no records of permits issued to DoD for munitions disposal. 
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the ocean environment and those who use it of military munitions3 disposed of in coastal 

waters. 

During a benthic survey of the Wai‘anae wastewater treatment plant (WWTP) 

sewage outfall in 1992, the City and County of Honolulu (C&CH), Department of 

Wastewater Management’s oceanographic team discovered underwater military 

munitions (UWMM) between 0.3 and 0.6 miles northwest of the existing sewage outfall’s 

diffuser. The UWMM observed between approximately 30 and 120 feet deep were 

suspected to include clipped .50 caliber small arms ammunition (SAA) and projectiles 

(possibly 3- to 5-inch naval projectiles) of various types, some between one and three feet 

in length. The C&CH’s oceanographic team also discovered UWMM south of the sewage 

outfall and just west of the Hawai‘i-designated Fish Haven (NOAA, 2007). 

In 2002, the DoD tasked the US Army Corps of Engineers (USACE) to conduct a 

study of the Ordnance Reef (HI-06). At the USACE’s request, the US Navy’s Explosive 

Ordnance Disposal Detachment (EODD) provided diving and underwater survey support 

to the USACE’s Ordnance Reef Wai‘anae Sewage Outfall project. The EODD surveyed 

Ordnance Reef (HI-06) and identified roughly 2,000 UWMM, which it categorized as 

most likely DMM.   
 
                                                 
3 Military Munitions.  Military munitions means all ammunition products and components produced for or used 
by the armed forces for national defense and security, including ammunition products or components under the 
control of the Department of Defense, the Coast Guard, the Department of Energy, and the National Guard.  The 
term includes confined gaseous, liquid, and solid propellants; explosives, pyrotechnics, chemical and riot control 
agents, smokes, and incendiaries, including bulk explosives, and chemical warfare agents; chemical munitions, 
rockets, guided and ballistic missiles, bombs, warheads, mortar rounds, artillery ammunition, small arms 
ammunition, grenades, mines, torpedoes, depth charges, cluster munitions and dispensers, demolition charges; 
and devices and components thereof.  
 The term does not include wholly inert items; improvised explosive devices; and nuclear weapons, nuclear 
devices, and nuclear components, other than nonnuclear components of nuclear devices that are managed under 
the nuclear weapons program of the Department of Energy after all required sanitization operations under the 
Atomic Energy Act of 1954 (42 U.S.C. 2011 et seq.) have been completed. (10 U.S.C. 101(e)(4)(A) through (C)) 
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In May 2006, the Army and Navy funded the National Oceanic and Atmospheric 

Administration (NOAA) to conduct a screening-level survey of Ordnance Reef (HI-06). 

The NOAA survey, which was limited to depths of 24 to approximately 300 feet, 

determined both the boundaries of Ordnance Reef (HI-06) and the locations of UWMM 

present, provided information for use in identifying the types and approximate quantities 

of UWMM detected, and analyzed sediment and fish tissue samples for metals and 

explosives (ARA, 2010a; NOAA, 2007).  NOAA released its independent report in 

March 2007. The UWMM present extend from depths of approximately 30 feet to over 

300 feet, the maximum depth of the study. Many of the munitions observed were coral-

encrusted. The report, which provided the DoD with screening-level data, also provided 

the basis for assessing the potential explosives safety and human health or environmental 

risks associated with the UWMM present and for making a determination of whether a 

response was required. 

The Army’s and Navy’s explosives safety centers concluded that the UWMM 

present did not pose an immediate explosives safety risk to the public, and only deliberate 

activities (e.g., divers disturbing UWMM) posed a threat to those who use Ordnance Reef 

(HI-06) for recreational-related and other activities. The DoD Explosives Safety Board 

endorsed this conclusion. The Army, as part of its 3Rs (Recognize, Retreat, Report) 

Explosives Safety Education Program (Recognize–when you have encountered a 

munition and that munitions are dangerous, Retreat–do not touch, move or disturb it, 

Report–call 911) implemented a comprehensive public education effort that focused on, 

but was not limited to, the communities near Ordnance Reef (HI-06). 

Army’s Center for Health Promotion and Preventive Medicine (USACHPPM), 
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now the Army’s Pubic Health Command, and the Navy’s Environmental Health Center, 

the agencies responsible for health and environmental risk assessments, concluded that 

(a) the contaminant levels from any munitions constituents (MC) detected were all well 

below risk-based levels; and (b) the only metals detected in fish tissue did not appear to 

be associated with the UWMM present at Ordnance Reef (HI-06). Based on available 

data, these assessors concluded that it was unlikely that the UWMM posed a health risk 

to humans. The ecological evaluation found no overt signs of stress or ecological impact. 

However, both agencies concluded that there were data gaps that needed to be addressed 

to answer the community’s questions regarding possible risk to human health and/or 

contamination of ocean food resources. 

The US Department of Health and Human Service’s (DHHSs), Center for Disease 

Control, Agency for Toxic Substances and Disease Registry (ATSDR) performed a 

health consultation for Ordnance Reef (HI-06) based on the NOAA’s report. ATSDR, 

which considers ingestion of biota as the most significant way people could contact 

chemicals, concluded contact with chemicals (i.e., MC) in sediments would not be of 

sufficient frequency to present a hazard by ingestion or dermal contact. ATSDR indicated 

that explosive MC were not detected in fish tissue, and the inorganic chemicals detected 

in fish tissue are not a public health hazard (ATSDR, 2007). 
  

During the 2006 NOAA survey, nine clusters of munitions not previously 

identified were found in addition to about 2,000 munitions found in the area by the 

EODD divers. DoD has identified a total of six sea disposal sites in Hawaii. This includes 

two locations off Oahu (HI-01 and HI-05) where an estimated 2,649 tons of chemical 
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agents mustard, cyanogen chloride, hydrogen cyanide and lewisite were discarded 

between 1944 and 1946.  HI-01 is 11 nautical miles from Ka'ena Point on the western tip 

of O'ahu and at a depth greater than 6000 feet. HI-05 is 5 nautical miles south of Pearl 

Harbor and a depth greater than 2000 feet (refer to www.hummaproject.com for details of 

investigations at HI-05).  These sites are both much farther from the coast, and at much 

greater water depth than Ordnance Reef (HI-06) (Figure 1a).  

 

 
Figure 1a. Locations of Sea Disposal of Military Munitions in Hawai'i (adapted from DoD 
Environmental Programs – Annual Report to Congress, 2009) 

http://www.hummaproject.com/�
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Figure 1b. Munitions found in the survey area during the 2002 (white crosses) and 2006 
(red crosses) campaigns in Ordnance Reef (HI-06). 
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 a. Objectives of the research 

After review of NOAA’s report, DoD (Army) determined that data gaps existed 

that would need to be addressed to make a definitive determination as to whether the 

UWMM at Ordnance Reef (HI-06) posed a risk to human health. In December 2007, the 

Army tasked USACE’s Pacific Ocean Division to: (a) work with state agencies and 

potentially affected communities using its technical project planning process to identify 

study questions that a follow-on investigation should answer; and (b) determine the steps 

and information required to close the data gaps and reach a valid answer to those 

questions. In January 2008, USACE held an initial meeting with the Ordnance Reef 

Coordinating Council (ORCC) that the Army established, on behalf of the DoD, to 

review NOAA’s survey report and related documents, and to consider courses of action 

to address community concerns about the UWMM present at Ordnance Reef (HI-06). 

The ORCC identified two primary questions: 
 
• Do the UWMM present at Ordnance Reef (HI-06) pose a risk to human health and 
the environment? 

• Is seafood from the area safe to eat? 

The Ordnance Reef (HI-06) Project, carried out by the Department of 

Oceanography, University of Hawai'i (UH), under the direction of the Office of the 

Deputy Assistant Secretary of the Army for Environment, Safety and Occupational 

Health (ODASA (ESOH)) was to:  

(a) retrace the NOAA survey study area, including areas up to the shoreline;  

(b) close data gaps from NOAA’s study about the human health risk potential 

posed by the munitions present; and  
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(c) follow Comprehensive Environmental Response, Compensation, and Liability 

Act’s (CERCLA) Remedial Investigation process during its investigation.  

In order to fill in the data gaps, the field sampling and associated laboratory 

analysis program of the UH study: conducted sampling during two seasons of the year 

(Spring - April and Fall - September), and to collected and analyzeed samples from 

human food item biota (fish, invertebrates, and seaweed), sediment, and seawater for a 

variety of compounds of potential concern (COPC, Table 1). This data will be used to 

support both a human risk assessment and a screening-level ecological risk assessment. 

This thesis focuses on the metals analyses from biological and sediment samples 

collected during the 2006 and 2009 sea surveys and attempts to relate the biota data to the 

sediment findings. The specific objectives of this research include: 

1) To determine the major, minor, and trace element composition of sediment 

samples from the Ordnance Reef (HI-06) area. 

2) To determine the concentrations of COPC listed in Table 1. These include 

Arsenic (As), Copper (Cu), and Lead (Pb), as well as Zinc (Zn) in biological 

materials that are a part of the local human diet. 

3) To establish any relationship between DMM and contamination in sediments and 

biota. 

4) To identify other potential sources of trace elements and COPC in the Ordnance 

Reef (HI-06) area that are not associated with DMM. 
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Table 1. Contaminants of Potential Concern (COPC) in the Ordnance Reef (HI-06). The 
current thesis only considers only considers the inorganic COPC. 
Energetics  Metals 
2, 4, 6-trinitrotoluene (TNT)  Arsenic 
2, 4-dinitrotoluene (2, 4-DNT)  Copper 
2, 6-dinitrotoluene (2, 6-DNT)  Lead 
4-amino-2, 6-dinitrotoluene (4-Am-DNT)   
2-amino-4, 6-dinitrotoluene (2-Am-DNT)   
Nitramines which have hexahydro-1, 3, 5-
trinitro-1, 3, 5triazine (RDX)   
Explosive D (ammonium picrate as Picric acid   
Nitroglycerine   

 

 b. Study Site 
Ordnance Reef (HI-06) is on the western, leeward side of O'ahu and covers an 

area of approximately one nautical mile in length by one half nautical mile in width, and 

lies in approximately 10 to 70 meters of water. Ordnance Reef (HI-06)is an area of 

shallow fringing reef consisting of mixed habitats: sand, microalgae, uncolonized 

hardbottom (relict deposits of calcium carbonate and exposed volcanic rocks) and coral 

reef. The study area ranges from offshore Wai'anae to Ma'ili (Figure 2).  

Ordnance Reef (HI-06) has been the subject of multiple investigations, including 

an inventory of munitions items conducted for the U.S. Army Corps of Engineers 

(USACE) in 2002 and a screening-level investigation conducted by the National Oceanic 

and Atmospheric Administration (NOAA) and UH in 2006 (De Carlo, 2006; Cox et al., 

2007). The 2006 study found 69 locations where munitions were present within the 

approximately 2.74 nautical mile2 area (9.4 km2).  
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Figure 2. Ordnance Reef (HI-06) study area. 
 

During the successive studies in 2006 and 2009, sediment and biota samples were 

collected from the Ordnance Reef (HI-06) study area, which was sub-divided into four 

distinct strata. The first stratum adjoins the waste water treatment plant outfall (WWTP) 

and was selected in order to evaluate the potential impact of input of the treated 

wastewater on the survey area. The second stratum is adjacent to a coastal non-point 

source (NPS stratum) discharge channel (Mailiili stream channel) on the eastern 

boundary of the study area. The main area of focus, however, was the DMM stratum 

where DMM are present in a natural reef environment. A control stratum was defined 

within a natural reef area where DMM are thought to be absent. The control stratum 

(CON stratum) was selected to be distant enough from the main study area so that 



 

  11

sediment and biota would be unlikely to be affected by target munitions constituents or 

sources of pollution from other locations. It should be noted that the 2006 and 2009 

studies utilized different areas for the control stratum. The 2009 control stratum was 

selected based on evidence collected during the prior study and upon advice from the 

community familiar with the coastal environment. 

 c. Hypotheses: 

Based on the 2006 Ordnance Reef Project Report (Cox et al., 2007) and the 

design of the current study, elevated concentrations of copper (Cu) in sediments were 

anticipated to be found in samples collected very close to visually identified munitions 

(DMM samples, particularly munitions have brass cartridge casings or SAA with copper 

jackets). Furthermore, it was also anticipated that high concentrations of Cu, zinc (Zn) 

and, to a somewhat lesser extent, lead (Pb) would be greater in sediment collected within 

the WWTP and NPS strata, where these particular elements should be enriched through a 

variety of human activities. Prior work has shown that Cu found in road deposited 

sediment (RDS) is largely derived from brake pads and that Zn originates from tires (e.g., 

Sutherland and Tolosa, 2001, De Carlo and Anthony, 2002; De Carlo et al., 2004; 2005 

and references therein). Finally, it was anticipated that the concentrations of many 

elements is controlled naturally by the relative abundance of terrigenuous and marine 

materials comprising the sediments. These elements include vanadium (V), titanium (Ti), 

chromium (Cr), nickel (Ni), cobalt (Co), aluminum (Al), and iron (Fe), strontium (Sr) and 

calcium (Ca). Furthermore, it was expected that, over time, corrosion could cause failure 
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of the integrity of the munitions and result in release of the munitions fill.  This process 

would introduce munitions constituents4, some of which are COPCs, to the environment. 

Munitions constituents can be released as particulates, or could dissolve in the water 

column or pore water. Corrosion of the munitions would slowly release metals from the 

munitions casings and ultimately perforate them and expose their contents. Munitions 

constituents released into the environment could potentially be ingested or absorbed by 

marine biota, thus entering the food chain and potentially reaching humans who consume 

seafood from the area. Biological samples from several trophic levels were collected 

specifically to examine potential links between observed concentrations of COPC in 

sediments and biota. 

The hypotheses of this study are: 

H0 (null hypothesis): There will be no compositional difference between sediment 

samples collected within or in different strata of the study area or between different 

seasons, seasonal effect on composition. There will be no difference between the 

concentrations of COPC in biota samples collected from different strata and 

between trophic levels.  

It is anticipated that results from this study would cause the null hypothesis to be rejected. 

Working hypotheses for this study include the following. 

H1: The elemental composition of the sediments will vary among individual sites 

within and between strata reflecting variations of inputs to the respective areas.  

                                                 
4 Munitions Constituents (MC).  Any materials originating from unexploded ordnance (UXO), discarded military 
munitions (DMM), or other military munitions, including explosive and non-explosive materials, and emission, 
degradation, or breakdown elements of such ordnance or munitions. (10 U.S.C. 2710(e)(3)). 
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Corollary: Sediment samples from the CON stratum will show background 

concentrations consisting of elements derived from marine carbonate phases to which are 

added a minor terrigenuous contribution. Major constituent elements will include Ca and 

Sr (carbonates), and Al and Fe (terrigenuous) and trace elements V, Ti, Cr, Ni and Co 

will reflect natural processes respectively because the CON stratum is least expected to 

be subject to anthropogenic inputs. Sediment samples from the NPS and WWTP strata 

should be enriched in elements contributed by anthropogenic activities, including 

automotive input (i.e., Cu from brake pads, Pb from historical inventories associated with 

leaded gasoline and Zn from tires), treated sewage (e.g., As and Cd), above the amounts 

contributed from runoff of soils and marine carbonate phases. The sediment samples 

from the fourth stratum, hereafter referred to as DMM, will exhibit higher concentrations 

of elements associated with military munitions, especially Cu and Pb derived from 

corrosive disintegration of shell casings than sediments from other strata.  

H2: The concentrations of COPC in sediments will decrease as a function of distance 

away from readily identified DMM objects. 

H3: The concentrations of COPC will be higher in biological samples collected in the 

DMM stratum than in biota from the other strata because of the bioaccumulation of 

DMM constituents. 

H4: There will be a direct correlation between the concentration of trace elements in 

sediments and the concentration of the same elements in biota samples due to 

bottom-up bioaccumulation of elements present within each site. 
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Chapter II: Methods 

I.  Field Methods 
 

In this section, the selection of the site and the field collection of the sediment and 

biological samples are explained. Note that water samples are not included in the scope 

of this thesis. 

 a. Sample site selection 

Using information garnered during the 2006 NOAA study and input from both the 

community and regulators, the four strata defined above were chosen so as to assess the 

environmental impacts of anthropogenic activity in areas with DMM as well as other 

areas having potential non-munitions sources of contamination (e.g., NPS discharge). The 

project planning team initially considered using a random approach to selecting sites 

within the DMM stratum, but this idea was dismissed due largely to the non-uniform 

distribution of DMM objects across this stratum. Regulators were concerned that a random 

sampling approach would potentially under the average risk at the site and thus they required 

that sampling be biased to locations near the munitions in order to develop an estimate of 

“worst case” exposures.. Hence, potential sampling sites within the DMM area were 

prioritized in consultation with officials from the US Environmental Protection Agency 

(USEPA) Region 9. Sites measuring 5-meters by 5-meters were centered on each of the 

prioritized munitions objects selected. For strata without munitions, each stratum was 

also partitioned into 5 meter by 5 meter gridded squares, which were sequentially 

numbered across the stratum. Four of the squares were randomly selected using a random 

number table generator. There were thus a total of 16 sites proposed across the study 

area, in four separate strata. Because of the scarcity of sediment in many of areas with 
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hard coral/carbonate substrate, random sampling, although the preferred method, was 

discarded and sediment was recovered largely based on availability close to the randomly 

selected site. 

The location of each sample was documented using a global positioning system 

(GPS) receiver illustrated in the field notes/drawings and subsequently entered into a 

geographic information system (GIS). This approach allows the sampling point to be 

reacquired in the future, as necessary. 

The field sampling program and associated laboratory analysis program were 

designed to collect data that could be used to support both a human health risk 

assessment and a screening ecological risk assessment. Furthermore, the current study 

was designed to address specific community and regulatory concerns that the 2006 

Ordnance Reef (HI-06) study did not. One of the expressed concerns was the potential for 

seasonal variations in the COPC concentrations in both sediment and biological samples. 

In the current study, sediments, water, and biota were collected during April and 

September so as to address seasonal effects between Spring and Fall such as the change 

in current direction. Another concern expressed by the community was that the 2006 

study did not reflect the local food-item biota processing (analysis of whole fish in 2006 

and analysis of filets in the recent study). As a result of community and regulator input, 

the types of organisms to be collected and analyzed included Goat Fish (weke), Octopus 

(he'e), Kona crab, and the seaweed, Limu Kohu.  
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 b. Sediments 

Sediments were collected from multiple sites within each of the four strata (CON, 

DMM, NPS and WWTP) using a stainless steel PONAR bottom grab deployed from the 

research vessel in areas where the bottom substrate was mostly sand or unconsolidated 

sediments. The PONAR was subsequently rinsed with seawater and cleaned with nylon 

brush between each sampling to avoid cross contamination.  Because of the relatively 

rugged topography and occurrence of hard substrate (reef, reef flats, and uncolonized 

hardbottom) that is largely devoid of sediments in much of the study area, this PONAR 

sampling was supplemented, as necessary, by manual sample collection by divers.  

When sampling was performed by divers, samples were collected directly into 

clean pre-labeled zip-lock type plastic bags at the target sites and, as appropriate, at 

known distances from DMM. The bags were sealed under water as each sample was 

collected and directly brought to the surface to prevent cross contamination. Large 

fragments of coral or DMM were avoided, smaller fragments were kept until further 

processing (i.e., sieving) at UH lab. The same approach was used in other strata when 

remote sampling was not successful and/or there were only small, limited pockets of 

loose sediment that could not readily be sampled remotely. Sampling in the DMM 

stratum was conducted following a site prioritization scheme developed by USEPA and 

consisted of the systematic collection of three samples beginning immediately adjacent to 

the visible DMM (0.5 meter away), then 1 meter and 2 meters away (Field Sampling 

Plan, Wai'anae Ordnance Reef, 2009). Distances were occasionally modified, as required 

by field conditions and alternate distances recorded. 
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Recovered sediments were transferred into pre-cleaned glass sample jars onboard 

ship, using a decontaminated plastic trowel. All sampling equipment was thoroughly 

cleaned prior to use at each sample location to prevent cross contamination of samples. 

Samples were photographed and a description of the material was recorded in the 

logbook and on the sample sheet. Sample containers were pre-labeled using indelible 

marker, and ancillary sample information including location (GPS coordinates), sample 

number, water depth, and date and time of collection, was recorded at the time of 

sampling. 

c. Biota: crab, fish, octopus, seaweed 

A primary goal of the Ordnance Reef (HI-06) study was to gather data regarding 

the impact of DMM on sediment composition and the presence of metals and explosives 

in biota so as to conduct a human risk assessment and an ecological risk assessment. In 

order to achieve this goal, UH carefully designed the current (2009) investigation in 

consultation with public stakeholders, State and Federal regulatory agencies and the U.S. 

Army. ATSDR considers ingestion of biota (e.g., consumption of fish, shellfish, seaweed, 

or other marine organisms) as the most significant route of human exposure to MC (Table 

1). Thus, it was important that the current study address the COPC with the potential for 

introduction into the food chain as these could ultimately affect humans via consumption 

of seafood from several trophic levels. Organisms representative of different trophic 

levels, including seaweed (limu), invertebrates such as crabs and octopus (he'e), or fish 

(species selected included white and red “weke”), were chosen for sampling and analysis.  

Local community members and fishermen in the area identified specific species that are 

caught for human consumption.  From this list, species with high site fidelity (e.g., small 
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home ranges) were selected as these would have the greatest likelihood of demonstrating a 

valid correlation between MC at the site and MC detected in tissues. 

All biological samples were collected by local fishermen recommended by the 

community, using locally relevant fishing practices (spears, hook and line, and traps). 

Samples were photographed and the sample locations, water depth, and time of collection 

recorded in the logbook. Biota samples were stored in plastic bags at 4° Celsius (C) until 

returned to the laboratory, processed according to local food preparation customs in a 

laminar flow fume hood Class 100 (Cleanroom) to prevent post contamination and 

subsequently frozen until shipment to a contract laboratory.  

Two species from the goatfish family, Mulloidichthys flavolineatus (white weke) 

and Mulloidichthys anicolensis (red weke), were selected as the target fish species after 

speaking with local fishermen and in light of their life history. Goatfish feed on worms, 

crustaceans, small mollusks, and urchins living in rubble and sand habitats. The weke 

species selected are reported as reef-associated (e.g., high site fidelity), inhabiting sandy 

bottom reef flat areas, with depth ranges of 5 to 113 m (www.fishbase.org). These species 

are relatively stationary, high end predators and are important local food fish that might 

show evidence of biomagnification of contaminants (Garcia et al., 2009). 

The two invertebrates selected for sampling represent midtrophic level species. 

The Hawaiian octopus, Octopus cyanea (known locally as he`e), is a small species (2 to 3 

feet arm span) that is found on shallow reef flats and down to depths of 45 m 

(www.waquarium.org) and is common at Ordnance Reef (HI-06). It is active during the 

day, feeds on reef crustaceans, mollusks, and fish, and is a species eaten locally. The 

http://www.fishbase.org/�
http://www.waquarium.org/�
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Kona crab, Ranina ranina, was selected as the second invertebrate species targeted for 

sampling based on life history and abundance in the area. The Kona crab is an 

omnivorous species that lies buried in the sand waiting for prey or for drifting food 

particles to scavenge from the water column (www.swfsc.noaa.gov). Examples of the 

four types of biota collected at Ordnance Reef (HI-06) are shown in Figure 3. 

Asparagopsis taxiformis (known locally as limu kohu) is the algal species selected 

for sampling to represent the lowest trophic level (primary producer). It is a popular food 

species among the local community (www.hawaii.edu/reefalgae) and is present, although 

only a moderate abundance, throughout the study area. This species is typically found on 

the edges of the reef in areas of constant water motion. 

 Figure 3. Biological samples collected from the Ordnance Reef (HI-06) area. Top left, 
Hawaiian octopus. Top right: Kona crab. Bottom left: Limu hoku. Bottom right: red and 
white weke. 

http://www.swfsc.noaa.gov/�
http://www.hawaii.edu/reefalgae�
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II.  Laboratory Methods 

In addition to the field collection, further sample processing was conducted in the 

laboratory with elemental analysis, data processing, and data analysis, which are 

described hereafter.  

 a. Sample Processing:  

After return to the laboratory, sediment samples were wet sieved through 

decontaminated, standard ASTM sieves with mesh sizes of 2 mm and 63 µm. Use of 

these size cutoffs allows separations of gravel and larger particles (>2 mm), sand (2 mm> 

x >63 µm), and silt and clay (<63 µm). Separated size fractions were dried in an 

induction oven at 40°C to a constant weight. Each size fraction was then independently 

homogenized with a tungsten-carbide ball and mill.  

Splits of the homogenized sample powders were solubilized by microwave 

assisted digestion in closed Teflon vessels using a mixture of concentrated mineral acids 

(HNO3, HCl, HF) using a modification of methods employed in the UH Department of 

Oceanography laboratory (e.g., Wen et al., 1997; De Carlo et al., 2004, 2005, Cox et al., 

2007). The digestion procedures and analysis are comparable to those described in 

USEPA SW846 (e.g., Method 3050, 3051 or 3052 followed by inductively coupled 

plasma optical emission spectrometry (ICPOES) Method 6010 (for measuring minor and 

major elements concentrations) and inductively coupled plasma mass spectrometer 

(ICPMS) analysis Method 6020 (for measuring trace elements concentrations) (USEPA 

Methods available at www.epa.gov/osw/hazard/testmethods). Around 100 mg of each 

powdered subsample was weighed to the nearest 0.1 mg on an analytical balance and 

transferred to Teflon microwave digestion vessels. To each vessel was added 3 m1 of 
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concentrated HNO3 and 2 ml HCl; 1 m1 of concentrated HF was then added to enhance 

dissolution of any refractory aluminosilicates. The vessels were sealed and placed in a 

microwave oven and digested by heating to a temperature of 175 °C for 30 min.  

Quality assurance and quality control (QA/QC) measures undertaken during the 

course of sample preparation and analysis included: (1) preparation and analysis of 

reagent and procedural blanks, (2) replicate sample digestions, (3) duplicate sample 

solutions, (4) matrix spikes and (5) carrying of certified reference materials (CRM) 

through all preparation and analysis procedures. The CRM used included National 

Research Council (NRC) Canada MESS-1, a Marine Estuarine Sediment Standard with 

relatively low concentrations of trace elements and National Institutes of Standards and 

Technology (NIST) 2711, a moderately contaminated Montana Soil, containing elevated 

concentrations of certain trace elements, most notably Cd and Pb. 

  b. Elemental Analysis  

Analysis of major, minor and trace elements was carried out using a combination 

of ICPOES and ICPMS. ICP-MS was used to analyze trace elements (V, Cr, Co, Ni, Cu, 

Zn, As, Cd, Ba, Pb and U), and ICP-OES was used for the determination of major and 

minor constituent elements (Mg, Al, Ca, Ti, Mn, Fe and Sr). Certain elements, whose 

concentration range fell within the range of both methods, were analyzed both by ICPMS 

and ICPOES. Generally, the ICPMS data were utilized in subsequent evaluations. 

Instrument calibration was performed using a series of aqueous multi-element standards 

produced by dilutions of a commercially purchased certified stock solution, while 

instrumental drift on the ICPMS was corrected by normalizing signals through linear 
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interpolation to the signal intensity of internal standards spanning the elemental mass 

range. Instrumental drift during the ICPOES analyses was monitored by frequent analysis 

of calibration standards and verification of the calibration curves. All analytical data were 

obtained and subsequently validated following USEPA Level IV QA/QC procedures. 

Concentrations of trace elements in biotic matrices were determined by Test America, an 

NELAP-certified, USEPA approved commercial laboratory using USEPA approved 

methods (EPA 1632, 1638, 6020 and 7471A). All commercially obtained data were 

reviewed per USEPA Level IV validation procedures. 

  c. Data Processing 

 The elemental concentrations in the original sediment samples were determined 

using a combination of in-line calculations by the ICPMS software and off-line 

calculations using MS Excel for dilutions and blank corrections. Concentrations of 

sediment constituents are reported on a (40oC) dry weight basis. 

  d. Data Analysis 

 The elemental concentrations of sediments and biotic tissues were subjected to 

Principal Component Analysis (PCA) using the SPSS12 software - Statistical Package for 

the Social Sciences version 12.  

 A summary of the theory and application of PCA to data from natural samples is 

provided in Li (2000). Although there are some problems with and restrictions to using 

PCA, in particular with regard to explaining geochemical processes (Reimann et al., 

2002), these and other authors (Grande et al., 2000; Helena et al., 2000; Li, 2000; Ruiz-

Fernandez et al., 2001; Haag and Westrich, 2002; Townend, 2002) concur that using 

PCA to search for patterns in data can be useful. In this study, PCA was applied to the 
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compositional data specifically to evaluate elemental associations that could potentially 

indicate individual sources of the elements. PCA is most successful in such an approach 

when samples close to the idealized end member compositions (as determined by PCA) 

of each source exist within the sample population.   
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Chapter III: Results 

I.  Sampling locations 

Sediment and biological samples were collected from the four areas of the study 

area shown in Figure 4.  

 

 

Figure 4. Sampling locations for April (A) and September (B) 2009 surveys of Ordnance 
Reef (HI-06). 
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Figure 4. (Continued) Sampling locations for April (A) and September (B) 2009 surveys of 
Ordnance Reef (HI-06). 
 

II.  Size Distribution of Sediments from Ordnance Reef (HI-06) 
 

Figure 5 shows the average size distribution of sediments within each stratum. 

Examination of this figure for the April 2009 sediment samples shows that silt and clay 

represent a relatively small fraction of the sediments throughout the entire study area. 

Samples from the WWTP stratum, however, contained a slightly greater amount of 

silt/clay (4.7%), than those from the CON stratum (2.6%). The sediments from the 

WWTP stratum displayed the greatest range in the amount of silt/clay among the samples 

collected in the stratum. Sediments from the NPS and DMM strata exhibited very low 

mean silt/clay content (0.3% and 0.4%, respectively) as well as a narrow range of 
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variability. Sediments collected at the CON and NPS strata consist predominantly of the 

sand sized material (> 90%), whereas sediments from the WWTP and DMM strata 

contain, on average, about 45% sand. The WWTP stratum displayed the greatest 

variability in the abundance of both the sand and gravel fractions.  Sediment from the 

DMM and WWTP strata averaged slightly more than 50% gravel. It was also noted 

during sample processing that the gravel size fraction of the DMM sediments included 

fragments of small caliber DMM (i.e., .50 caliber and smaller). The sediments from the 

CON and NPS strata contained very little (7.1 % and 0.21 %, respectively) gravel, which 

consisted primarily of coral rubble or volcanic rock. Sediments collected in September 

2009 had slightly different size distributions than those collected in April of that year 

(Figure 5). Sediments collected in September all have less than 1.5% silt and clay. Again, 

samples from the WWTP stratum had the highest proportion of silt/clay (1.5 %), 

followed by the CON stratum (0.94 %). Sediments from the NPS and DMM strata 

exhibited a lower mean silt/clay content (0.6% and 0.7%, respectively). Sediments 

collected at the NPS stratum consists overwhelmingly of the sand fraction (98.4 %). 

Sediments from the other three sites, NPS, WWTP and DMM strata contain, on average, 

about 70% sand.  The CON stratum sediments displayed the greatest variability between 

samples in the abundance of both the sand and gravel fractions.  Sediments from the 

NPS, WWTP and DMM strata averaged about 23-33 % gravel. The sediments from the 

NPS stratum contained very low abundances of gravel (1.7 %). The size distributions 

between each season are slightly different, as can be seen in Figure 5, with more similar 

size distributions between strata observed during the September 2009 sampling.  
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Figure 5. Size distribution of sediments collected during April and September 2009 at 
Ordnance Reef (HI-06). Note the logarithmic scale.  
 

III.  Chemical Composition of Sediments from Ordnance Reef (HI-06) 

 Statistical summaries of the elemental composition of the two smaller size 

fractions (clay-silt and sand) of the sediments are presented individually (the gravel was 

not analyzed) and subsequently the data for the combined fractions are presented in 

Tables 2 through 4 and in Figures 6 through 9. Appendix A presents compositional data 

for all sediment samples collected during this study. The elemental composition of the 

gravel fraction was not determined because as visual examination during sample 

processing indicated that this fraction consisted primarily of larger coral rubble and 

fragments and volcanic pebbles, neither of which were expected to be important carriers 

of the COPC. The chemical composition of the sediments is characterized by a 

substantial variability between the different strata as well as within each stratum (Table 2, 

Table 3 and Appendix A).  
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  a. Silt/clay fraction of Sediments 

Compositional data for the silt/clay fraction of the sediments are summarized in 

Figure 6. The highest concentrations of the following elements were found in the silt-clay 

fraction in the Control site: Co (37.7 ppm), Cr (260 ppm), Mn (867 ppm), Ni (127 ppm) 

and V (281 ppm) for the trace elements, Al (5.8 %), Fe (8.9 %) and Ti (1.9 %) for the 

minor and major elements, and As (43.9 ppm) during the April survey.  The elements 

with the highest concentrations found in the DMM area were Ba (146 ppm), Cu (25100 

ppm), Pb (10500 ppm) and Zn (3000 ppm) during the April survey. The highest 

concentration of U (2.3 ppm) was found in the WWTP sediments during the April survey. 

The maximum concentration of Ca (27.7 %) was found in the WWTP samples in April 

but the Ca content of the sediments was relatively tightly constrained amongst sediments 

from all strata and during both seasonal sampling events. Calcium was the primary 

constituent of the sand fraction in all four strata. Average concentrations of Ca in the silt 

fraction of each stratum ranged from 11.7 % in the CON stratum to 24.1 % in the WTTP 

stratum for sediments from the April 2009 sampling round.  

  b. Sand fraction of Sediments 

Compositional data for the sand fraction of the sediments are summarized in 

Figure 7. The highest concentrations of Co (18.7 ppm), Cr (105 ppm), Mn (287 ppm), Ni 

(125 ppm), U (2.2 ppm), V (64.3 ppm), Al (1.5 %), Fe (2.2 %), Mg (2.7 %), Ti (0.3 %), 

and As (20.1 ppm) were observed in sediments from the CON stratum. The COPC Cu 

and Pb as well as Zn were most strongly enriched in sediments from the DMM stratum 

with maximum detections at 2420 ppm, 523 ppm and 387 ppm, respectively. The highest 
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overall concentration of Cu was found in a sample collected during the September 2009 

sampling (2420 ppm) in the DMM strata.  

  c. Combined (silt/clay and sand) fraction of Sediments 

Figure 8 presents a summary of the compositional data weighted on the basis of 

the abundance of each size fraction. The highest concentrations of most elements in the 

combined fraction were found in the CON stratum, Cd (3.5 ppm), Co (18.9 ppm), Cr (106 

ppm), Mn (290 ppm), Ni (125 ppm), U (2.2 ppm), V (66.3 ppm), Al (1.5 %), Fe (2.2 %), 

Mg (2.7 %), Sr (0.4 %), Ti (0.3 %) and As (20.1 ppm). The highest concentrations of 

COPC Cu (2500 ppm) and Pb (549 ppm), and Zn (398 ppm) were again found in the 

DMM site. The highest concentration of Ba (24.4 ppm) was found in sediments from the 

WWTP stratum. The highest average values (Figure 8) were typically found within the 

same stratum in which the maximum values of each element were observed. Examining 

the minimum concentrations shown in Table 3 immediately reveals that sediments from 

the WWTP stratum are the least enriched in Co (0.2 ppm), Cr (10.0 ppm) and V (4.7 

ppm). Sediments from the DMM stratum had the lowest concentration of As (0.1 ppm). 

Sediments from the NPS stratum displayed the lowest overall concentrations of many 

elements including Ni, Cu, Zn, Ba, Pb, U, Al, Fe, Mn, and Mg (all near zero), Sr (3.8 

ppm) and Ti (2.0 ppm). Although the compositional data show a wide range of elemental 

concentrations within any given stratum, as illustrated by the large individual standard 

deviations of the mean for each element shown in Tables 2 and 3, there are also general 

trends that can be identified upon closer examination of specific samples within each 

stratum (Appendix A). For example, the silt-clay fraction of sediment sample DMM 1 – 

S019 shows the highest concentration of Cu (25100ppm) and also has very high 



 

  30

concentrations in Zn (3010 ppm) and Pb (1460 ppm). This grouping of elements is also 

evident for most of the DMM sediment samples, where high concentrations of Cu are 

accompanied by high Zn and Pb contents. Specific examples of this include samples 

DMM 4 – S038 (Cu: 3230 ppm; Zn: 2770 ppm; Pb: 10500 ppm) and DMM 12 –S009 

(Cu: 1670 ppm; Zn: 323 ppm; Pb: 202 ppm).  

In some cases, the concentrations of the Cu and Zn also decrease with increasing 

distance from a DMM (see Table 4). Within the DMM site, samples were targeted to be 

collected at 0.5 meter, 1 meter, and 2 meters from individual DMM. Unfortunately, it was 

not always possible to follow this sampling approach and samples were collected 

wherever sediments were available. Furthermore, in the case of some sample series, the 

first sediment sample was taken adjacent to the munitions (50 caliber or 6” Naval round), 

but the second and the third were recovered from four and eight feet away, respectively. 

This was also the case for DMM 2, 3, 4, 10, 11, 12, and 13. For DMM 1, the three 

sediment samples in the series were collected at 5, 9 and 13 feet from the target, 

respectively.  

Figure 9 shows the range of average concentrations of the major elements Al, Ca, 

Fe, Mg, Sr and Ti observed in sediments of each stratum.                                      .       
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 Table 2. Summary statistics of the elemental composition of the clay/silt and sand fractions of sediments collected during April and September 2009 in 
the Ordnance Reef (HI-06) area off Wai'anae 

   Trace Elements (ppm)   COPC (ppm)  Major and Minor Elements (%) 
  Silt/ Clay Ba     Cd    Co   Cr     Mn  Ni     U     V      Zn    As     Cu     Pb   Al   Ca   Fe   Mg   Sr    Ti     

C
O

N
 S

ite
 A

pr
il 

Minimum 5.8 0.1 3.9 35.0 25.6 39.6 0.6 25.8 26.1  7.1 16.3 14.0  0.12 7.87 0.02 1.91 0.08 0.04 
Maximum 84.2 0.9 37.7 260 867 127 1.8 281 255  43.9 99.8 814  5.82 17.6 8.87 3.13 0.21 1.85 
Median 59.8 0.3 33.1 211 625 114 1.3 209 122  29.5 74.4 183  5.12 10.8 7.33 2.43 0.13 1.48 
Mean 59.8 0.4 30.6 191 579 110 1.3 189 130  31.4 72.1 292  4.34 11.7 6.29 2.47 0.14 1.26 
Standard Deviation 22.3 0.2 8.9 58.4 267 23.8 0.3 71.4 54.3  10.7 20.1 274  1.96 3.10 2.91 0.45 0.04 0.57 

Se
pt

em
be

r Minimum 16.9 0.0 14.0 102 233 26.0 0.0 93.1 51.3  11.4 38.4 197  1.66 14.3 2.60 0.00 0.17 0.58 
Maximum 37.8 0.4 21.0 189 359 76.7 1.6 147 90.5  38.6 81.3 615  3.08 20.3 4.48 2.25 0.21 0.97 
Median 26.1 0.3 15.7 120 295 62.8 1.3 103 56.9  23.0 49.6 424  2.08 18.7 3.33 2.11 0.20 0.75 
Mean 49.1 0.4 25.7 169 500 92.2 1.2 165 112  28.1 64.9 319  3.73 12.5 5.46 2.21 0.14 1.11 
Standard Deviation 9.0 0.2 3.2 34.1 57.8 20.1 0.6 25.7 16.0  9.8 16.9 184  0.63 2.6 0.89 0.97 0.02 0.20 
                      

D
M

M
 S

ite
 A
pr

il 

Minimum 7.1 0.0 0.1 30.5 49.8 25.6 0.0 10.2 39.9  6.6 23.9 11.9  0.46 16.6 0.55 1.42 0.18 0.14 
Maximum 146 1.6 9.2 79.6 110 66.2 1.7 128 3009  20.4 25143 10544  0.85 27.1 2.14 2.47 0.28 0.26 
Median 15.3 0.2 5.4 53.4 85.4 44.5 1.3 38.9 954  9.2 2007 242  0.61 25.8 1.47 1.90 0.26 0.21 
Mean 33.4 0.4 5.2 54.0 82.0 42.6 1.2 42.0 1047  10.3 3539 1604  0.63 23.6 1.38 1.93 0.24 0.21 
Standard Deviation 38.1 0.5 2.8 13.2 15.5 12.7 0.4 25.7 938  3.8 6211 3002  0.11 3.59 0.48 0.26 0.03 0.04 

Se
pt

em
be

r Minimum 5.3 0.0 0.2 24.2 40.8 19.0 0.7 21.0 71.7  3.9 83.2 99.0  0.35 14.2 0.57 1.91 0.15 0.12 
Maximum 17.6 2.3 6.3 56.2 87.1 63.3 1.4 50.1 659  18.0 6379 354  0.85 25.3 1.37 2.32 0.27 0.28 
Median 12.4 0.2 2.9 40.5 60.0 30.8 1.1 31.0 256  7.1 1017 134  0.51 20.0 0.86 1.99 0.21 0.18 
Mean 11.6 0.6 3.1 39.6 61.2 32.6 1.1 32.8 261  8.9 1617 183  0.56 20.7 0.91 2.04 0.21 0.19 
Standard Deviation 4.0 0.8 2.0 8.9 14.7 11.2 0.2 8.3 152  4.5 1728 87  0.15 2.86 0.24 0.14 0.03 0.04 
                      

N
PS

 S
ite

 A
pr

il 

Minimum 1.4 0.0 0.0 7.5 16.2 3.7 0.3 3.2 4.3  1.0 4.6 2.2  0.08 0.00 0.10 0.00 0.06 0.03 
Maximum 31.2 0.6 16.7 96.6 357 116 2.2 92.4 63.0  11.0 40.0 680  2.05 24.3 2.76 3.23 0.30 0.59 
Median 9.7 0.1 3.5 40.7 71.7 34.9 0.8 21.2 34.2  4.0 19.0 102  0.38 10.0 0.53 2.05 0.11 0.12 
Mean 11.8 0.1 5.1 42.4 107.5 41.5 0.9 27.3 33.1  4.7 20.6 188  0.57 12.1 0.75 2.02 0.15 0.18 
Standard Deviation 9.3 0.2 5.0 25.5 94.7 30.2 0.6 24.1 14.2  2.8 11.0 217  0.56 7.49 0.75 0.80 0.08 0.16 

Se
pt

em
be

r Minimum 5.9 0.0 0.0 24.0 49.2 16.4 0.8 13.0 18.2  4.2 18.3 144  0.26 14.5 0.35 2.01 0.16 0.09 
Maximum 15.6 1.2 8.3 54.8 151 35.2 1.2 50.2 37.2  14.1 25.7 365  0.99 20.6 1.40 2.15 0.22 0.34 
Median 11.3 0.1 5.2 37.1 115 28.9 0.9 34.4 26.4  10.2 20.0 286  0.65 16.0 0.93 2.05 0.18 0.22 
Mean 11.0 0.3 4.4 38.3 108 27.4 0.9 33.0 27.1  9.7 21.0 270  0.64 16.8 0.90 2.07 0.18 0.22 
Standard Deviation 4.8 0.6 4.2 12.8 44.3 7.9 0.2 16.6 8.6  4.2 3.3 92.4  0.33 2.68 0.48 0.06 0.02 0.11 
                      

W
W

TP
 S

ite
 A
pr

il 

Minimum 7.5 0.0 4.2 45.1 90.5 31.0 0.0 26.9 32.7  0.2 22.0 8.9  0.64 20.2 0.89 0.00 0.20 0.21 
Maximum 19.7 1.1 11.9 89.6 190 77.8 2.3 67.5 146  9.3 99.4 392  1.41 27.7 2.09 2.15 0.28 0.54 
Median 14.8 0.2 7.5 62.4 118 54.3 1.7 47.2 53.5  3.0 36.4 63.0  0.84 24.8 1.15 1.77 0.25 0.32 
Mean 14.9 0.4 7.6 64.4 130 53.0 1.6 46.7 60.1  3.7 43.4 133  0.94 24.1 1.35 1.40 0.25 0.33 
Standard Deviation 3.1  2.4 12.0 36.1 14.6 0.6 9.9 31.4  2.2 22.9 151  0.26 2.56 0.40 0.85 0.02 0.10 

Se
pt

em
be

r Minimum 3.9 1.0 3.7 38.4 46.6 28.5 1.0 24.0 57.1  6.0 43.7 78.0  0.35 16.8 0.55 0.00 0.19 0.11 
Maximum 20.8 1.9 4.9 82.9 63.3 47.2 1.9 41.3 200  10.9 159 455  0.54 27.1 0.85 2.04 0.30 0.19 
Median 5.8 1.3 4.2 47.1 54.9 37.2 1.3 31.3 81.1  7.5 78.8 152  0.44 21.9 0.70 0.89 0.24 0.15 
Mean 9.1 1.4 4.2 53.9 54.9 37.5 1.4 32.0 105  8.0 90.0 209  0.44 21.9 0.70 0.96 0.24 0.15 
Standard Deviation 8.0 0.4 0.5 20.3 11.8 9.6 0.4 7.1 65.0  2.3 49.5 172  0.14 7.32 0.21 1.11 0.08 0.06 
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 Table 2. (Continued) Summary statistics of the elemental composition of the clay/silt and sand fractions of sediments collected during April and 
September 2009 in the Ordnance Reef (HI-06) area off Wai'anae 

   Trace Elements (ppm)   COPC (ppm)  Major and Minor Elements (%) 
  Sand Ba     Cd    Co   Cr     Mn    Ni    U     V      Zn    As    Cu    Pb     Al   Ca   Fe   Mg   Sr    Ti     

C
O

N
 S

ite
 A

pr
il 

Minimum 10.0 0.0 8.8 35.5 135 50.6 1.6 22.5 21.7  11.8 6.8 2.56  0.60 26.4 0.50 1.58 0.28 0.10 
Maximum 22.7 0.1 18.7 105 287 125 2.2 64.3 41.0  20.1 16.3 59.7  1.48 32.7 2.20 2.65 0.40 0.34 
Median 18.2 0.1 12.9 66.1 190 79.9 1.8 43.6 34.4  16.6 13.2 6.1  1.29 30.5 1.49 1.99 0.32 0.23 
Mean 17.9 0.1 13.7 68.2 211 80.5 1.9 44.5 31.3  16.4 12.7 11.1  1.19 30.4 1.53 2.06 0.34 0.24 
Standard Deviation 4.11 0.0 3.9 21.0 48.9 24.5 0.2 11.1 6.8  2.7 2.9 15.73  0.26 1.66 0.49 0.44 0.05 0.07 

Se
pt

em
be

r Minimum 3.20 0.1 2.6 8.7 23.8 29.2 1.3 3.55 9.0  0.9 2.4 0.69  0.08 31.9 0.04 1.58 0.27 0.02 
Maximum 11.5 3.6 6.8 102.7 129.6 60.7 1.8 33.0 22.4  14.5 6.4 15.5  0.85 34.2 0.97 2.52 0.40 0.15 
Median 6.08 0.3 4.8 42.5 89.8 46.6 1.6 24.5 16.5  4.4 4.5 6.59  0.29 33.0 0.52 1.92 0.32 0.08 
Mean 7.13 0.9 4.6 44.5 83.1 46.0 1.5 20.9 15.9  7.4 4.4 7.25  0.40 33.0 0.53 1.95 0.33 0.09 
Standard Deviation 3.58 1.5 1.6 36.5 43.9 11.9 0.2 12.8 4.9  6.0 1.6 5.32  0.30 0.91 0.38 0.35 0.05 0.05 
                      

D
M

M
 S

ite
 A
pr

il 

Minimum 0.54 0.0 2.1 9.9 17.9 24.6 0.7 6.6 12.1  3.0 2.4 1.26  0.06 26.5 0.13 1.44 0.23 0.02 
Maximum 12.2 1.0 5.0 25.9 31.2 63.2 1.4 11.0 387  6.4 1252 523  0.14 36.9 0.46 2.53 0.31 0.04 
Median 3.88 0.1 3.3 12.5 25.7 39.0 1.1 8.2 166  4.2 208 9.34  0.09 32.5 0.24 2.05 0.26 0.03 
Mean 4.05 0.3 3.4 14.2 24.8 41.5 1.1 8.3 156  4.5 337 60.0  0.09 32.1 0.25 2.03 0.26 0.03 
Standard Deviation 2.67 0.4 0.9 4.2 3.7 12.8 0.2 1.2 100  1.0 360 134  0.02 2.75 0.09 0.32 0.02 0.00 

Se
pt

em
be

r Minimum 0.96 0.1 1.1 9.7 21.7 23.3 0.4 4.6 34.9  0.0 17.0 5.97  0.07 33.0 0.10 1.87 0.23 0.02 
Maximum 15.0 1.8 5.3 22.5 37.7 40.6 1.3 10.7 200  7.5 2420 13.6  0.17 34.4 0.90 2.58 0.30 0.04 
Median 3.59 0.6 2.0 13.8 25.4 33.8 1.0 7.3 101  3.2 192 9.59  0.10 33.9 0.16 2.07 0.27 0.03 
Mean 4.71 0.7 2.1 14.6 26.3 34.0 1.0 7.3 111  3.3 445 9.35  0.10 33.8 0.22 2.14 0.27 0.03 
Standard Deviation 3.74 0.5 1.1 4.4 4.6 4.6 0.2 2.0 48.9  2.4 678 2.47  0.03 0.45 0.22 0.21 0.02 0.00 
                     

N
PS

 S
ite

 A
pr

il 

Minimum 2.49 0.0 0.7 12.4 47.1 14.7 0.0 5.8 1.3  1.8 1.4 1.14  0.04 23.4 0.14 1.40 0.24 0.03 
Maximum 11.4 0.1 10.9 29.9 74.7 73.9 2.0 13.8 18.4  8.1 7.7 9.48  0.34 34.5 0.34 1.76 0.36 0.05 
Median 4.34 0.0 4.8 19.1 60.2 58.0 1.9 10.1 11.7  5.5 2.9 3.62  0.17 31.4 0.24 1.62 0.32 0.04 
Mean 5.39 0.0 5.3 20.2 60.4 54.5 1.6 10.3 11.6  5.4 3.2 4.33  0.19 30.8 0.23 1.61 0.32 0.04 
Standard Deviation 2.53 0.1 2.7 5.4 9.6 16.4 0.6 2.2 5.6  1.5 1.6 2.40  0.08 3.37 0.07 0.13 0.03 0.01 

Se
pt

em
be

r Minimum 5.39 0.1 1.4 13.5 55.5 30.5 1.4 8.8 3.0  1.0 1.5 3.75  0.14 34.0 0.15 0.00 0.30 0.03 
Maximum 6.65 1.1 3.1 24.1 60.9 35.8 1.7 10.7 13.5  9.6 2.5 8.97  0.17 34.3 0.21 1.69 0.33 0.04 
Median 6.26 0.5 2.1 19.8 55.8 32.7 1.6 9.7 8.6  3.4 1.7 5.74  0.14 34.2 0.21 1.66 0.32 0.04 
Mean 6.14 0.6 2.2 19.3 57.4 32.9 1.6 9.7 8.4  4.3 1.9 6.05  0.15 34.2 0.19 1.25 0.31 0.04 
Standard Deviation 0.58 0.4 0.7 4.9 3.0 2.4 0.1 0.8 5.2  4.1 0.5 2.20  0.02 0.17 0.03 0.84 0.02 0.01 
                      

W
W

TP
 S

ite
 A
pr

il 

Minimum 2.01 0.0 2.6 18.6 34.1 28.5 1.1 7.7 5.5  1.1 2.3 0.80  0.13 22.0 0.13 1.28 0.17 0.04 
Maximum 24.5 0.5 11.7 72.7 129 107 2.0 36.0 43.0  4.7 96.2 60.8  0.80 34.5 1.09 2.17 0.35 0.20 
Median 8.26 0.0 5.8 34.9 58.7 52.4 1.6 11.4 22.4  3.0 5.9 2.45  0.22 30.9 0.25 1.52 0.31 0.06 
Mean 10.7 0.1 6.2 34.7 66.7 57.5 1.6 15.0 22.0  2.7 16.4 8.52  0.31 30.3 0.37 1.57 0.29 0.08 
Standard Deviation 6.90 0.1 3.2 15.6 29.0 24.6 0.3 8.7 11.4  1.0 26.7 17.1  0.20 3.99 0.29 0.22 0.06 0.05 

Se
pt

em
be

r Minimum 2.62 0.8 0.1 9.1 37.6 33.8 1.0 4.1 1.7  0.0 2.1 2.10  0.13 33.3 0.16 1.51 0.27 0.04 
Maximum 9.69 1.9 3.7 32.7 51.3 41.2 1.2 16.9 55.5  3.1 26.7 12.4  0.31 34.5 0.38 2.02 0.33 0.08 
Median 3.90 1.0 1.7 11.7 38.2 35.6 1.1 6.6 36.5  2.2 14.9 3.54  0.15 33.6 0.19 1.71 0.30 0.04 
Mean 5.03 1.2 1.8 16.3 41.3 36.5 1.1 8.6 32.5  1.9 14.6 5.40  0.18 33.8 0.23 1.73 0.30 0.05 
Standard Deviation 3.33 0.5 1.5 11.0 6.6 3.2 0.1 5.7 24.2  1.4 10.4 4.74  0.08 0.53 0.10 0.24 0.03 0.02 
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Table 3. Summary statistics of the elemental composition of the combined size fraction of sediments collected during April and September 2009 in the 
Ordnance Reef (HI-06) area off Wai'anae. 
   Trace Elements (ppm)   COPC (ppm)  Major and Minor Elements (%) 
  Combined Ba     Cd    Co   Cr     Mn   Ni     U     V      Zn     As     Cu    Pb     Al   Ca   Fe   Mg   Sr    Ti     

C
O

N
 S

ite
 A

pr
il 

Minimum 12.2 0.0 8.8 42.6 159 50.6 1.6 28.4 25.4  13.5 8.5 2.7  0.79 25.9 0.79 1.59 0.28 0.15 
Maximum 23.3 0.2 18.9 106 290 125 2.2 66.3 49.0  20.1 23.3 129  1.51 32.3 2.22 2.65 0.40 0.35 
Median 19.7 0.1 14.8 68.0 198 84.0 1.8 48.7 35.4  16.9 14.8 7.3  1.33 29.8 1.64 1.99 0.31 0.26 
Mean 19.1 0.1 14.3 72.5 217 81.9 1.8 49.1 34.3  17.0 14.7 20.3  1.25 29.9 1.61 2.08 0.33 0.26 
Standard Deviation 3.8 0.0 3.8 21.1 46.8 23.9 0.2 11.1 7.3  2.1 3.7 35.2  0.24 1.77 0.45 0.42 0.04 0.06 

Se
pt

em
be

r Minimum 3.4 0.1 2.8 10.3 27.9 29.7 1.3 5.1 9.6  1.1 3.1 4.1  0.11 31.8 0.09 1.59 0.26 0.03 
Maximum 11.8 3.5 7.0 104 133 60.9 1.8 33.9 23.0  14.7 6.9 22.2  0.87 33.9 1.00 2.48 0.40 0.16 
Median 6.3 0.3 4.9 43.3 88.4 46.8 1.6 25.6 17.1  4.7 5.6 12.8  0.29 32.5 0.51 1.92 0.32 0.08 
Mean 7.4 0.9 4.8 45.7 85.1 46.2 1.5 22.2 16.5  7.6 5.1 12.4  0.42 32.7 0.55 1.95 0.32 0.09 
Standard Deviation 3.6 1.5 1.6 36.5 43.5 11.8 0.2 12.8 4.9  6.0 1.6 6.7  0.30 0.89 0.38 0.34 0.05 0.05 
                      

D
M

M
 S

ite
 A
pr

il 

Minimum 1.2 0.0 2.2 10.2 17.9 24.6 0.7 6.7 12.6  3.1 2.6 1.4  0.06 26.5 0.14 1.45 0.23 0.02 
Maximum 12.5 1.0 5.0 26.0 31.5 63.0 1.4 11.2 398  6.5 1442 549  0.15 36.8 0.47 2.53 0.31 0.04 
Median 3.9 0.1 3.3 13.2 26.1 39.0 1.1 8.5 184  4.2 224 11.1  0.10 32.4 0.24 2.04 0.26 0.03 
Mean 4.3 0.3 3.4 14.6 25.3 41.5 1.1 8.5 163  4.5 363 69.8  0.10 32.0 0.26 2.03 0.26 0.03 
Standard Deviation 2.7 0.3 0.9 4.2 3.8 12.7 0.2 1.2 104  1.0 401 142.9  0.02 2.72 0.09 0.32 0.02 0.00 

Se
pt

em
be

r Minimum 1.0 0.0 1.1 10.2 22.3 0.4 0.0 4.8 35.2  0.1 17.5 7.6  0.08 32.8 0.11 1.87 0.23 0.02 
Maximum 14.9 1.8 5.3 22.6 37.8 40.6 1.3 10.9 201  7.5 2501 17.2  0.18 34.3 0.90 2.57 0.29 0.04 
Median 3.8 0.1 2.0 13.9 25.8 33.7 1.0 7.7 103  3.3 201 10.2  0.10 33.7 0.17 2.07 0.27 0.03 
Mean 4.8 0.5 2.1 14.9 26.7 32.1 1.0 7.5 112  3.3 460 11.1  0.11 33.7 0.23 2.14 0.27 0.03 
Standard Deviation 3.7 0.6 1.1 4.3 4.4 10.4 0.3 2.0 50  2.4 699 3.0  0.03 0.46 0.21 0.21 0.02 0.00 
                      

N
PS

 S
ite

 A
pr

il 

Minimum 0.0 0.0 0.7 12.5 46.7 0.0 0.0 5.8 0.1  1.8 0.1 0.0  0.04 23.3 0.14 1.40 0.24 0.03 
Maximum 11.3 0.1 10.8 30.0 74.7 74.2 2.0 13.9 18.4  8.1 4.2 10.2  0.34 34.3 0.34 1.76 0.36 0.05 
Median 4.3 0.0 4.8 19.2 60.2 57.7 1.9 10.2 11.4  5.5 2.9 3.7  0.17 31.4 0.24 1.62 0.32 0.04 
Mean 5.1 0.0 5.3 20.2 60.4 48.7 1.6 10.4 10.7  5.4 2.6 4.2  0.19 30.7 0.24 1.61 0.32 0.04 
Standard Deviation 2.9 0.1 2.7 5.4 9.7 25.0 0.6 2.2 6.5  1.5 1.1 3.0  0.08 3.34 0.07 0.13 0.03 0.01 

Se
pt

em
be

r Minimum 5.4 0.0 1.4 14.1 0.1 0.0 1.4 9.4 3.0  1.1 1.6 4.4  0.00 0.03 0.00 0.00 0.00 0.00 
Maximum 6.8 1.1 3.2 24.1 60.9 35.7 1.7 10.7 13.6  9.6 2.9 10.6  0.17 34.2 0.21 1.69 0.33 0.04 
Median 6.3 0.0 2.1 19.9 56.5 32.7 1.5 9.8 8.8  3.4 1.8 7.7  0.15 34.0 0.19 1.66 0.31 0.04 
Mean 6.2 0.3 2.2 19.5 43.5 25.3 1.6 9.9 8.5  4.4 2.0 7.6  0.12 25.5 0.15 1.26 0.24 0.03 
Standard Deviation 0.6 0.5 0.7 4.6 29.0 16.9 0.1 0.6 5.3  4.0 0.6 3.0  0.08 17.0 0.10 0.83 0.16 0.02 
                      

W
W

TP
 S

ite
 A
pr

il 

Minimum 3.7 0.0 3.1 23.8 33.7 29.8 1.2 11.3 6.3  1.4 3.1 1.1  0.10 19.1 0.11 1.01 0.16 0.03 
Maximum 24.4 0.3 11.6 72.6 129 106 2.0 36.3 44.3  4.7 95.3 109  0.80 33.9 1.09 2.17 0.35 0.20 
Median 8.4 0.0 5.8 36.5 61.7 52.6 1.6 14.2 26.6  3.0 10.6 4.1  0.29 29.6 0.36 1.55 0.29 0.08 
Mean 11.2 0.1 6.4 37.6 69.8 57.6 1.6 17.6 25.2  2.8 18.5 18.8  0.34 29.1 0.43 1.56 0.28 0.09 
Standard Deviation 6.5 0.1 3.0 13.8 27.9 23.3 0.3 7.7 12.8  0.9 25.7 33.8  0.19 4.44 0.28 0.26 0.06 0.05 

Se
pt

em
be

r Minimum 2.7 0.8 0.2 10.0 36.4 33.7 1.0 4.7 3.6  0.2 3.5 4.7  0.14 33.1 0.16 1.46 0.27 0.04 
Maximum 9.8 1.9 3.7 32.8 50.9 41.4 1.2 17.1 56.7  3.1 30.4 24.8  0.30 33.4 0.38 2.00 0.32 0.08 
Median 4.0 1.0 1.7 13.0 38.5 35.1 1.1 7.2 37.4  2.3 15.5 4.9  0.15 33.4 0.20 1.71 0.30 0.04 
Mean 5.1 1.2 1.8 17.2 41.1 36.3 1.1 9.0 33.8  2.0 16.2 9.8  0.18 33.3 0.24 1.72 0.30 0.05 
Standard Deviation 3.3 0.5 1.4 10.5 6.6 3.5 0.1 5.5 23.8  1.4 11.3 10.0  0.08 0.15 0.10 0.25 0.02 0.02 
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Table 4. Concentrations of Cu and Zn in sediments from the DMM area. 

 
Cu    

(ppm) 
Zn    

(ppm) 
Distance from 

DMM (m) 
DMM 1 - S019 25143 3009 1.5 
DMM 1 - S020 5885 2040 2.7 
DMM 1 - S021 3734 954 3.9 
DMM 3 - S034A 3053 1039 0 
DMM 3 - S034B 2007 1234 1 
DMM 3 - S035 1284 719 2 
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Silt-Clay Fraction - September 2009

0

1

10

100

1000

10000

V Cr Mn Co Ni Cu Zn As Cd Ba Pb U

C
on

ce
nt

ra
tio

n 
(p

pm
)

WWT DMM

CON NPS

 
Figure 6. Average elemental concentrations of V, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Ba, Pb 
and U (trace elements) in the silt-clay size fraction of the sediments from the four strata, 
WWTP, DMM, CON and NPS. For each element, the error bar represents one standard 
deviation of the mean. The top panel shows data from the April 2009 field sampling. The 
bottom panel shows data from the September 2009 field sampling. 
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Figure 7. Average elemental concentrations of V, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Ba, Pb 
and U (trace elements) in the sand size fractions of the sediments from the four strata, 
WWTP, DMM, CON and NPS. For each element, the error bar represents one standard 
deviation of the mean. The left panel shows the data from the April 2009 field sampling. 
The right panel shows the data from the September 2009 field sampling. 
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Figure 8. Average elemental concentrations of V, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Ba, Pb 
and U (trace elements) in the combined fractions of the sediments from the four strata, 
WWTP, DMM, CON and NPS. For each element, the error bar represents one standard 
deviation of the mean. The left panel shows the data from the April 2009 field sampling. 
The right panel shows the data from the September 2009 field sampling. 
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Figure 9. Average elemental concentrations of Al, Ca, Fe, Mg, Sr and Ti (major elements) in 
the sediment samples from the four strata, CON, DMM, NPS and WWTP. For each 
element, the error bar represents one standard deviation of the mean. The top left panel 
shows the data in the silt-clay size fraction. The top right panel shows the data in the sand 
size fraction. The panel on the bottom shows the data in the combined fraction. 
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IV. Elemental Composition of Biological Samples 
 
The biota samples were analyzed for As, Ba, Cd, Cr, Co, Cu, Pb, Hg, Ni, V and Zn. 

Samples were sent to a commercial laboratory in order to meet criteria imposed by 

USEPA on the Ordnance Reef (HI-06) Remedial Investigation. The biota and sediment 

samples were not analyzed for the all of same elements, but many elements of interest 

were analyzed in both biota and sediments.  The elemental composition of each type of 

biological samples is given in Table 5 and Appendix B. Of note is that for the majority of 

samples most (> 90 %) of the As is present in the organic form. Organic As calculated as 

the difference between total As and inorganic As).  

  a. Trace elements in he'e (octopus) 

Concentrations of trace elements in octopus tissue are given in Figure 10. The average 

concentrations of As in octopus collected in April and September 2009 span a relatively 

narrow range from 21.5 ppm to 34.3 ppm.  Concentrations of Zn were between 9.0 and 

24.0 ppm, except for one animal (ORD006O) caught at the DMM 2 sampling location, 

which contained 51.6 ppm of Zn. The concentrations of Cu in octopus varied more 

widely than those of As or Zn among animals and between the two sampling periods. In 

April, the range in the concentration of Cu was from a low of 6.8 ppm in octopus 

captured in the CON stratum to 90.3 ppm in an animal from the DMM stratum.  Averages 

were: 15.7 ppm of Cu in the NPS stratum, 16.1 ppm in the WWTP stratum, 17.3 ppm in 

the CON stratum, and 44.6 ppm in the DMM stratum in April 2009. In September 2009, 

the range of concentrations within and between sites was not as broad. The overall range 

was from 2.6 to 12.7 ppm of Cu with averages of 4.7 ppm of Cu in animals from the 
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CON stratum to 7.4 ppm in animals from the DMM stratum. Concentrations of most 

other elements, including Co, Cr, Hg, Ni, Pb, Se, V, in octopus tissue were all low, 

ranging from undetected to only 0.6 ppm. The concentrations of Cd, however, displayed 

a wider range from 0.08 to 3.5 ppm across the four strata. 

  b. Trace elements in weke (goat fish)  

Trace elements concentrations in fish were universally very low as can be seen in Figure 

11. The concentrations of As ranged from 4.4 to 38.8 ppm across the sites with the 

majority of the highest concentrations found in animals from the NPS and CON areas. 

Fish typically contained only a few ppm of Zn (ranging from 2 to 5 ppm) in animals 

caught during both sampling seasons and no obvious differences were observed between 

animals collected in the various strata, except for two fish (ORD015F) caught in the CON 

stratum in April 2009 (7.8 ppm Zn) and (ORD133F) in the DMM stratum in September 

2009 (also 7.8 ppm Zn). Most of the other elements displayed concentrations below 1 

ppm. 

  c. Trace elements in Kona crab 

The Kona crabs sampled in this study were not found throughout all strata from the 

Ordnance Reef (Hi-06) study area; none were collected from the CON strata. 

Additionally, only a subset of the animals caught were suitable for analysis as all female 

crabs were released as it is illegal to collect female crabs, thus this will not be 

representative of local fishing practices. Figure 12 presents results of analysis of the trace 

elements in the crabs. All inorganic COPC (As, Cu, Pb) were detected in crabs. The 

concentration of As was most elevated in crabs collected from the WWTP site (52.4 
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ppm) in September and from the DMM site in April (51.2 ppm), but were generally 

lower, around 35 ppm, for the rest of the animals for both seasons. The maximum zinc 

concentrations measured during the study was 59.2 ppm in a crab trapped at the WWTP 

site in April; however, concentrations in other crabs were only slightly lower and varied 

from 30 to 55 ppm, except for two samples 3.2 and 3.6 ppm Zn in April. The 

concentrations of Cu varied in crabs from within each stratum, with most results ranging 

from 5 to 15 ppm Cu regardless of the season or the stratum. Pb was detected in a single 

sample in the WWTP strata (2.4 ppm) during the study. Excepting Sr, concentrations of 

other elements in crab tissue were low, ranging from undetected to only 1.6 ppm. 

  d. Trace elements in limu kohu (seaweed) 

The range of concentrations of trace elements in limu (seaweed, Figure 13) was very 

different from those observed for the octopus, fish and crab data. The elemental 

concentrations were nearly identical in samples collected from the various strata during 

the September 2009 sampling season. The concentrations of As, however, were higher in 

limu collected in April 2009, with a maximum observed in samples from the NPS and 

WWTP strata (1.5 ppm), but an overall average of 0.82 ppm compared to 0.96  ppm As 

for the limu collected during the September 2009 sampling. One sample (ORD019L) 

from the DMM stratum differed notably from the rest with rather high concentrations of 

Zn (263 ppm) and Cu (25 ppm) (data not shown in Table 5, this sample was later 

suspected to be an outlier, thus not included in the analysis). The concentrations of Pb in 

limu ranged from 0.12 to 1.10 ppm across the sites and the seasons. The concentrations 

for most of the other elements in limu were low, below 1 ppm. 
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Table 5. Summary of the elemental composition of the biological samples collected during the April and September surveys in the 
Ordnance Reef (HI-06) area off Wai'anae. The average and standard deviation are provided for each type of biota (octopus, fish, 
crab and seaweed), each of the four strata (WWTP, DMM, CON and NPS) and each sampling season (April and September 2009). 
Missing statistics are associated with insufficient data to calculate the individual parameter. ND: Not detected at or above the 
method detection limit. 
   As As Inorg Ba Cd Cr Co Cu Hg Ni Pb Se Sr V Zn 
  Octopus (He'e) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

C
O

N
 S

ite
 A

pr
il 

Minimum 27.6 ND 0.10 0.31 0.45 0.05 6.80 0.03 ND ND 0.18 3.40 ND 13.7 
Maximum 32.5   1.40 0.50 0.18 23.2    0.35 4.90  17.7 
Median 31.2   1.06 0.49 0.15 19.6    0.21 3.70  16.4 
Mean 30.6  0.10 0.96 0.48 0.13 17.3 0.03   0.24 3.93  16.1 
Standard Deviation 2.37   0.47 0.02 0.06 7.23    0.08 0.67  1.78 

Se
pt

em
be

r Minimum 20.3 ND ND ND 0.12 0.01 2.60 0.05 ND 0.07 0.15 3.50 0.35 9.00 
Maximum 28.3    0.14  8.70   0.08 0.28 4.50 0.41 14.5 
Median 23.8    0.13  3.65   0.08 0.20 3.90 0.40 11.9 
Mean 24.1    0.13 0.01 4.65 0.05  0.08 0.21 3.95 0.39 11.8 
Standard Deviation 3.30    0.01  2.81   0.01 0.05 0.42 0.03 2.25 
               

D
M

M
 S

ite
 A
pr

il 

Minimum 20.2 ND 0.12 0.71 0.43 0.04 24.6 0.03 0.13 0.06 0.21 3.90 0.36 14.4 
Maximum 32.4  0.23 3.50 0.69 0.23 90.3  0.16 0.08 0.59 5.90  51.6 
Median 25.2  0.19 1.33 0.51 0.14 31.8  0.15 0.07 0.42 4.60  20.9 
Mean 25.8  0.18 1.72 0.53 0.13 44.6 0.03 0.15 0.07 0.41 4.75 0.36 27.0 
Standard Deviation 5.95  0.06 1.31 0.11 0.10 31.1  0.02 0.01 0.19 0.84  16.9 

Se
pt

em
be

r Minimum 20.2 ND 0.14 ND 0.10 ND 5.90 ND ND  0.18 2.90 0.31 10.3 
Maximum 27.0  0.21  0.20  8.70    0.25 3.60 0.36 14.9 
Median 21.3  0.15  0.15  7.40    0.21 3.15 0.36 12.6 
Mean 22.5  0.17  0.15  7.35    0.21 3.20 0.34 12.6 
Standard Deviation 3.09  0.04  0.07  1.51    0.03 0.29 0.03 2.06 
               

W
W

TP
 S

ite
 A
pr

il 

Minimum 27.9 ND 0.17 0.27 0.47 0.03 7.70 ND 0.11 0.09 0.20 3.20 ND 13.5 
Maximum 37.8   0.75 0.58 0.14 33.4    0.44 4.00  16.5 
Median 35.8   0.43 0.53 0.06 11.6    0.24 3.45  14.6 
Mean 34.3  0.17 0.47 0.53 0.07 16.1  0.11 0.09 0.28 3.53  14.8 
Standard Deviation 4.55   0.22 0.05 0.05 12.0    0.11 0.39  1.25 

Se
pt

em
be

r Minimum 19.9  ND ND 0.11 ND 3.00 ND ND  0.16 3.00 0.30 12.8 
Maximum 24.8    0.21  7.20    0.28 3.40 0.37 15.5 
Median 22.3    0.15  6.00    0.21 3.10 0.36 13.9 
Mean 22.3    0.16  5.55    0.21 3.15 0.34 14.0 
Standard Deviation 2.01    0.05  1.97    0.05 0.17 0.04 1.11 
               

N
PS

 S
ite

 A
pr

il 

Minimum 21.2  1.40 0.08 0.52 0.02 7.10 0.05 0.12 0.07 0.18 3.90 ND 13.1 
Maximum 35.3  1.90 1.10 1.00 0.13 22.5    0.34 7.00  17.2 
Median 29.2  1.65 0.64 0.56 0.10 17.8    0.25 4.20  16.3 
Mean  29.0  1.65 0.58 0.62 0.09 15.7 0.05 0.12 0.07 0.25 4.62  15.5 
Standard Deviation 5.10  0.35 0.36 0.19 0.05 7.16    0.06 1.18  1.88 

Se
pt

em
be

r Minimum 18.7  0.12 ND 0.18 0.01 3.40 ND ND 0.20 0.19 3.10 0.31 11.5 
Maximum 25.0  0.13  0.26  12.7    0.32 4.00 0.36 19.3 
Median 21.6  0.13  0.21  5.90    0.28 3.50 0.34 13.3 
Mean 21.5  0.13  0.21 0.01 6.98   0.20 0.27 3.57 0.34 13.9 
Standard Deviation 2.25  0.01  0.03  3.37    0.06 0.37 0.04 2.75 
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Table 5. (Continued) Summary of the elemental composition of the biological samples collected during the April and September 
surveys in the Ordnance Reef (HI-06) area off Wai'anae. The average and standard deviation are provided for each type of biota 
(octopus, fish, crab and seaweed), each of the four strata (WWTP, DMM, CON and NPS) and each sampling season (April and 
September 2009). Missing statistics are associated with insufficient data to calculate the individual parameter. ND: Not detected at or 
above the method detection limit. 
   As As Inorg Ba Cd Cr Co Cu Hg Ni Pb Se Sr V Zn 
  Fish (Weke) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

C
O

N
 S

ite
 A

pr
il 

Minimum 6.00 ND 0.09 ND 0.47 0.01 0.18 0.04 ND 0.06 0.19 0.24 ND 2.80 
Maximum 38.8  0.22  0.77 0.02 0.70 0.14  0.09 1.20 15.2  7.80 
Median 15.7  0.11  0.65 0.01 0.25 0.07  0.07 0.36 0.41  3.80 
Mean 18.3  0.12  0.64 0.01 0.29 0.07  0.08 0.40 1.74  4.09 
Standard Deviation 9.81  0.04  0.09 0.00 0.13 0.03  0.01 0.25 3.90  1.25 

Se
pt

em
be

r Minimum 9.60  0.12 ND 0.25 ND 0.17 0.06 ND ND 0.13 0.28 0.58 2.40 
Maximum 15.3    0.45  0.35 0.10   0.44 7.10 0.60 4.80 
Median 11.2    0.31  0.18 0.08   0.18 0.81 0.59 4.25 
Mean 11.7  0.12  0.34  0.21 0.08   0.23 2.01 0.59 3.85 
Standard Deviation 2.15    0.10  0.07 0.01   0.12 2.63 0.01 0.98 
               

D
M

M
 S

ite
 A
pr

il 

Minimum 6.50 ND 0.10 ND 0.67 0.01 0.22 0.04 ND 0.06 0.14 0.26 ND 2.90 
Maximum 18.7  0.42  0.86 0.01 0.59 0.15  0.11 0.37 11.2  4.90 
Median 13.4  0.15  0.79 0.01 0.31 0.10  0.08 0.24 0.42  3.30 
Mean 13.6  0.21  0.78 0.01 0.33 0.10  0.08 0.24 1.80  3.52 
Standard Deviation 3.43  0.12  0.07 0.00 0.10 0.03  0.02 0.07 3.12  0.65 

Se
pt

em
be

r Minimum 4.40 ND 0.09 ND 0.11 0.01 0.19 0.05 ND 0.07 0.11 0.24 0.32 2.50 
Maximum 24.9  0.28  0.42  1.10 0.10  0.14 0.43 15.2 0.67 7.80 
Median 15.5  0.12  0.36  0.27 0.07  0.07 0.20 0.49 0.62 3.50 
Mean 14.6  0.15  0.32 0.01 0.37 0.07  0.09 0.22 2.26 0.60 3.79 
Standard Deviation 5.38  0.06  0.10  0.23 0.02  0.04 0.10 3.78 0.10 1.38 
               

W
W

TP
 S

ite
 A
pr

il 

Minimum 12.8 ND 0.10 ND 0.49  0.22 0.07 0.13 0.07 0.34 0.41 ND 3.00 
Maximum 21.2  0.17  0.75  0.27 0.11  0.31 0.42 9.70  4.40 
Median 18.3  0.10  0.54  0.24 0.08  0.08 0.40 1.30  3.50 
Mean 16.8  0.12  0.58  0.24 0.08 0.13 0.13 0.39 3.71  3.58 
Standard Deviation 3.76  0.04  0.11  0.02 0.02  0.12 0.03 4.08  0.53 

Se
pt

em
be

r Minimum 6.50  0.10 ND 0.26 ND 0.14 0.06 ND ND 0.29 0.58 0.61 2.20 
Maximum 17.8  0.17  0.41  1.30 0.11   0.38 6.40 0.68 4.60 
Median 10.9  0.13  0.29  0.16 0.09   0.31 0.70 0.62 2.80 
Mean 11.2  0.13  0.31  0.34 0.09   0.32 1.76 0.64 3.09 
Standard Deviation 3.68  0.05  0.07  0.43 0.02   0.03 2.18 0.04 0.87 
               

N
PS

 S
ite

 A
pr

il 

Minimum 20.6 ND 0.12 ND 0.60 0.01 0.19 0.06 0.13 0.12 0.54 0.31 ND 2.80 
Maximum 38.1  0.17  0.68 0.04 0.32 0.14   0.81 7.60  4.40 
Median 30.4  0.15  0.68 0.02 0.23 0.11   0.69 0.53  3.60 
Mean 29.9  0.15  0.66 0.02 0.24 0.10 0.13 0.12 0.68 2.24  3.60 
Standard Deviation 7.63  0.04  0.04 0.01 0.06 0.04   0.11 3.57  0.66 

Se
pt

em
be

r Minimum 5.90 ND 0.11 ND 0.19 0.01 0.16 0.06 0.15 0.07 0.29 0.32 0.33 2.20 
Maximum 25.0  0.22  0.56 0.02 0.89 0.17 0.80 0.10 0.52 12.6 0.61 4.30 
Median 15.9  0.14  0.32 0.01 0.23 0.13 0.32 0.09 0.39 0.90 0.58 3.40 
Mean 15.9  0.15  0.34 0.01 0.33 0.12 0.40 0.09 0.40 3.83 0.51 3.40 
Standard Deviation 5.60  0.05  0.12 0.00 0.25 0.04 0.29 0.02 0.07 4.81 0.15 0.63 
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Table 5. (Continued) Summary of the elemental composition of the biological samples collected during the April and September 
surveys in the Ordnance Reef (HI-06) area off Wai'anae. The average and standard deviation are provided for each type of biota 
(octopus, fish, crab and seaweed), each of the four strata (WWTP, DMM, CON and NPS) and each sampling season (April and 
September 2009). Missing statistics are associated with insufficient data to calculate the individual parameter. ND: Not detected at or 
above the method detection limit. 
   As As Inorg Ba Cd Cr Co Cu Hg Ni Pb Se Sr V Zn 
  Crab (Kona) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

D
M

M
 S

ite
 A
pr

il 

Minimum 45.3 0.004 ND 0.13 0.48 0.01 6.50 0.06 ND ND 0.28 2.70 ND 42.8 
Maximum 51.2   0.18 0.55 0.03 14.9 0.14   0.37 13.2  46.5 
Median 46.8   0.14 0.52 0.02 7.90 0.06   0.35 5.60  44.0 
Mean 47.5 0.004  0.15 0.52 0.02 9.30 0.08   0.34 6.78  44.3 
Standard Deviation 2.79   0.03 0.03 0.01 3.79 0.04   0.04 4.52  1.59 

Se
pt

em
be

r Minimum 27.1 0.007 0.10 0.10 0.50 0.01 4.80 0.03 ND ND 0.17 6.60 ND 40.5 
Maximum 37.8  0.27  0.71 0.11 16.8 0.06   0.52 18.6  54.9 
Median 35.7  0.13  0.65 0.01 8.45 0.05   0.32 9.45  47.1 
Mean 34.6 0.007 0.14 0.10 0.63 0.03 9.31 0.05   0.34 11.0  46.5 
Standard Deviation 3.54  0.05  0.08 0.03 4.21 0.02   0.12 4.02  4.90 
               

W
W

T 
P 

Si
te

 

A
pr

il 

Minimum 14.9 0.007 0.11 0.06 0.49 0.01 0.30 0.05 ND ND 0.28 0.36 ND 3.20 
Maximum 48.2  1.60 0.10 0.59 0.02 13.6 0.10   0.57 66.5  59.2 
Median 35.7  0.18 0.08 0.52 0.02 5.30 0.06   0.36 9.40  41.9 
Mean 32.3 0.007 0.63 0.08 0.54 0.02 6.67 0.06   0.40 22.9  35.3 
Standard Deviation 13.2  0.84 0.03 0.04 0.00 5.74 0.02   0.11 25.8  22.7 

Se
pt

em
be

r Minimum 30.5 ND 0.09 0.19 0.44 0.01 6.30 0.06 ND 2.40 0.16 8.70 ND 29.8 
Maximum 52.4  0.15 0.51 0.71 0.04 13.8 0.08   0.37 28.0  55.8 
Median 34.0  0.12 0.38 0.63 0.04 8.80 0.07   0.31 11.0  48.4 
Mean 36.4  0.12 0.36 0.61 0.03 9.35 0.07  2.40 0.29 13.1  47.0 
Standard Deviation 7.50  0.02 0.16 0.08 0.01 2.78 0.01   0.08 6.28  7.69 
               

N
PS

 S
ite

 

A
pr

il 

Minimum 37.9  ND ND 0.50 ND 3.30 0.06 ND ND 0.29 25.4 ND 39.20 
Maximum               
Median               
Mean 37.9    0.50  3.30 0.06   0.29 25.4  39.20 
Standard Deviation               
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Table 5. (Continued) Summary of the elemental composition of the biological samples collected during the April and September 
surveys in the Ordnance Reef (HI-06) area off Wai'anae. The average and standard deviation are provided for each type of biota 
(octopus, fish, crab and seaweed), each of the four strata (WWTP, DMM, CON and NPS) and each sampling season (April and 
September 2009). Missing statistics are associated with insufficient data to calculate the individual parameter. ND: Not detected at or 
above the method detection limit. 
   As As Inorg Ba Cd Cr Co Cu Hg Ni Pb Se Sr V Zn 
  Seaweed (Limu) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

C
O

N
 S

ite
 A

pr
il 

Minimum 0.16 0.83 0.33 ND 0.20 0.04 0.19 0.03 0.19 0.12 ND 10.9 0.31 0.84 
Maximum 1.10  0.75  1.70 0.28 0.62  1.70 0.38  152 2.10 1.60 
Median 0.47  0.48  0.91 0.13 0.38  0.73 0.22  36.0 1.30 1.00 
Mean 0.51 0.83 0.51  0.89 0.13 0.36 0.03 0.76 0.24  65.3 1.14 1.15 
Standard Deviation 0.37  0.16  0.54 0.10 0.17  0.57 0.11  61.4 0.74 0.40 

Se
pt

em
be

r Minimum 0.57 0.11 0.26 ND 0.40 0.03 0.16 ND 0.17 0.21 ND 12.2 0.33 1.10 
Maximum 1.30  1.60  0.46 0.05 0.26  0.35 0.52  20.3 0.58 2.80 
Median 1.20  0.77  0.42 0.03 0.26  0.31 0.38  13.2 0.45 2.70 
Mean 1.02 0.11 0.88  0.43 0.04 0.23  0.28 0.37  15.2 0.45 2.20 
Standard Deviation 0.40  0.68  0.03 0.01 0.06  0.09 0.16  4.42 0.13 0.95 
               

D
M

M
 S

ite
 A
pr

il 

Minimum 0.34 0.89 0.43 ND 0.78 0.05 1.00 ND 0.48 0.31 0.12 7.20 0.46 1.30 
Maximum 1.00  2.10  1.70 0.14 6.4  1.00 0.60 0.14 212 2.10 8 
Median 0.88  0.95  1.20 0.10 1.50  0.85 0.44 0.13 99.2 1.20 2.70 
Mean 0.81 0.89 1.02  1.25 0.09 2.58  0.80 0.44 0.13 116 1.29 3.4 
Standard Deviation 0.27  0.57  0.40 0.03 2.25  0.20 0.13 0.01 78.0 0.61 3 

Se
pt

em
be

r Minimum 0.61 0.33 0.88 ND 1.10 0.09 0.62 0.03 0.48 0.44 0.12 114 1.00 1.90 
Maximum 1.20 0.64 2.10  1.50 0.15 1.40  0.82 0.69  280 3.00 2.90 
Median 0.90 0.49 1.05  1.15 0.11 0.81  0.49 0.57  191 1.40 2.55 
Mean 0.90 0.49 1.27  1.23 0.11 0.91 0.03 0.57 0.57 0.12 194 1.70 2.48 
Standard Deviation 0.25 0.22 0.56  0.19 0.03 0.34  0.17 0.11  68.8 0.89 0.42 
               

W
W

TP
  S

ite
 

A
pr

il 

Minimum 0.51 1.3 0.45 ND 0.56 0.06 0.23 ND 0.36 0.18 0.30 77.8 0.60 0.66 
Maximum 1.50  1.50  2.10 0.19 1.30  1.60 0.80 0.44 243 3.00 3.10 
Median 0.86  1.15  1.90 0.17 0.83  1.50 0.59 0.33 232 1.90 1.65 
Mean 0.91 1.3 1.06  1.62 0.15 0.80  1.24 0.54 0.36 196 1.85 1.77 
Standard Deviation 0.37  0.44  0.71 0.06 0.44  0.59 0.26 0.07 79.1 0.98 1.01 

Se
pt

em
be

r Minimum 0.81  0.67 ND 0.78 0.09 0.45 ND 0.61 0.34 ND 133 1.60 1.00 
Maximum 1.10  2.20  1.70 0.17 0.71  0.73 0.53  252 2.60 2.10 
Median 0.84  0.99  1.40 0.13 0.58  0.70 0.52  175 2.60 2.10 
Mean 0.92  1.29  1.29 0.13 0.58  0.68 0.46  187 2.27 1.73 
Standard Deviation 0.16  0.81  0.47 0.04 0.13  0.06 0.11  60.4 0.58 0.64 
               

N
PS

 S
ite

 A
pr

il 

Minimum 0.86  0.21 ND 2.10 0.22 0.08 ND 1.50 0.69 0.52 7.70 2.20 0.98 
Maximum 1.50  8.00  2.70 0.42 0.99  2.50 0.72 0.91 445 2.40 1.30 
Median 1.30  4.65  2.20 0.25 0.58  1.80 0.72 0.77 393 2.30 1.20 
Mean 1.22  4.38  2.33 0.30 0.56  1.93 0.71 0.73 310 2.30 1.16 
Standard Deviation 0.33  3.35  0.32 0.11 0.37  0.51 0.02 0.20 203 0.10 0.16 

Se
pt

em
be

r Minimum 0.47 0.08 0.22 ND 0.30 0.01 0.15 ND 0.26 0.14 0.22 8.20 0.34 1.50 
Maximum 1.20 0.14 1.30  1.60 0.19 0.63  0.78 1.10  202 6.60 2.90 
Median 1.10 0.11 0.36  0.31 0.01 0.17  0.33 0.17  9.50 0.37 1.80 
Mean 0.99 0.11 0.55  0.57 0.05 0.26  0.42 0.35 0.22 48.0 1.92 2.10 
Standard Deviation 0.30 0.04 0.44  0.58 0.08 0.21  0.21 0.42  86.1 3.12 0.58 
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Figure 10. Elemental composition of octopus tissue from the four strata at Ordnance Reef 
(HI-06). Error bars represent one standard deviation. The left panel shows concentrations 
during the April 2009 sampling. The right panel shows the concentrations during the 
September 2009 sampling.  
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Weke ‐ September 2009
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Figure 11. Elemental composition of fish tissue from the four strata at Ordnance Reef (HI-
06). Error bars represent one standard deviation. The left panel shows concentrations 
during the April 2009 sampling. The right panel shows the concentrations during the 
September 2009 sampling. 
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Crab ‐ April 2009
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Crab ‐ September 2009
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Figure 12. Elemental composition of crab tissue from the four strata at Ordnance Reef 
(HI-06). Error bars represent one standard deviation. The left panel shows concentrations 
during the April 2009 sampling. The right panel shows the concentrations during the 
September 2009 sampling. 
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Limu ‐ April 2009
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Limu ‐ September 2009
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Figure 13. Elemental composition of seaweed tissue from the four strata at Ordnance Reef 
(HI-06). Error bars represent one standard deviation. The left panel shows concentrations 
during the April 2009 sampling. The right panel shows the concentrations during the 
September 2009 sampling.  

 
 



 

 49

V.     Principal Component Analysis for Sediment samples 
 

Principal components analysis (PCA) was applied to elemental concentrations to 

determine statistical relationships between quantitative variables (elements) and help 

evaluate the potential provenance of individual groups of elements. The results of PCA 

for the sediment samples are presented in Tables 6 to 14 and Figures 14 to 22. 

a. Silt-clay Fraction of Sediments 

 Application of PCA to the silt-clay size fraction of sediments from Ordnance Reef 

(HI-06) first yields a correlation matrix (Table 6) for all the variables (i.e., elements). The 

strongest positive correlations are for Ti and Al (R2 = 0.994), Al and Fe (0.991), and Ti 

and Fe (0.990). The strongest negative correlations are for Sr and Mn (R
2

 = -0.436), Mn 

and Ca (-0.433), Ca and Al (-0.405), and Sr and Al (-0.401). The elements U, Cd and Mg, 

however, do not correlate strongly with any other elements (R2 < .393). 

 From the correlation matrix, PCA extracted three components for the silt-clay 

data. The three components, also known as factors, and their individual constituent 

elements are shown in Table 7. These three factors account for 86.3% of the variance of 

the elemental composition of the sediment samples (Table 8). Alone, the first factor 

explains 61.3 % of the variance and includes V, Cr, Co, Ni, As, Ba, Al, Fe, Mn, and Ti 

(Figure 14), all elements displaying strong positive correlations in Table 6. Factor 2 

grouped Cu, Zn and Pb, whereas Factor 3 grouped Ca and Sr. 

Two other calculated results of PCA are factor loads and factor scores. The factor 

loads are derived from the component matrix of Table 7 and are shown in Figure 14, 

which illustrates the grouping of each element within each identified component (factor). 
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The factor scores for individual sediment samples are derived from the weight of each 

element following a given pattern and are shown in Figures 15 and 16. Each element is 

weighted proportionally to its involvement in a pattern; the more involved a variable is, 

the higher the weight. Variables not related to a given pattern would be weighted near 

zero. Figure 16 shows that sediment samples from the CON stratum can generally be 

placed within the Factor 1 section of the figure, except for sample CON 2. Sediment 

samples from the DMM stratum are largely grouped into the Factor 2 quadrant of Figure 

15, and those collected from the NPS stratum are not prominently placed within either 

Factor 1 or Factor 2. Figure 16, however, shows that all sediments from the WWT 

stratum plot with relatively high Factor 3 loads, except for 2 samples: WWT 1 and WWT 

16. The sediments from the NPS and DMM strata, however, are nearly equally 

distributed between being either correlated or anti-correlated with Factor 3. 
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Table 6. Inter-element correlation coefficients for the silt-clay fraction of sediment samples collected during April and September in 2009 
in the Ordnance Reef (HI-06) area of the Wai'anae Coast. The R2 values in bold represent elements with more than 70 % correlation (R2 = 
.49) (N = 76). 

 V Cr Co Ni Cu Zn As Cd Ba Pb U Al Ca Fe Mg Mn Sr 

Cr .951                 

Co .912 .953                

Ni .804 .848 .875               

Cu -.110 -.145 -.178 -.182              

Zn -.045 -.114 -.160 -.111 .772             

As .828 .826 .824 .710 .046 .053            

Cd -.035 -.016 -.031 -.056 -.040 .003 -.043           

Ba .657 .655 .678 .612 .072 .342 .591 .048          

Pb .071 -.027 -.101 -.068 .268 .674 .030 .017 .404         

U .122 .193 .172 .228 -.286 -.179 .012 .117 .073 -.082        

Al .880 .873 .884 .771 -.157 -.149 .814 -.026 .612 -.086 .142       

Ca -.355 -.339 -.370 -.277 .270 .382 -.260 .187 -.134 .174 .366 -.405      

Fe .887 .868 .868 .756 -.089 -.048 .820 -.022 .640 -.024 .129 .991 -.356     

Mg .296 .267 .331 .283 .056 .057 .246 -.157 .322 .071 -.197 .208 -.166 .205    

Mn .873 .866 .891 .758 -.168 -.163 .753 -.037 .623 -.087 .127 .983 -.433 .974 .241   

Sr -.396 -.367 -.391 -.317 .196 .293 -.256 .220 -.205 .121 .393 -.401 .898 -.366 -.339 -.436  

Ti .891 .883 .882 .759 -.157 -.150 .791 -.017 .611 -.084 .149 .994 -.393 .990 .210 .985 -.389 
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Table 7. Component coefficients for the silt-clay size fraction of sediments from Ordnance 
Reef (HI-06). Bold values highlight the strongest correlations between each element and the 
given factor and define the elemental groupings for each component (factor). 
 

 
Component 

1 2 3 

V .951 .144 -.017 

Cr .952 .048 .085 

Co .960 -.025 .111 

Ni .860 -.002 .138 

Cu -.183 .705 -.278 

Zn -.150 .915 -.280 

As .855 .216 .064 

Ba .841 .308 -.047 

Pb -.044 .646 -.387 

Al .968 .032 .081 

Ca -.516 .537 .649 
Fe .959 .130 .065 

Mn .964 .008 .043 

Sr -.484 .475 .718 
Ti .966 .039 .090 

 
 
 
Table 8. Distribution of variance by PCA for the silt-clay fraction of sediments from 
Ordnance Reef (H-06).  

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of 
Variance 

Cumulative 
% Total % of 

Variance 
Cumulative 

% 
1 9.188 61.252 61.252 9.188 61.252 61.252 

2 2.450 16.330 77.583 2.450 16.330 77.583 

3 1.308 8.717 86.299 1.308 8.717 86.299 
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Figure 14. Plot of Factor 1 loads against Factor 3 loads for the silt-clay size fraction of 
sediments from Ordnance Reef (HI-06). The grouping to the far right of this diagram 
represents Factor 1. The grouping to the top represents Factor 3 and the grouping near the 
center of the diagram represents Factor 2. 
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Figure 15. Plot of Factor 1 scores against Factor 2 scores for the silt-clay size fraction of 
sediments from Ordnance Reef (HI-06). The majority of the sediment samples from the 
CON stratum plot in the field for Factor 1 (right section of the diagram). The majority of 
the sediment samples from the DMM stratum plot within the Factor 2 field (upper left of 
diagram). 
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Figure 16. Plot of Factor 1 scores against Factor 3 scores for the silt-clay size fraction of 
sediments from Ordnance Reef (HI-06). The majority of the sediment samples from the 
CON stratum plot are in the field of Factor 1 (right section of the diagram). The majority of 
the sediment samples from the WWT stratum plot within the Factor 3 field (upper left of 
diagram). 
 

b. Sand Fraction of Sediments 

 Results of PCA for the sand-size fraction of sediments from Ordnance Reef (HI-

06) are presented in Tables 9, 10, and 11. The correlation matrix (Table 9) is largely 

similar to that for the clay-silt fraction and shows strong positive correlations between V, 

Cr, Co, Ni, As, Ba, Al, Fe, Mn and Ti, with the strongest correlations between Ti and V 

(R2 = 0.982), Ti and Al (0.978), and Ti and Mn (0.977). The strongest negative 
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correlations are between Zn and U (R2 = -0.478), Zn and Sr (-0.461), and U and Ca (-

0.391). 

 

 Only Ca, Cd, Pb and Mg are not strongly correlated to any other elements (R2 < 

.393, Table 9), although Ca and Cd have a correlation of 0.338, Pb and Zn correlate with 

an R2 = 0.414, and Mg correlates with V, Cu, Zn and Fe with a R2 value exceeding 0.3 (> 

55 %). The latter means that a little more than half of the Mg correlates with V, Cu, Zn 

and Fe. The PCA extracted 2 components for the sand size fraction (Table 10). The two 

factors explained 78.4 % of the variance of the data (Table 11), with factor 1 explaining 

more 65.4 % by itself. The factor loads from Table 10 are also shown in Figure 17. The 

first factor groups V, Cr, Co, Ni, As, Ba, U, Al, Fe, Mn, and Ti (Figure 17), whereas 

Factor 2 groups Cu, Zn and Pb. Figure 17 illustrates the grouping of elements within each 

identified component (factor). The factor scores are shown in Figures 18 and 19. These 

figures show the distribution of samples within the individual components. As observed 

with the clay-silt fraction, the CON samples plot strongly in the Factor 1 field, except for 

CON 34 and 35 samples, which are anti-related to both Factors 1 and 2. DMM samples 

plot primarily in the Factor 2 field in Figure 18, and NPS samples are mostly neither in 

factor loads 1 or 2 as observed for the silt-clay fraction. Figure 18 does not show a clear 

separation between WWTP, NPS or DMM samples in the factor load 3, most of the CON 

samples are in the factor load 1. 
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Table 9. Inter-element correlation coefficients for the sand fraction of sediment samples collected during April and September 2009 in 
the Ordnance Reef (HI-06) area of the Wai'anae Coast. The R2 values in bold represent elements with more than 70 % correlation (R2 
= .49) (N=76). 

 V Cr Co Ni Cu Zn As Cd Ba Pb U Al Ca Fe Mg Mn Sr 

Cr .931                 

Co .895 .857                

Ni .754 .766 .890               

Cu -.195 -.226 -.209 -.260              

Zn -.247 -.322 -.284 -.280 .564             

As .867 .721 .763 .548 -.109 -.144            

Cd -.312 -.306 -.343 -.351 .077 .055 -.339           

Ba .868 .821 .838 .701 -.167 -.202 .660 -.296          

Pb -.056 -.081 -.060 -.070 .231 .414 .006 -.061 -.040         

U .448 .459 .504 .384 -.297 -.478 .453 -.308 .435 -.045        

Al .968 .874 .882 .713 -.211 -.263 .864 -.247 .853 -.080 .478       

Ca -.205 -.253 -.246 -.205 .179 .207 -.201 .338 -.214 .116 -.391 -.195      

Fe .966 .882 .890 .736 -.127 -.144 .852 -.254 .860 -.034 .378 .962 -.151     

Mg .321 .238 .219 .132 .382 .446 .354 -.029 .196 .223 -.327 .230 .284 .369    

Mn .971 .900 .911 .755 -.252 -.340 .872 -.292 .848 -.098 .487 .962 -.256 .950 .247   

Sr .245 .233 .244 .121 -.347 -.461 .310 .066 .110 -.118 .630 .353 .023 .226 -.373 .307  

Ti .982 .915 .901 .757 -.208 -.265 .838 -.254 .881 -.071 .430 .978 -.229 .974 .297 .977 .241 
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Table 10. Component coefficients for the sand size fraction of sediments from Ordnance 
Reef (HI-06). Bold values highlight the strongest correlations between each element and the 
given factor and define the elemental groupings for each component (factor). 

 
Component 

1 2 

V .980 .106 

Cr .930 .011 

Co .945 .036 

Ni .814 -.036 

Cu -.270 .724 
Zn -.340 .829 
As .849 .175 

Ba .887 .103 

Pb -.095 .606 
U .539 -.363 

Al .969 .077 

Fe .957 .201 

Mn .982 .016 

Ti .981 .091 

 
 
 
Table 11. Distribution of variance by PCA for the sand fraction of sediments from 
Ordnance Reef (HI-06).  

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of 
Variance 

Cumulative 
% Total % of 

Variance Cumulative % 

1 9.156 65.400 65.400 9.156 65.400 65.400 

2 1.819 12.994 78.394 1.819 12.994 78.394 
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Figure 17. Plot of Factor 1 loads against Factor 2 loads for the sand size fraction of 
sediments from Ordnance Reef (HI-06). The grouping to the far right of this diagram 
represents Factor 1. The grouping to the top represents Factor 2. 
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Figure 18. Plot of Factor 1 scores against Factor 2 scores for the sand size fraction of 
sediments from Ordnance Reef (HI-06). The majority of the sediment samples from the 
CON stratum plot in Factor 1 field (right section of the diagram). The majority of the 
sediment samples from the DMM stratum plot within the Factor 2 field (upper left of 
diagram). 
 

  c.  Combined Fractions of Sediments 

 Results of PCA for the weighted combination of the sand and silt-clay fractions 

are presented in Tables 12, 13, and 14. Not surprisingly, most elements display similar 

correlations to those described in the PCA results for the individual silt-clay and sand 

fractions. Table 12 also shows that Cu and Zn only correlate strongly with each other 

(i.e., excludes Pb), that Cd does not correlate with any other elements, and that Ca 

correlates strongly only with Mg and Sr. The PCA extracted 3 components for the 
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combined data set (Table 13). These factors explained 85.9 % of the variance of the data 

set (Table 14) with Factor 1 explaining 63.8 % alone. The factor loads from Table 13 are 

also shown in Figure 19. The first factor groups V, Cr, Co, Ni, As, Ba, Al, Fe, Mn, and 

Ti. Factor 2 includes Cu and Zn. Factor 3 contains Ca and Sr.  The factor scores shown in 

Figure 20 derive from the weighting of each element in the various groupings and show 

how each sample fits within the context of the individual principal components. The 

sediments from the CON stratum plot distinctly within the field of Factor 1, except for 

samples CON 34 and 35 samples, which are both inversely correlated to Factors 1 and 2. 

Sediments from the DMM stratum largely plot in the field for Factor 2 (see Figure 20), 

whereas sediments from the NPS stratum do not show significant scores for either 

Factors 1 or 2, as previously described for the silt-clay fraction.  
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Table 12. Inter-element correlation coefficients for the combined fraction of sediment samples collected during April and September 2009 
in the Ordnance Reef (HI-06) area of the Wai'anae Coast. The R2 values in bold represent elements with more than 70 % correlation (R2 = 
.49) (N= 76). 

 V Cr Co Ni Cu Zn As Cd Ba Pb U Al Ca Fe Mg Mn Sr 
Cr .938                 
Co .902 .865                

Ni .730 .750 .864               

Cu -.202 -.232 -.208 -.310              

Zn -.242 -.317 -.267 -.252 .580             

As .848 .721 .759 .540 -.118 -.152            

Cd -.230 -.229 -.254 -.220 .003 .015 -.267           

Ba .885 .837 .849 .678 -.172 -.190 .681 -.285          

Pb .002 -.035 -.015 -.021 .228 .429 .014 -.045 .013         

U .455 .465 .488 .399 -.289 -.462 .451 -.223 .414 -.024        

Al .954 .871 .878 .697 -.215 -.257 .858 -.179 .857 -.058 .475       

Ca -.115 -.159 -.088 -.085 .161 .219 -.172 .211 -.128 .095 -.315 -.059      

Fe .943 .874 .891 .720 -.136 -.146 .844 -.192 .866 -.014 .388 .965 -.018     

Mg .255 .194 .231 .148 .347 .419 .256 -.033 .165 .201 -.324 .238 .603 .351    

Mn .944 .884 .908 .731 -.247 -.322 .859 -.210 .848 -.079 .468 .964 -.064 .956 .273   

Sr .251 .212 .267 .158 -.239 -.290 .222 .143 .120 -.060 .430 .346 .496 .264 .116 .323  

Ti .958 .900 .900 .738 -.212 -.259 .826 -.176 .875 -.046 .434 .983 -.064 .976 .285 .977 .278 
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Table 13. Component coefficients for the combined fraction of sediments from Ordnance 
Reef (HI-06). Bold values highlight the strongest correlations between each element and the 
given factor and define the elemental groupings for each component (factor). 

 1 2 3 

V .975 .086 -.021 

Cr .930 .005 -.084 

Co .945 .037 -.003 

Ni .797 -.068 -.071 

Cu -.274 .820 .120 

Zn -.317 .820 .131 

As .847 .152 -.037 

Ba .892 .132 -.096 

Al .972 .054 .072 

Ca -.105 .099 .913 
Fe .963 .175 .068 

Mn .979 .005 .046 

Ti .980 .070 .030 

Sr .303 -.383 .780 

 
Table 14. Distribution of variance by PCA for the combined fraction of sediments from 
Ordnance Reef (HI-06).  

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 8.927 63.763 63.763 8.927 63.763 63.763 

2 1.593 11.376 75.139 1.593 11.376 75.139 

3 1.510 10.782 85.922 1.510 10.782 85.922 
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Figure 19. Plot of Factor 1 loads against Factor 2 loads for the combined fraction of 
sediments from Ordnance Reef (HI-06). The grouping to the far right of this diagram 
represents Factor 1. The grouping to the top represents Factor 2 and the grouping in the 
center of the diagram represents Factor 3. 
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Figure 20. Plot of Factor 1 scores against Factor 2 scores for the combined fraction of 
sediments from Ordnance Reef (HI-06). The majority of the sediment samples from the 
CON stratum plot in Factor 1 field (right section of the diagram). The majority of the 
sediment samples from the DMM stratum plot within the Factor 2 field (upper left of 
diagram). 
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VI.   Principal Component Analysis for Biological samples 

Results of PCA of trace element compositional data for the biota are presented in 

Tables 15, through 26. Each type of biota (e.g., crab vs limu) has been treated separately 

for the PCA analysis as each type of organisms displays different concentrations ranges 

and different elemental distributions. 

a. Biota: he'e (Octopus) 

 Results of PCA for the octopus tissue are presented in Tables 15, 16, and 17, and 

Figures 23, 24 and 25. The elements that have the strongest positive correlations are Cu 

and Cd (R2 = 0.943), Zn and Cu (0.916), and Co and Cd (0.905). The strongest negative 

correlations are for V and Cr (R2 = -0.690), and V and As (-0.548). Table 15 also shows 

that Ba, Pb and Hg correlate with no other elements, that As correlates with Cr and anti-

correlates with V, and that V only anti-correlates with As and Cr. The PCA extracted 2 

components for the octopus tissue (Table 16). These factors explained 82.0 % of the 

variance of the data set (Table17) with Factor 1 explaining 61.7 %. The factor loads from 

Table 16 are also shown in Figure 21. The first factor groups Cd, Cr, Co, Cu, Sr and Zn. 

Factor 2 only includes As. The factor scores are shown in Figure 22. The samples are 

shown for each site and also for both of the sampling seasons. One can observe that the 

octopus samples are grouped more by seasons than by strata. 
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Table 15. Inter-element correlation coefficients for the Octopus tissue samples collected 
during April and September 2009 in the Ordnance Reef (HI-06) area of the Wai'anae Coast. 
The R2 values in bold represent elements with more than 70 % correlation (R2 = .49) (N = 
36). 
 As Ba Cd Cr Co Cu Pb Hg Ni Se Sr V 

Ba .153            

Cd .222 .060           

Cr .621 .212 .570          

Co .476 .083 .905 .710         

Cu .133 .021 .943 .446 .804        

Pb -.167 -.070 .140 -.092 .081 .255       

Hg .034 .298 .121 -.022 .039 .164 .181      

Ni .091 -.017 .705 .438 .553 .660 .058 .109     

Se .220 -.039 .702 .362 .689 .747 .149 -.081 .582    

Sr .122 .119 .441 .621 .463 .390 .139 .155 .424 .183   

V -.548 -.175 -.149 -.690 -.330 -.066 .057 .146 -.015 -.157 -.277  

Zn .036 .052 .866 .306 .667 .916 .183 .174 .686 .695 .263 .040 

 
Table 16. Component coefficients for the Octopus tissues from Ordnance Reef (HI-06). Bold 
values highlight the strongest correlations between each element and the given factor and 
define the elemental groupings for each component (factor). 

 
Component 

1 2 

Cr .745 .574 

Co .940 .091 

Cu .905 -.371 

Zn .806 -.506 

As .404 .749 
Cd .955 -.234 

Sr .582 .262 

 
Table17. Distribution of variance by PCA for the Octopus tissues from Ordnance Reef (HI-
06). 

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 4.322 61.739 61.739 4.322 61.739 61.739 

2 1.416 20.230 81.970 1.416 20.230 81.970 
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Figure 21. Plot of Factor 1 loads against Factor 2 loads for Octopus tissue samples from 
Ordnance Reef (HI-06). The grouping to the far right of this diagram represents Factor 1. 
As is Factor 2, it is correlated to Cr with a R2 value of 0.621 in the correlation matrix (Table 
15). 
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Figure 22. Plot of Factor 1 scores against Factor 2 scores for the Octopus tissue samples 
from Ordnance Reef (HI-06). The majority of the samples collected during April are in the 
field of Factor 1 (right section of the diagram). The majority of the samples collected during 
September plot within the Factor 2 field (left section of the diagram). The single sediment 
sample from the DMM stratum collected in April, located at the bottom right corner of the 
above plot, has higher concentrations of Cu, Zn, Ni, Cd, Co and Pb, which draws it further 
into the field of Factor 1 than the rest of the samples. 
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  b.   Biota: weke (Goat Fish) 

 Results of PCA for the goat fish tissue are presented in Tables 18, 19, and 20, and 

Figures 26 and 27. The elements generally display weaker positive correlations than 

found for the octopus and sediment samples. The strongest positive correlations are 

between Zn and Sr (R2 = 0.447), then Sr and Ba (0.414), and Zn and Ba (0.361). The 

strongest negative correlation is between V and Cr (R2 = -0.826), as observed with the 

octopus tissue samples. Table 18 also shows that Cu does not correlated to any other 

elements. The PCA extracted 2 components for the goat fish tissue (Table 19). These 

factors explained 52.8 % of the variance of the data set (Table 20) with Factor 1 only 

explaining 32.1 %. The factor loads from Table 19 are also shown in Figure 23. The first 

factor groups Ba, Co, Pb, Sr and Zn. Factor 2 groups As and Cr. The factor scores shown 

in Figure 24 derive from the weighting of each element in the various groupings and 

show how each sample fits within the context of the individual principal components. 

The samples are shown for each site and also for both sampling seasons. 

Table 18. Inter-element correlation coefficients for the Goat Fish tissue samples collected 
during April and September 2009 in the Ordnance Reef (HI-06) area of the Wai'anae Coast. 
The R2 values in bold represent elements with more than 50 % correlation (R2 = .25) (N = 
79). 
 As Ba Cr Co Cu Pb Hg Ni Se Sr V 

Ba -.081           

Cr .196 .188          

Co .281 .041 .234         

Cu -.114 .229 -.024 .000        

Pb .123 .243 .275 .298 .066       

Hg .118 .013 .039 .136 .142 .059      

Ni -.001 .077 -.013 .062 .083 .019 .290     

Se .276 .001 .260 .400 -.100 .187 .124 .141    

Sr -.017 .414 -.013 .237 .021 .355 .031 -.015 .108   

V -.142 -.188 -.826 -.252 .066 -.288 -.064 -.066 -.266 -.163  

Zn -.106 .361 .087 .206 .025 .196 -.263 -.068 .052 .447 -.168 
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Table 19. Component coefficients for the Goat Fish tissues from Ordnance Reef (HI-06). 
Bold values highlight the strongest correlations between each element and the given factor 
and define the elemental groupings for each component (factor). 

 
Component 

1 2 

Cr .401 .493 
Co .532 .488 

Zn .650 -.373 

As .142 .742 
Ba .628 -.363 

Pb .661 .213 

Sr .726 -.321 

 
Table 20. Distribution of variance by PCA for the Goat Fish tissues from Ordnance Reef 
(HI-06). 

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 2.245 32.068 32.068 2.245 32.068 32.068 

2 1.451 20.731 52.798 1.451 20.731 52.798 
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Figure 23. Plot of Factor 1 loads against Factor 2 loads for Goat Fish tissue samples from 
Ordnance Reef (HI-06). The grouping to the far right of this diagram represents Factor 1. 
The grouping to the top represents Factor 2; As and Cr, however, are only weakly 
correlated with a R2 value of 0.196 in Table 18. 
 



 

 73

 
Figure 24. Plot of Factor 1 scores against Factor 2 scores for the Goat Fish tissue samples 
from Ordnance Reef (HI-06). The majority of the samples collected during April plot in the 
Factor 1 field (right section of the diagram). The majority of the samples collected during 
September plot within the left section of the diagram, anti-factor 1. 

  c.   Biota: Kona crab 

 Results of PCA for the Kona crab tissue are presented in Tables 21, 22, and 23, 

and Figures 28 and 29. There are few elements with strong positive correlations. The 

strongest positive correlations are between Sr and Ba (R2 = 0.759), then Zn and Cu 

(0.661), then As and Zn (0.637), and As and Cu (0.505) (Table 21). The strongest 

negative correlation is between Zn and Hg (R2 = -0.333). The PCA extracted 2 
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components for the Kona crab tissue (Table 22). These factors explained 61.0 % of the 

variance of the data set (Table 23), with Factor 1 only explaining 39.0 %. The factor 

loads from Table 22 are also shown in Figure 25. Factor 1 groups As, Ba, Cu, Sr and Zn. 

Factor 2 groups Cd and Co. The factor scores are shown in Figure 26. The samples are 

shown for each site and also for both sampling seasons. 

Table 21. Inter-element correlation coefficients for the Kona crab tissue samples collected 
during April and September 2009 in the Ordnance Reef (HI-06) area of the Wai'anae Coast. 
The R2 values in bold represent elements with more than 70 % correlation (R2 = .49) (N = 
28). 
 As Ba Cd Co Cu Hg Se Sr 

Ba .147        

Cd .122 -.085       

Co -.018 .026 .465      

Cu .505 .353 .147 .152     

Hg .172 -.329 -.207 -.330 -.280    

Se .026 .012 .149 .372 .230 .183   

Sr .298 .759 -.013 .038 .360 -.188 .230  

Zn .637 .179 .118 .113 .661 -.333 .162 .310 

 
Table 22. Component coefficients for the Kona crab tissues from Ordnance Reef (HI-06). 
Bold values highlight the strongest correlations between each element and the given factor 
and define the elemental groupings for each component (factor). 

 Component 

 1 2 

Cu .813 .124 

Zn .788 .187 

As .712 .116 

Ba .610 -.505 

Sr .704 -.423 

Cd .189 .768 
Co .191 .675 

 
Table 23. Distribution of variance by PCA for the Kona crab tissues from Ordnance Reef 
(HI-06). 

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 2.729 38.987 38.987 2.729 38.987 38.987 

2 1.543 22.042 61.029 1.543 22.042 61.029 
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Figure 25. Plot of Factor 1 loads against Factor 2 loads for Kona crab tissue samples from 
Ordnance Reef (HI-06). The grouping to the far right of this diagram represents Factor 1. 
The grouping to the top represents Factor 2. 
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Figure 26. Plot of Factor 1 scores against Factor 2 scores for the Kona crab tissue samples 
from Ordnance Reef (HI-06). Most of the samples from each season group tightly near the 
center of the plot. Three samples from the September 2009 sampling plot distinctly in the 
upper Factor 2 field, and two samples from April plot in the anti-factor 1 and anti-factor 2 
field. 
 

  d.   Biota: Limu Kohu (seaweed) 

 Results of PCA for the limu kohu tissue are presented in Tables 24, 25, and 26, 

and Figures 28 and 29. The elements that have the strongest positive correlations are Cu 
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and Zn (R2 = 0.972), Ni and Co (0.919), and Sr and Cr (0.911). The strongest, albeit very 

low, negative correlation is between V and Cu (R2 = -0.173).  

Table 24 also shows that Cu and Zn only correlate with each other, and that As does not 

correlate strongly with any elements. The PCA extracted 2 components for the limu kohu 

(Table 25). These factors explained 86.7 % of the variance of the data set (Table 26), 

with Factor 1 explaining 57.8 % of the variance. The factor loads from Table 25 are also 

shown in Figure 27. The first factor groups Ba, Co, Cr, Pb and Sr. Factor 2 only includes 

Cu and Zn. The factor scores are shown in Figure 28. The samples are shown for each 

site and also for both sampling seasons; the limu samples distribute themselves by 

seasons more than by strata. 

 
Table 24. Inter-element correlation coefficients for the Limu Kohu samples collected during 
April and September 2009 in the Ordnance Reef (HI-06) area of the Wai'anae Coast. The R2 
values in bold represent elements with more than 70 % correlation (R2 = .49) (N = 34). 
 As Ba Co V Ni Pb Cr Cu Se Sr 

Ba .266          

Co .109 .744         

V .040 .311 .642        

Ni .157 .739 .919 .485       

Pb .128 .507 .656 .833 .607      

Cr .165 .691 .884 .644 .910 .790     

Cu -.081 .065 -.152 -.173 -.008 -.031 .096    

Se .255 .706 .644 .387 .741 .588 .700 -.096   

Sr .241 .768 .863 .628 .828 .752 .911 -.105 .769  

Zn -.099 .072 -.142 -.159 .004 -.006 .109 .972 -.102 -.112 
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Table 25. Component coefficients for the Limu Kohu from Ordnance Reef (HI-06). Bold 
values highlight the strongest correlations between each element and the given factor and 
define the elemental groupings for each component (factor). 

 
Component 

1 2 
Cr .953 .149 
Co .930 -.108 
Cu -.054 .991 
Zn -.044 .992 
Ba .820 .119 
Pb .821 .023 
Sr .961 -.063 

 
 
Table 26. Distribution of variance by PCA for the Limu Kohu tissues from Ordnance Reef 
(HI-06). 

Component 
Initial Eigen values Extraction Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 4.047 57.818 57.818 4.047 57.818 57.818 

2 2.018 28.831 86.649 2.018 28.831 86.649 
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Figure 27. Plot of Factor 1 loads against Factor 2 loads for Limu Kohu samples from 
Ordnance Reef (HI-06). The grouping to the far right of this diagram represents Factor 1. 
The grouping at the top represents Factor 2. 
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Figure 28. Plot of Factor 1 scores against Factor 2 scores for the Limu Kohu samples from 
Ordnance Reef (HI-06).  
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Chapter IV: Discussion 

I.   Sediment size distribution  

Because the natural chemical composition of marine sediment derives from the 

respective contributions from materials of different origin, mineralogy and particle size 

(Libes, 1992), examining the particle size distribution in concert with the chemical 

composition of the sediment fractions can help elucidate sediment origin. Because the 

physical and chemical properties of clay mineral particles vary substantially from those 

of primary volcanic minerals or marine carbonates, separating the sediments into three 

size classes was thought sufficient to help identify and differentiate between the primary 

contributors to the composition of sediments at OR. Sediments collected at Ordnance 

Reef (HI-06) were therefore fractionated into the following fractions: silt-clay (< 63µm), 

sand (63 µm < x < 2 mm) and gravel (> 2 mm). 

 

The formation of marine sediments and their final composition depends on 

relatively few distinct processes. Particles that comprise marine sediments have two 

primary origins: They are either formed in situ as a product of biological, diagenetic, 

hydrogenetic, or hydrothermal activity or they are carried to the ocean from land (Libes, 

1992). Changes in sediment composition derived from diagenetic, hydrogenetic or 

hydrothermal activity are less important than the effects biogenic or terrigenous material 

and these processes are not an important contributor to coastal sediments in Hawai'i, 

except possibly for hydrothermal activity on the south-eastern portion of the Big Island of 

Hawai'i. Hence, the composition of Hawaiian coastal sediments is primarily controlled by 

marine biological processes and the occurrence and weathering of basalts, to which may 
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be added a contribution from human activities near or in the ocean (De Carlo, personal 

communication). Prior work in the study area had shown that terrigenous particle size and 

composition are also influenced in part by the source of the materials: urban, agricultural, 

industrial and conservation lands (Cox et al., 2007). Distance from shore and water 

depth, and physical processes in the ocean also have important implications regarding 

which of these sources predominates. Finally, anthropogenic activities have been well 

documented to affect the abundance, particle size and composition of marine coastal 

sediments (De Carlo et al, 2004, 2007; Hoover and Mackenzie, 2009; Lau, 1972). 

 

The size distribution of sediments at each site reflects the variability in the 

predominant processes that influence the deposition of sediment. The silt/clay, sand and 

gravel distribution depends on the wave energy, depth and extent of coastal runoff for 

each site, among other factors. It is important to note, however, that the particle size 

distribution of some samples is biased by the approach/method of collection of the 

samples. Because the Ordnance Reef (HI-06) area is characterized by abundant hard 

substrate coverage, including reef flat and actual live coral coverage, the abundance of 

sediment is relatively sparse. Hence, samples were sometimes collected from depressions 

in the hard bottom areas where sediment could accumulate and not be washed away by 

bottom currents. Various studies have documented that the Wai'anae coast is a highly 

energetic environment with both relatively strong tidal currents and water movement 

induced by large swells from the northwest in the winter and from the south during the 

summer (Bienfang and Brock, 1980). Such currents should readily transport and disperse 

fine grained sediments while preferentially retaining coarser sediments. Thus, one would 
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expect that larger particles of calcareous matter and volcanic materials would be more 

abundant than clay-silt sized materials. Thus, sediments from Ordnance Reef (HI-06) are 

overwhelmingly dominated by a large abundance of sand and gravel-sized particles. A 

notable exception is the WWTP stratum, where a slightly higher proportion of silt/clay 

(4.7 %, Figure 4) was observed, likely due to the proximity of input of fine-grained 

material from the outfall of the WWTP discharge pipe.  

II.   Factors that influence the composition of sediments 

As mentioned above, the composition of Hawaiian coastal sediments is governed 

by inputs from a few sources of materials. The delivery of the physical and chemical 

weathering products of volcanic rocks and biogenic production of marine organisms are 

the dominant factors controlling the composition of coastal sediments, but post 

depositional diagenetic alteration of marine carbonates and inputs of dissolved or 

particulate materials associated with human activities can also alter the concentrations of 

elements in nearshore marine sediments. The coast of Wai'anae, as described in the 

Background section, is fringed by coral reefs. Hence the principal natural sources of 

materials to the coastal sediments in the Ordnance Reef (HI-06) area include basalt 

particles and soils from the surrounding land that enter the ocean through runoff and 

coastal erosion, and calcium carbonate derived from reef organisms (De Carlo, 2006). 

 

Volcanic islands are affected by both physical weathering (e.g., erosion) and 

chemical weathering (e.g., dissolution/precipitation reactions). Physical weathering, as its 

name implies, involves the mechanical break-up of rock, while chemical weathering 

involves various chemical reactions that these rocks undergo; the products depend on the 
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original composition, the temperature and the abundance of rainfall (Libes, 1992). Soils 

on volcanic islands therefore include mineral particles derived from both types of 

weathering. The materials that were formed by weathering can subsequently be delivered 

to the ocean by storm-driven freshwater pulses. These types of events largely dominate 

the transfer of terrestrial matter from land to the coastal ocean of Hawai'i (Tomlinson and 

De Carlo, 2003; Hoover and Mackenzie, 2009). Changes in land use also have a 

significant effect on weathering, hence on the composition of the terrestrial material 

entering the coastal environment, as it changes the erosion patterns on land and the 

amount of organic matter transferred.  

By definition, trace elements (TE) are present at very low concentrations, 

generally in association with substances composed made of other (major constituent) 

elements. Although some TE are found in very low concentrations, volcanic rocks are 

notably enriched in certain mineral phases that host high concentrations of Co, Cr, Ni, 

and V (Table 27, Kabata-Pendias, 2001, Norman et al., 2004 and Karner et., 2003) 

compared with many other (e.g., continental) terrigenous materials and marine biogenic 

sediments. The abundance of these particular TE in marine sediments of Hawai'i is 

therefore a good indicator of the abundance of mafic volcanic minerals rather than 

suggesting pollution inputs as is often the case in continental settings (NOAA SQG, 

2006). One particular example is Cr, which occurs in relatively high concentrations in the 

mineral pyroxene and, to a lesser extent, in olivine, both common constituents of basalt in 

the Hawaiian Islands (Frey et al., 1994). Chromium, however, is typically present in very 

low abundance in granitic rocks and soils formed on such substrates (Table 27). 
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Table 27. Concentrations of Co, Ni, Cr and V in rocks. 

 
Co 

(ppm) 
Ni      

(ppm) 
Cr      

(ppm) 
V   

(ppm) References 
Mafic rocks, Basalts 35 – 50 130- 160 170- 200 200- 250 Kabata-Pendias, 2001 

Ultramafic rocks 100- 200 1400- 2000 1600- 3400 40-100 Kabata-Pendias, 2001 

Olivine from terrestrial basalt suite, HI 289 2670 333.0 11.8 Karner et al., 2003 

Ko'olau glass, Hawai'i  71- 144 196- 672 197-294 Norman et al., 2004 

Alkalic Basalt, Mauna Kea, HI  137- 151 127-129 267- 271 Huang and Frey, 2003 

Ko'olau glass, Hawai'i  75- 769 253- 801 159- 263 Haskins and Garcia, 2004 

Tholeiitic basalt, Wai'anae range, HI  401 628  McMurtry et al., 1995 

Granites 1 - 15 5 - 15 4 - 22 15 - 25 Kabata-Pendias, 2001 

 
Biogenic sediments are composed of (non-living) particles that were synthesized 

by marine organisms. Most of the biogenic sediments are fragments of shells, 

exoskeletons (Libes, 1992) or the structural make-up of calcifying species that sink 

through the water column upon the death of the host organism. In shallow, marine 

Hawaiian sediments, carbonates (calcite, high magnesian-calcite and aragonite) are the 

predominant biominerals (Morse and Mackenzie, 1990). In particular, shallow-water 

carbonate-rich sediments such as those present at Ordnance Reef (HI-06) are composed 

principally of aragonite. As a result of this mineralogical predominance, two elements 

whose composition is well constrained in such sediments include Ca and Sr. 

III.   Origins of sediments in Ordnance Reef (HI-06) 

Principal Component Analysis (PCA) was applied to the elemental compositions 

of Ordnance Reef (HI-06) sediments and biota samples to evaluate elemental 

associations. These can be then used to help elucidate the contributions from carrier 

phases such as marine carbonates, land derived materials, as well as urban pollution and 

the DMM. To some extent, these data can also be helpful to evaluate how the TE content 
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of the biota samples collected as part of this study relate to various sources of these 

elements.  

  a.   Sediment PCA  

Application of PCA to the sediment data for the clay-silt fraction produced three 

principal factors. Although application of PCA individually to the sand and the combined 

fractions data extracted four factors, the fourth factor only included Sr and Pb for the 

sand fraction and Pb and U for the combined fraction. These, however, are not likely 

meaningful factors because the elements in each of these respective factors are not 

significantly correlated (see Tables 9 and 12, R2= -0.118 and R2= -0.024, respectively). 

These elements were combined by the PCA because they were not strongly related to any 

other elements, therefore defining what we deem to be an “anti-factor”. The identification 

of such a factor, which has no physical significance, demonstrates one of the weaknesses 

of this otherwise powerful statistical tool. The first factor extracted for each size fraction 

of the sediments from Ordnance Reef (HI-06) is interpreted to represent metals which do 

not have considerable anthropogenic contributions and whose concentrations likely 

derive from terrigenous sources such as volcanic minerals and their weathering products, 

consisting mainly of aluminosilicate minerals, iron oxyhydroxides, and hydrous 

aluminum oxides. The elements V, Cr, Co, Ni, As, Ba, Al, Fe, Mn and Ti are thus 

thought to derive principally from volcanic rocks, consistent with the hypothesized 

mineralogical control for their distribution (Factor 1). Factor 2 includes Zn, Cu and Pb 

and is interpreted to represent anthropogenic enrichments, in particular from DMM. This 

interpretation is consistent with Figures 15, 18 and 21, in which most of the DMM 

samples are grouped together in the field for this factor. Factor 3 grouped Ca, Sr, Cd and 
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U. This factor is interpreted to represent the contributions of marine carbonate minerals to 

the sediment composition. Here, Cd and U are also considered of marine origin, although 

in some other studies they have been considered to represent other input sources. It has 

been long known in the oceanographic community that both these elements are associated 

with marine phases. Boyle and colleagues (i.e. Reuer et al., 2003, Kelly et al., 2009, 

Rosenthal et al., 1995), for example, have proposed the use of Cd concentrations in 

foraminifera-rich sediments as indicators of past biological productivity. Uranium forms 

the uranyl carbonate ion in seawater (Meleshyn et al., 2009; Kerisit and Liu, 2010) and 

has also been reported to be incorporated into marine carbonate sediments. In this study, 

both elements display rather low concentrations (< 2 ppm in sediments) and do not show 

any evidence of association with elements derived either from terrigenous or 

anthropogenic inputs. Thus, they likely derive from the surrounding waters. The lack of a 

difference in concentrations of Cd or U between the sites and strat is consistent with this 

hypothesis.  

As shown in factor score figures (Figures 15, 18, 21), samples from the CON 

stratum are most strongly influenced by the (natural) terrigenous inputs consisting of 

volcanic rocks and soils. The sediments from the DMM stratum, however, are most 

strongly enriched in Cu, Zn and Pb (Factor 2). Excessive enrichment of these elements, 

above what is typically found in Hawaiian volcanic rocks and soils is thought to reflect 

input from deterioration of the munitions. It was also hypothesized that the 

concentrations of these elements would decrease sharply as a function of distance away 

from the munitions (Figure 29). Although concentrations do decrease as a function of 

distance from the munitions for some sediments transects collected during the April field 
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sampling (Figure 29), for others, the concentrations of COPC and Zn actually increase 

when moving away from the munitions. We can hypothesize that the currents transported 

fragments of deteriorating munitions and increased the concentrations of COPC and Zn in 

sediments farther afield than expected. During normal trade wind conditions and on a 

rising tide, current flow is from the northwest toward the southeast, parallel to the 

coastline, with a velocity of about one knot (Bienfang and Brock, 1980). This current 

reverses during falling tide conditions, flowing from the southeast to northwest at 

somewhat higher velocities of about 1.5 knots. The currents associated with the tides 

increase the chance of dispersal of munition fragments around the visible munitions. 

Alternatively currents could also potentially move (i.e., roll) the small cylindrical 

munitions away from where they were originally located, leaving behind the small 

fragments of DMM that are incorporated into the sediments. The latter process would 

increase the amounts of COPC and Zn in sediments further form where the munitions are 

found now. Nevertheless, the influence of the DMM at Ordnance Reef (HI-06) on the 

composition of sediments is very localized, because it is only in the vicinity of some 

munitions that we observe large increases in the COPC Cu and Pb, and Zn 

concentrations. This makes sense because corrosion and deterioration of the munitions 

creates fragments that should deposit close to where they originate and transport of this 

material should be limited as most munitions fragments observed in the sediments are 

relatively coarse and would require relatively strong currents to be carried away from 

their source. Interestingly, sediments from the WWTP and NPS sites display a stronger 

compositional control related to marine carbonates than sediments from the other two 

strata (CON, DMM). Marine carbonates, nevertheless, are the predominant constituents 
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in all samples/strata (fringing reef) from OR. Hence, the elements associated with CaCO3 

will dominate the sediment composition for the overall study area. Because marine 

carbonates and associated elements are present at all the sites, they contribute relatively 

little to the variance of the compositional data set as analyzed by PCA. With this in mind, 

a small contribution of DMM derived material or terrigenous material actually 

contributes to a larger variability in composition of the sediments. Hence, the factors 

associated with DMM and terrigenous materials account for a greater fraction of the 

variance of the entire data set.                      .                                                            .
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Figure 29. Elemental concentrations of COPC and Zn for all combined DMM samples 
during the April and September sampling seasons: As in the upper left, Cu in the upper 
right, Pb in the bottom left and Zn in the bottom right
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Figure 29. (Continued) Elemental concentrations of COPC and Zn for all combined DMM 
samples during the April and September sampling seasons: As in the upper left, Cu in the 
upper right, Pb in the bottom left and Zn in the bottom right.
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Log-log diagrams of elemental concentrations can also be used to evaluate 

relationships between individual elements across broad ranges of concentrations and to 

assess how variations may relate to sampling sites/strata where the sediments were 

originally collected. Figures 30, 31 and 32 illustrate how the concentrations of As, Cu, 

Zn, Pb, Fe, Al and Cr vary between the various sediment size fractions. It has already 

been established that Al, Fe and Cr in sediments from Ordnance Reef (HI-06) are derived 

predominantly from land through the weathering of volcanic rocks. This is substantiated 

in Figures 30, 31 and 32, where concentrations of Fe, Cr and Al display a strong linear 

correlation across all sampling sites. A notable exception is found in the samples from the 

DMM area, most of which display slight enrichment in Fe over Al, suggesting that some 

of the Fe in these samples derives from the DMM. In order to identify any contributions 

of As, Cu, Zn and Pb from other than natural sources, the concentrations of these 

elements can be normalized to a reference (unreactive) element such as Al, Fe or Ti 

(Schropp et al., 1990; Summers et al., 1996; Schiff and Weisberg, 1999; Li, 2000). These 

three elements are thought to represent natural terrigenous inputs (Figures 30, 31 and 32). 

Also shown in the diagrams below is a line for each element defined by the ration of 

concentrations of the given TE to Al in background marine carbonate sediment described 

by De Carlo and Anthony, 2002.                                                        .
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Figure 30. Log-log diagrams of the concentrations of As, Cu, Zn, Pb, Fe, and Cr versus Al in the silt-clay size fraction of sediments from 
OR. The top row shows from left to right: As, Cu and Zn. The bottom row shows from left to right: Pb, Fe and Cr. Note that selected 
samples from the DMM stratum display high concentrations in Cu, Zn, Pb relative to samples from other sites/strata and that there 
appears to be very little covariance between the COPC and Zn in these samples and Al, implying an other than natural origin. The 
bottom row also shows scatters diagrams of elements with strong linear correlation between Fe, Cr and Al in the silt-clay size sediments, 
indicating that the elements most likely derive from natural sources in all four Ordnance Reef (HI-06) strata. The line in each diagram 
represents the ratio of the given elements in background marine carbonate sediment concentrations from De Carlo and Anthony (2002). 
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Figure 31. Log-log diagrams of the concentrations of As, Cu, Zn, Pb, Fe, and Cr versus Al in the sand size fraction of sediments from OR. 
The top row shows from left to right: As, Cu and Zn. The bottom row shows from left to right: Pb, Fe and Cr. Note that selected samples 
from the DMM stratum display high concentrations in Cu, Zn, Pb relative to samples from other sites/strata and that there is to be very 
little covariance between the COPC and Zn in these samples and Al, suggestive of an other than natural origin. The correlations between 
elements, however, are poorer than in the silt-clay size fraction, possibly because the sand fraction is less homogeneous and variable 
concentrations of elements represent a greater mixture of sources. The line on each diagram represents the ratio of concentrations of these 
elements in background marine carbonate sediment described by De Carlo and Anthony (2002). 
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Figure 32. Log-log diagrams of the concentrations of As, Cu, Zn, Pb, Fe, and Cr versus Al in the combined size fraction of sediments from 
OR. The top row shows from left to right: As, Cu and Zn. The bottom row shows from left to right: Pb, Fe and Cr. Note that selected 
samples from the DMM stratum display high concentrations in Cu, Zn, Pb relative to samples from other sites/strata and that there is 
very little covariance between the COPC and Zn in these samples and Al, suggestive of an other than natural origin. The distributions of 
each element within the sites are very similar to the sand fraction as it is the main fraction of most samples. The line on each diagram 
represents the ratio of concentrations of these elements in background marine carbonate sediment described by De Carlo and Anthony 
(2002).

0.01

0.10

1.00

10.00

100.00

0.01 0.10 1.00 10.00Al (%)

A
s 

(%
)

CON DMM

NPS WWT

0.01

0.10

1.00

10.00

100.00

1000.00

10000.00

0.01 0.10 1.00 10.00
Al (%)

C
u 

(p
pm

)

CON DMM
NPS WWT

0.1

1.0

10.0

100.0

1000.0

0.01 0.10 1.00 10.00Al (%)

Zn
 (p

pm
)

CON DMM

NPS WWT

0.01

0.10

1.00

10.00

100.00

1000.00

0.01 0.10 1.00 10.00Al (%)

Pb
 (p

pm
)

CON DMM

NPS WWT

0.0

0.1

1.0

10.0

0.01 0.10 1.00 10.00Al (%)

Fe
 (%

)

CON DMM

NPS WWT

1

10

100

1000

0.01 0.10 1.00 10.00Al (%)

C
r (

pp
m

)

CON DMM

NPS WWT



 

 96

 
 

Figures 30, 31 and 32 clearly show enrichments in As, Cu, Zn and Pb relative to 

what might be expected from natural terrigenous sources, which should fall along or very 

near the line shown in these figures. The most extreme enrichments in the COPC and Zn 

occur in selected sediment samples from the DMM stratum. To a lesser extent these 

elements are also enriched above the inferred natural level in sediments collected from the 

WWTP stratum (for Cu, Zn and Pb), and from the CON stratum (for As). Clearly the 

elevated Cu, Zn and Pb concentrations in sediment from the various DMM sites are not 

derived from natural inputs as they do not define a linear correlation with Al (R2 < 0.06). 

It is important to note that, although concentrations of COPC and Zn are about an order of 

magnitude lower in sediment samples from the WWTP stratum, some of the Cu, Zn and 

Pb concentrations found in theses samples are also above the background concentrations 

expected in Ordnance Reef (HI-06) sediments based only on natural inputs. This 

observation strongly suggests that Cu, Zn and Pb at the WWTP site have yet another 

anthropogenic origin, although the source is likely not discarded military munitions. It is 

hypothesized that the enrichments in these elements reflect (anthropogenic) inputs from 

the WWTP outfall pipe rather than NPS runoff from land because most sediment samples 

from the NPS stratum display very low concentrations of Cu, Pb and Zn (Table 3). 

Examination of the scatter diagram of the concentrations of Cu against those of Zn 

in the combined size fraction of sediments from Ordnance Reef (HI-06) (Figure 33) 

reveals several interesting features. First, concentrations of Cu and Zn in sediments from 

the CON sites fall close to but below the Cu/Zn ratio of concentrations expected in 

sediments based on the work described by De Carlo and Anthony (2002) but also define a 
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very linear trend. A similar but slightly less well constrained trend line is defined by 

sediments from the WWTP sites, although several fall above the line shown in Figure 33. 

These two observations suggest potentially natural origins for Cu and Zn elements in these 

two strata, but with a ratio of Cu to Zn lower than observed in the work of De Carlo and 

Anthony (2002), hence slightly different source materials. This is not entirely surprising as 

these authors’ work describes sediments from Honolulu rather than from the Wai'anae 

area. Examination of Figure 32 also reveals that all the sediment samples from the WWTP 

are enriched over what is thought to be consistent with natural inputs, based on ratios of 

these elements (Cu and Zn) to the Al content of the sediments as described by De Carlo 

and Anthony (2002); thus some external and non-natural source of these elements can be 

assumed to exist. Moreover, the Fe/Al line in Figure 32 shows a linear trend for all 

samples except DMM, so there must be some Fe input from the DMM, such as the 

corrosion of the munitions. Second, many of the sediment samples from the NPS sites 

appear to extend the trend defined by the CON samples towards lower concentrations of 

both elements, although some show even lower Cu/Zn ratios than expected, suggesting a 

proportionally greater enrichment in Zn than in sediment samples from the CON area. 

Third, sediments from the DMM sites are considerably more enriched in Cu than in Zn 

based on the ratio derived from the work of De Carlo and Anthony (2002) and all cluster 

in a field above the Cu/Zn line. Overall, the concentrations of Cu and Zn for samples from 

the CON, NPS and WTTP sites are within the range of these elements found in other 

studies done in Hawai'i (e.g., De Carlo et al., 2004, 2005). These authors have 

hypothesized that there are other sources for Cu and Zn in urban areas, with Zn mostly 

derived from automotive tire wear on road surfaces, and Cu mostly derived from brake 
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pads (e.g., Armstrong, 1994). Both elements are then delivered to the nearshore 

environment by runoff (e.g., De Carlo et al., 2004). Overall, the concentrations of Cu and 

Zn are up to several orders of magnitude higher in the sediments from the DMM sites than 

in those from other areas, suggesting a distinct source of these elements. Clearly, the main 

difference between the DMM and the other strata is the presence or absence of munitions. 

Considering the metal compositions of the munitions casings and the amount of munitions 

discarded at OR, as reported by the US government (MIDAS, 2010), the greater 

enrichment of Cu than Zn in sediments from the DMM sites is consistent with the greater 

amount of Cu compared to Zn in the munitions discarded there. The MIDAS report 

approximated the overall percentage of Cu and Zn in the disposed munitions throughout 

the (entire) Ordnance Reef (HI-06) area of about 2.7% and 0.3 %, respectively, which can 

be further assume to approximately 1500 lbs of Cu and 190 lbs of Zn. For example, .50 

caliber cartridges contain 46.41% of Cu and 15.91% Zn, whereas 105mm projectiles 

contain 0.05 % of Cu and 0.01 % of Zn. Those are only estimates: the specific models of 

munitions are not known. 
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Figure 33. Log-log diagram of the concentrations of Cu versus Zn in the combined size 
fraction of sediments from OR. Note that selected samples from the DMM stratum display 
Cu enrichment compared to Zn. Most of the samples regardless of the strata are below the 
line, which represents the ratio of concentrations of these elements in background marine 
carbonate sediment described by De Carlo and Anthony (2002). 

 

Factor 2 from PCA, containing Cu, Pb and Zn, was interpreted to represent 

contributions from the DMM to elemental concentrations, however, anthropogenic inputs 

into the Ordnance Reef (HI-06) area are not limited to the DMM. High topographic relief 

and intense episodic rains over the Hawaiian Islands result in flashy runoff into streams 

and delivery of land derived material to the coastal areas (Tomlinson and De Carlo, 2003, 

Appendix C). Although rainfall is highly variable across the island and typically less 

intense over the Wai'anae Range than over the Ko'olau Range (e.g., Giambelucca et al., 

1984, 1986), it reaches more than 700 cm/yr over some mountainous areas. Short-term 

rain intensity can be more than 7 cm/hour, which exceeds the infiltration capacity of most 

land areas. The consequent storm-driven freshwater runoff pulses are known to dominate 
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the transfer of terrestrial matter from land to the coastal ocean in subtropical island 

environments (Tomlinson and De Carlo 2003; De Carlo et al. 2004 and 2007; Hoover 

and Mackenzie, 2009). These episodic freshwater pulses deliver not only sediment to the 

ocean, but also carry non-point source pollution, and transfer many TE across the land-

ocean interface. Prior work has shown that runoff from roads, urban areas and other 

developed land carries material with elevated concentrations of Cu, Pb and Zn to the 

coastal environment (Andrews and Sutherland, 2004; De Carlo et al., 1995, 1997, 2002, 

2004, 2005; and Sutherland and Tolosa, 2000 and 2001). Contributions from runoff 

would therefore be expected to be reflected in the composition of sediments found closest 

to shore. In this study, the NPS stratum was established specifically to test this 

hypothesis, as sediments recovered near the coastline during the 2006 NOAA study 

displayed considerable enrichment of selected trace elements (Cox et al., 2007). 

Similarly, the wastewater treatment plant in Wai'anae had been identified as a likely 

source of selected trace elements in the Ordnance Reef (HI-06) area during the same 

2006 study. The outfall pipe delivers treated domestic wastewater from the Wai'anae 

community into coastal waters and is therefore a potential source of COPC to the 

Ordnance Reef (HI-06) area. 

Table 28 gives an overview of the data for COPC, other TE, minor and major 

elements in sediment from Ordnance Reef (HI-06) and compares them to the 

concentrations found in volcanic rocks and suspended particulate matters in urban areas 

in Hawai'i (De Carlo et al., 2004) as well as in volcanic rocks from Hawai'i, including the 

Wai'anae range (Huang and Frey, 2003). It is evident that, overall, average concentrations 

in Ordnance Reef (HI-06) sediments are below the volcanic concentrations for Co, Mn, 
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Ni, Zn, Cu, U, V, Ti, Fe and Al. The maximum concentrations of most elements observed 

during this investigation are also lower than the values reported for volcanic rocks. Of 

course this should be the case, as volcanic materials represent only a small fraction of the 

sediments from Ordnance Reef (HI-06) (see discussion of Ca and CaCO3 content). The 

maximum concentration of Cu in sediments from Ordnance Reef (HI-06), however, is 20 

fold higher than in either rhyodacite or alkalic olivine basalt from the Wai'anae range 

(McMurtry et al., 1995 and Appendix C). It is also ten fold higher than measured in 

contaminated road deposited sediments (RDS) from Nu'uanu (Andrews and Sutherland, 

2004) and at least five times greater than in RDS from industrialized neighborhoods of 

Honolulu reported be De Carlo et al (2004). Considering that the Ordnance Reef (HI-06) 

sediments are predominantly marine in origin and that their Fe content is reflective of the 

small terrigenous or volcanic rock input, it can clearly be seen that the Cu content of 

these particular Ordnance Reef (HI-06) sediment samples is several orders of magnitude 

greater than it would be if all the Cu were of natural origin. The maximum concentration 

of Pb observed in our study is more than 25 times the concentration found in rhyodacite 

from Wai'anae (Herlicska, 1967 as cited in McMurtry et al., 1995). Hence, the same 

argument can be made for Pb as for Cu. Finally, the maximum Zn value reported here is 

only several folds higher than observed in olivine found in Hawai'i and substantially less 

than measured in contaminated RDS (Andrews and Sutherland, 2004; De Carlo et al., 

2004). Based on other data for volcanic rock/lateritic soils from around the Hawaiian 

Islands and contaminated areas in Hawai'i, Ordnance Reef (HI-06) data for Cu, Pb and 

Zn show that some samples are many times the levels expected in natural sediments and 

those in the other strata from the study.                       . 
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Table 28. Comparative concentration of TE, major and minor elements in volcanic matter and soils and sediment from urban 
environments around the Hawaiian. 

 ppm % 
 Co Mn Ni Sr Zn Cu Cr Ba Pb U V Ti Fe Al Ca Mg 
OR 2009 study (mean)                      (1) 5.6 74.1 49.2 2890 64.5 151 30.7 8.31 24.2 1.42 15.8 815 0.5 0.36 31 1.9 

OR 2009 minimum 0.2 0.1 ND 4 0.1 ND 10 ND ND ND 5 2 ND ND ND ND 

OR 2009 maximum 106 290 125 4010 398 2500 106 24 549 2.2 66 3500 2.2 1.5 36.8 2.7 

CON site (range) 3 -19 28 - 290 30 - 125 2610 - 4010 10 - 49 3 - 23 10- 106 3 - 23 3- 130 1.3-2.2 5 - 66 326 - 3477 0 -2.2 0 - 1.5 26 - 34 1.6 - 2.7 

DMM site (range) 1 - 5 18 - 38 0 - 63 2280 - 3110 13- 398 3- 2500 10 - 26 1 - 15 1- 549 ND-1.4 5 – 11 211 – 411 ND - 1 0.1- 0.2 27 - 37 1.4 - 2.6 

NPS site (range) 1 - 11 0.1 - 75 ND - 74 4 - 3570 0.1 -18 ND-4 13 - 30 ND- 11 ND- 11 ND - 2 6 - 14 2 – 490 ND-0.3 ND-0.3 ND- 34 ND- 1.8 

WWTP site (range) 0.2- 12 34 - 129 30 - 106 1620 - 3480 4 - 57 3 - 95 10 - 73 3 - 24 1- 109 1 - 2 5 - 36 334 - 1977 0.1- 1.1 0.1- 0.8 19 - 34 1- 2.2 

Mafic rocks, Basalts                          (2) 35-50  130- 160 140- 460 80-120 60- 120 170-200 250- 440   200- 250   7.8- 8.8   

Baseline, Nuuanu                              (3)     20 22.2   2.9        

Storm-sewer, Nuuanu     175 68.6   133        

Road sediment, Nuuanu     902 235   445        

Manoa (RDS)                                    (4) 70 1590 396  745 359 513 329 210 0.8 287  10.6 5.2 4.4 3.5 

Makiki (RDS) 76 1760 382  784 296 561 426 237 0.9 289  12.0 5.2 3.6 3.6 

McCully (RDS) 62 1547 247  764 431 475 340 343 1.3 254  11.0 5.3 7.6 3.2 

Kaka’ako (RDS) 62 1454 363  1111 499 483 360 413 0.9 219  10.0 4.8 7.1 3.9 

Oli from terrestrial basalt suite, HI   (5) 289 2978 2670   
 
 333    12 185     

OrthPyr, Mauna Loa                          (6)  0.01          0.01 16.4   79 

OrthPyr, Kilauea  0.01     0.0     0.02 25.7   70 

Waiakeakua (SPM)                           (4) 47  338  195 153 467 127 23 1.65 284      

Oli-rich pumice, Kilauea                  (7)   1200  115 118 2006  2.9        

Tholeitic basalt, Kilauea   181  135 126 385  5.0        

Rhyodacite, Waianea range   16  105 23 287  20        

Alk Oli basalt, Waianae   237  145 111 388  4.9        

Alk basalt, Mauna Kea                     (8)  2000 144 620   128 247 1.01  269 39600 15.3 14.4 9.77 8.21 
(1) this study Ordnance Reef (HI-06) 2009; (2) Kabata-Pendias, 2001; (3) Andrews and Sutherland, 2004; (4) De Carlo et al., 2004; (5) Kamer et al., 2003; (6) Greenough et al., 2005; (7) 
McMrtry et al., 1995; (8) Huang and Frey, 2003. Abbreviations: Oli: Olivine, OrthPyr: Orthopyroxene, Alk: alkalic                                                                  .
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Although the principal source of Pb found in soils and sediments in urban settings 

is a historical inventory derived from its use in leaded gasoline (De Carlo and Spencer, 

1995, 1997). Leaded gasoline was phased out in the USA after 1975 but a considerable 

amount of lead remains stored in surface soils of urban environments and in RDS (De 

Carlo and Spencer, 1995; De Carlo and Anthony, 2002; and De Carlo et al., 2004). It is 

important to note that while dissolved Cu and Zn can be retained by fine mineral 

particles, especially Fe and Al oxides, Pb is more particle reactive and is largely 

immobilized on iron-oxide phases and does not penetrate deeply into soils (Davis and 

Leckie, 1978, 1980, Hayes and Leckie, 1986; Coston et al., 1995; Fuller et al., 1996; 

Sipos et al., 2008; Sposito, 1984; Sposito and Prost, 1982), which explains why we 

observe high concentrations of Pb in the upper 10 cm of soils and in coastal sediments 

from Hawaii, which derive in part from erosion of surface soils. In sediments from the 

Ordnance Reef (HI-06) study area, the concentrations of Pb ranges from natural 

background levels of a few ppm to a few hundreds of ppm. The clay/silt fraction of the 

sediments, not surprisingly, showed the highest enrichments reaching concentrations of 

10,500 ppm (DMM1-S038).  

Arsenic, one of the COPC showed a distinct and unexpected behavior relative to 

the other COPC (Cu, Pb). Concentrations of As were generally on the order of only a few 

to a few tens of ppm in sediments from all the sites of the Ordnance Reef (HI-06) study 

area. The highest concentrations of As, surprisingly, were observed in sediments from the 

CON stratum, with a maximum concentration of around 45 ppm in the clay-silt fraction 

but only around 20 ppm in the combined fraction. Sediments from all other strata 

displayed considerably lower concentrations of As. Elevated concentrations of As have 
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been observed in some soils and sediments around Oahu and these have been attributed to 

contamination from agricultural runoff (either fertilizers or pesticides) swept downstream 

to urban areas. In order to explain the concentrations observed in sediments from 

Ordnance Reef (HI-06), it is necessary to consider which sources and processes might 

contribute to the enhanced concentrations of As found in the sediments from the CON 

stratum in 2009. Yang et al. (2005) studied the fate of As in seven different types of soils 

and concluded, as in previous work (e.g., Bowell, 1994; Fuller et al., 1993; Smith et al., 

2002), that the mobility of As in soils is often inhibited by bonding interactions with solid 

phases. These authors reported that adsorption of As to soils was proportional to the 

abundance of Fe and Mn oxides, and dependent strongly on soil pH and silt content 

(Yang et al., 2005).    

In the studies at Ordnance Reef (HI-06), the concentrations of As were higher at 

the CON sites than in sediments from the other strata although community members have 

expressed concern that high levels of As could result from DMM. The use of As in 

agricultural practices (e.g., fertilizer or herbicides), however, is known to result in an 

increase in the amount of As present in soils. In Hawai'i, red lateritic soils that form on 

weathered volcanic rock and are highly enriched with Fe, enhance the retention of As 

because of strong specific bonding (i.e., chemical rather than electrostatic bonding) to the 

Fe and because the high specific surface area of the soil particles provides multiple 

binding sites. Interestingly, concentrations of As rarely exceeded 20 ppm in sediments 

recovered at Ordnance Reef (HI-06) during the 2006 study, somewhat higher than those 

found in this work in sediments from the three other strata (DMM, NPS, WWTP). 

Clearly, evidence of As contamination in the current study is extremely sparse, especially 
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when considering that sediments from the DMM, NPS and WWTP strata all display very 

low concentrations of this element (see Appendix A) that are consistent with those 

observed in uncontaminated environments in Hawai'i (e.g., De Carlo et al., 2004, 2005). 

One of the goals of the remedial investigation undertaken at Ordnance Reef (HI-

06) was to determine if there was any change in the COPC and Zn concentrations 

between the different seasons of the year. In order to address this issue, Table 29 shows 

the COPC and Zn concentrations in each sediment fraction during the April and 

September 2009 sampling periods. The Cu and Zn display the most elevated 

concentrations in sediments from the DMM stratum during both seasons. The 

concentrations for Cu and Zn are higher in April than September by a factor of two to 

four in the silt/clay sediment fraction than in the sand fraction, but are more similar in the 

latter fraction during both seasons. Average concentrations observed during September 

are lower than found in April, but the maximum Cu concentrations observed in sediments 

from the September sampling are twice as high as those from April for both the sand and 

combined fractions. The maximum Pb concentrations were also observed in silt/clay size 

sediments collected from the DMM stratum in April, whereas in September, CON sit/clay 

size sediments contain the most Pb (614 ppm). When considering only the combined 

fractions of the sediment, however, the average concentration of As is higher in 

sediments from the CON site during both seasons, with the highest average concentration 

in April (17 ppm). The average concentration of Pb was higher in April in the combined 

fraction of sediments from the DMM than in the CON strata (69.8 ppm and 20.3 ppm, 

respectively), but similar in September (11.1 ppm and 12.4 ppm, respectively). The 

concentrations for both these elements may be controlled in part by road and land runoff 
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(e.g., De Carlo and Spencer, 1995; De Carlo et al., 2004; 2005). Because the high 

concentrations of Pb observed in sediments from the DMM stratum and the PCA results 

suggest an association with Cu and Zn, this element, at least in sediments from the DMM 

affected sites, is likely derived from DMM. Because all three of these elements normally 

display a strong association with urban runoff in most other studies, it is difficult to 

quantify the proportions attributable to each source (i.e., DMM and/or NPS) in the 

current study, although the proximity to DMM of the sediment samples displaying the 

highest concentrations of these COPC is consistent with a DMM source. 
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Table 29. Summary concentrations and statistics for COPC (Cu, Pb and As), Zn, Ni, Al and Fe data in sediment from Ordnance Reef (HI-
06). The upper panel shows data for samples collected in April 2009. The lower panel shows data for samples collected in September 2009. 

 

April 09 CONTROL NON-POINT SOURCE 
 Cr (ppm) Al (%) Cu (ppm) Zn (ppm) Pb (ppm) As (ppm) Fe (%) Cr (ppm) Al (%) Cu (ppm) Zn (ppm) Pb (ppm) As (ppm) Fe (%)
Silt                
Minimum 35.0 0.1 16.3 26.1 14.0 7.1 0.0 7.5 0.1 4.6 4.3 2.2 1.0 0.1
Maximum 260 5.8 99.8 254.6 813.9 43.9 8.9 96.6 2.1 40.0 63.0 680.1 11.0 2.8
Mean 191 4.3 72.1 130.3 291.9 31.4 6.3 42.4 0.6 20.6 33.1 187.8 4.7 0.8
Median 211 5.1 74.4 121.8 183.0 29.5 7.3 40.7 0.4 19.0 34.2 102.0 4.0 0.5
Standard Deviation 58.4 2.0 20.1 54.3 273.9 10.7 2.9 25.5 0.6 11.0 14.2 217.4 2.8 0.8
Sand  
Minimum 35.5 0.6 6.8 21.7 2.6 11.8 0.5 12.4 0.0 1.4 1.3 1.1 1.8 0.1
Maximum 105 1.5 16.3 41.0 59.7 20.1 2.2 29.9 0.3 7.6 18.4 9.5 8.1 0.3
Mean 68.2 1.2 12.7 31.3 11.1 16.4 1.5  20.2 0.2 3.2 11.6 4.3 5.4 0.2
Median 66.1 1.3 13.2 34.4 6.1 16.6 1.5 19.1 0.2 2.9 11.7 3.6 5.5 0.2
Standard Deviation 21.0 0.3 2.9 6.8 15.7 2.7 0.5 5.4 0.1 1.6 5.6 2.4 1.5 0.1
Combined  
Minimum 42.6 0.8 8.5 25.4 2.7 13.5 0.8 12.5 0.0 1.4 1.4 1.2 1.8 0.1
Maximum 106 1.5 23.3 49.0 129.3 20.1 2.2 30.0 0.3 7.6 18.4 10.2 8.1 0.3
Mean 72.5 1.2 14.7 34.3 20.3 17.0 1.6 20.2 0.2 3.2 11.6 4.7 5.4 0.2
Median 68.0 1.3 14.8 35.4 7.3 16.9 1.6 19.2 0.2 3.0 11.8 3.7 5.5 0.2
Standard Deviation 21.1 0.2 3.7 7.3 35.2 2.1 0.4 5.4 0.1 1.6 5.6 2.8 1.5 0.1
 WASTE WATER TREATMENT DISCARDED MILITARY MUNITIONS 
 Cr (ppm) Al (%) Cu (ppm) Zn (ppm) Pb (ppm) As (ppm) Fe (%) Cr (ppm) Al (%) Cu (ppm) Zn (ppm) Pb (ppm) As (ppm) Fe (%)
Silt                
Minimum 45.1 0.6 22.0 32.7 8.9 0.2 0.9 30.5 0.5 23.9 39.9 11.9 6.6 0.5
Maximum 89.6 1.4 99.4 146.1 391.6 9.3 2.1 79.6 0.9 25143.3 3009.3 10543.5 20.4 2.1
Mean 64.4 0.9 43.4 60.1 133.3 3.7 1.4 54.0 0.6 3539.3 1046.8 1603.9 10.3 1.4
Median 62.4 0.8 36.4 53.5 63.0 3.0 1.2 53.4 0.6 2006.9 953.6 241.7 9.2 1.5
Standard Deviation 12.0 0.3 22.9 31.4 150.9 2.2 0.4 13.2 0.1 6211.4 938.4 3001.7 3.8 0.5
Sand  
Minimum 18.6 0.1 2.3 5.5 0.8 1.1 0.1 9.9 0.1 2.4 12.1 1.3 3.0 0.1
Maximum 72.7 0.8 96.2 43.0 60.8 4.7 1.1 25.9 0.1 1251.7 387.1 523.0 6.4 0.5
Mean 34.7 0.3 16.4 22.0 8.5 2.7 0.4 14.2 0.1 336.9 156.1 60.0 4.5 0.3
Median 34.9 0.2 5.9 22.4 2.5 3.0 0.2 12.5 0.1 208.0 166.4 9.3 4.2 0.2
Standard Deviation 15.6 0.2 26.7 11.4 17.1 1.0 0.3 4.2 0.0 360.1 100.2 134.3 1.0 0.1
Combined  
Minimum 23.8 0.1 3.1 6.3 1.1 1.4 0.1 10.2 0.1 2.6 12.6 1.4 3.1 0.1
Maximum 72.6 0.8 95.3 44.3 108.9 4.7 1.1 26.0 0.1 1441.7 397.9 549.3 6.5 0.5
Mean 37.6 0.3 18.5 25.2 18.8 2.8 0.4 14.6 0.1 362.7 163.3 69.8 4.5 0.3
Median 36.5 0.3 10.6 26.6 4.1 3.0 0.4 13.2 0.1 224.1 184.1 11.1 4.2 0.2
Standard Deviation 13.8 0.2 25.7 12.8 33.8 0.9 0.3 4.2 0.0 400.5 103.5 142.9 1.0 0.1
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Table 29. (Continued) Summary concentrations and statistics for COPC (Cu, Pb and As), Zn, Ni, Al and Fe data in sediment from 
Ordnance Reef (HI-06). The upper panel shows data for samples collected in April 2009. The lower panel shows data for samples 
collected in September 2009. 

September 09 CONTROL NON-POINT SOURCE 

 
Cr 

(ppm) 
Al 

(%) 
Cu 

(ppm) Zn (ppm) Pb 
(ppm) 

As 
(ppm) 

Fe 
(%) 

Cr 
(ppm) 

Al 
(%) 

Cu 
(ppm) 

Zn 
(ppm) 

Pb 
(ppm) 

As 
(ppm) 

Fe 
(%) 

Silt               
Minimum 102 1.7 38.4 51.3 196.8 11.4 2.6 24.0 0.3 18.3 18.2 144.5 4.2 0.3 
Maximum 189 3.1 81.3 90.5 614.9 38.6 4.5 54.8 1.0 25.7 37.2 364.6 14.1 1.4 
Mean 169 2.2 56.0 63.6 386.8 23.7 3.4 38.3 0.6 21.0 27.1 270.4 9.7 0.9 
Median 120 2.1 49.6 56.9 424.3 23.0 3.3 37.1 0.7 20.0 26.4 286.4 10.2 0.9 
Standard Deviation 34.1 0.6 16.9 16.0 184.2 9.8 0.9 12.8 0.3 3.3 8.6 92.4 4.2 0.5 
Sand               
Minimum 8.7 0.1 2.4 9.0 0.7 0.9 0.0 13.5 0.1 1.5 3.0 3.7 1.0 0.2 
Maximum 102.7 0.9 6.4 22.4 15.5 14.5 1.0 24.1 0.2 2.5 13.5 9.0 9.6 0.2 
Mean 44.5 0.4 4.4 15.9 7.3 7.4 0.5 19.3 0.1 1.9 8.4 6.0 4.3 0.2 
Median 42.5 0.3 4.5 16.5 6.6 4.4 0.5 19.8 0.1 1.7 8.6 5.7 3.4 0.2 
Standard Deviation 36.5 0.3 1.6 4.9 5.3 6.0 0.4 4.9 0.0 0.5 5.2 2.2 4.1 0.0 
Combined               
Minimum 10.3 0.1 3.1 9.6 4.1 1.1 0.1 14.1 0.0 1.6 3.0 4.4 1.1 0.0 
Maximum 104 0.9 6.9 23.0 22.2 14.7 1.0 24.1 0.2 2.9 13.6 10.6 9.6 0.2 
Mean 45.7 0.4 5.1 16.5 12.4 7.6 0.6 19.5 0.1 2.0 8.5 7.6 4.4 0.1 
Median 43.3 0.3 5.6 17.1 12.8 4.7 0.5 19.9 0.1 1.8 8.8 7.7 3.4 0.2 
Standard Deviation 36.5 0.3 1.6 4.9 6.7 6.0 0.4 4.6 0.1 0.6 5.3 3.0 4.0 0.1 
               
 WASTE WATER TREATMENT DISCARDED MILITARY MUNITIONS 

 
Cr 

(ppm) 
Al 

(%) 
Cu 

(ppm) Zn (ppm) Pb 
(ppm) 

As 
(ppm) 

Fe 
(%) 

Cr 
(ppm) 

Al 
(%) 

Cu 
(ppm) 

Zn 
(ppm) 

Pb 
(ppm) 

As 
(ppm) 

Fe 
(%) 

Silt               
Minimum 38.4 0.3 43.7 57.1 78.0 6.0 0.6 24.2 0.3 83.2 71.7 99.0 3.9 0.6 
Maximum 82.9 0.5 158.9 200.5 455.3 10.9 0.8 56.2 0.8 6379.2 659.1 353.7 18.0 1.4 
Mean 53.9 0.4 90.0 105.0 209.2 8.0 0.7 39.6 0.6 1617.0 261.3 182.5 8.9 0.9 
Median 47.1 0.4 78.8 81.1 151.7 7.5 0.7 40.5 0.5 1017.2 256.4 133.8 7.1 0.9 
Standard Deviation 20.3 0.1 49.5 65.0 172.1 2.3 0.2 8.9 0.2 1727.7 152.2 86.6 4.5 0.2 
Sand               
Minimum 9.1 0.1 2.1 1.7 2.1 0.0 0.2 9.7 0.1 17.0 34.9 6.0 0.0 0.1 
Maximum 32.7 0.3 26.7 55.5 12.4 3.1 0.4 22.5 0.2 2420.1 200.3 13.6 7.5 0.9 
Mean 16.3 0.2 14.6 32.5 5.4 1.9 0.2 14.6 0.1 445.3 110.7 9.3 3.3 0.2 
Median 11.7 0.1 14.9 36.5 3.5 2.2 0.2 13.8 0.1 191.6 101.4 9.6 3.2 0.2 
Standard Deviation 11.0 0.1 10.4 24.2 4.7 1.4 0.1 4.4 0.0 678.4 48.9 2.5 2.4 0.2 
Combined               
Minimum 10.0 0.1 3.5 3.6 4.7 0.2 0.2 10.2 0.1 17.5 35.2 7.6 0.1 0.1 
Maximum 32.8 0.3 30.4 56.7 24.8 3.1 0.4 22.6 0.2 2501.4 201.4 17.2 7.5 0.9 
Mean 17.2 0.2 16.2 33.8 9.8 2.0 0.2 14.9 0.1 459.8 112.4 11.1 3.3 0.2 
Median 13.0 0.1 15.5 37.4 4.9 2.3 0.2 13.9 0.1 201.2 102.6 10.2 3.3 0.2 
Standard Deviation 10.5 0.1 11.3 23.8 10.0 1.4 0.1 4.3 0.0 699.0 49.8 3.0 2.4 0.2 
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b.   Comparison between the 2006 and 2009 studies 

Because the community and regulators expressed concern regarding the 

representativeness and validity of the conclusions drawn from the 2006 Ordnance Reef 

(HI-06) study, it is important to compare the COPC and Zn data from the current work 

and the 2006 study (Table 30). During the 2006 study, average concentrations of As were 

10.3 ppm, Cu: 56.4 ppm, Pb: 6.7 ppm and Zn: 25.0 ppm. The 2009 field sampling efforts, 

however, showed average concentrations for the two seasonal averages of 6.2 ppm As, 

151 ppm Cu, 24.1 ppm Pb and 64.4 ppm Zn. The 2009 sampling effort revealed higher 

concentrations than observed in 2006, along with more elevated maxima for two of the 

three COPC. The maxima for Cu and Zn, however, were observed in sediments collected 

close to DMM in each study, and the As maximum was in sediments collected near the 

waste water treatment outfall pipe in 2006 and in the CON area in the current work. The 

maximum concentrations of Pb were found in sediments collected in the fish haven area 

(downstream from the outfall pipe) during the 2006 study and in DMM sites during the 

2009 study. The values for As, when weighted to the total sediment (i.e., silt/clay and 

sand combined) are rather similar in both studies. The average concentration of Cu in 

sediment, however, has nearly tripled between the two studies. The Pb concentrations of 

Pb are an order of magnitude higher in the most recent study and Zn concentrations 

measured in 2009 are at least double the 2006 values. The higher concentrations of Cu, 

Pb and Zn in sediments from the DMM site in 2009 are largely due to the design of the 

field work; in 2009, during which sampling was targeted to specifically identified 

military munitions. This necessarily placed a bias towards higher concentrations at those 

sites. Nevertheless, it has been clearly demonstrated here that the concentrations of Cu, 
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Pb and Zn in sediments remain elevated within the DMM area, and that they are 

seemingly linked to the DMM present in the area. A somewhat surprising finding, 

however, is the lower values of Pb observed in sediments from DMM sites collected 

during the September 2009 sampling effort. The cause of this discrepancy between 

seasons is unknown. 

 
Table 30. Comparison of the trace elements composition of sediments from the 2006 and 
2009 Ordnance Reef (HI-06) studies. 

 Fe Ca Mg As Cd Co Cr Cu Ni Pb Sr Ti V Zn 
NOAA Ordnance 
Reef Study 2006 % % % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Minimum 0.03 7.54 0.30 0.0 0.0 0.2 2.4 0.3 0.8 0.0 807 67 0.9 1.5
Maximum 3.34 35.30 2.78 29.4 0.6 23.0 157.9 2147.0 211.1 61.7 3422 5559 91.6 161.6
Average 0.34 24.49 1.38 10.3 0.2 2.6 19.1 56.4 10.4 6.7 2310 551 10.7 25.0
Std Dev 0.42 6.13 0.42 4.6 0.1 3.3 21.9 26.2 26.2 10.3 568 737 12.6 31.6
 
NOAA Ordnance 
Reef Study 2009 
Minimum 0.00 0.03 0.00 0.1 0.0 0.2 10.0 0.1 0.0 0.0 4 2 4.7 0.1
Maximum 2.22 36.76 2.65 20.1 3.5 18.9 106.1 2501.4 125.2 549.3 4009 3477 66.3 397.9
Average 0.50 31.05 1.85 6.2 0.3 5.6 30.7 151.1 49.2 24.1 2892 815 17.5 64.4
Std Dev 0.55 4.72 0.41 5.3 0.6 4.6 24.7 372.6 24.5 68.7 557 862 15.7 77.3
CON Site Avg 1.30 30.71 2.04 14.2 0.3 11.5 64.6 11.8 71.4 18.0 3288 2071 41.2 29.1
DMM Site Avg 0.25 32.77 2.08 4.0 0.4 2.8 14.7 405.9 37.3 43.7 2646 294 8.1 140.7
NPS Site Avg 0.21 29.41 1.52 5.2 0.1 4.5 20.0 2.5 42.8 5.0 2957 370 10.3 10.2
WWTP Site Avg 0.38 30.15 1.60 2.6 0.4 5.2 32.5 17.9 52.3 16.5 2824 804 15.5 27.4

 

  c.   Comparison with other data 
 

In order to evaluate natural versus anthropogenic contributions to the composition 

of sediments from the study area, it is useful to compare elemental abundances with those 

observed in sediments from other locations. Table 31 provides a compilation of data from 

the literature and includes soils and sediments from various locations in Hawai'i (De 

Carlo and Anthony, 2002; De Carlo and Spencer, 1995, 1997; De Carlo et al., 2004), 

other carbonate-dominated sediments (Caccia et al., 2004; Cantillo et al., 1999; 

Gonzalez-Caccia, 2002; Gough et al., 1996; Presley, 1994; Vazquez and Sharma, 2004), 
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as well as major sediment and rock types (e.g., Kabata-Pendias, 1992 and 2001) and 

selected contaminated sediments (Dauvalter, 2003; Fernandez et al., 2006; Gonzalez et 

al., 1997; Romaguera et al., 2008; Stoffers et al., 1977; Weinsberg et al., 2000). 

The elemental composition of the sediments from Ordnance Reef (HI-06) can be 

compared to other carbonate-dominated sediments from Hawaiian locations. De Carlo 

and Spencer (1995, 1997) and De Carlo and Anthony (2002) reported trace element 

compositions for sediments from the Ala Wai Canal in urban Honolulu, where most of 

the cores were dominated by terrigenous sediments, with only a the bottom layers of the 

cores displaying elevated carbonate contents. Consequently, trace element concentrations 

reported by these authors are elevated throughout much of the cores relative to those 

observed in the current study. For this reason, it is only appropriate to compare the layers 

of sediments enriched in Ca (carbonate dominated) found near the bottom of the cores. 

Because the deepest intervals in these cores are from the early days of the Ala Wai canal, 

i.e., the mid to late 1920's, these are more representative of conditions likely to be 

encountered in the absence of anthropogenic inputs (De Carlo and Spencer, 1995, 1997; 

De Carlo and Anthony, 2002). McMurtry et al (1995) reported trace element 

concentrations in sediments from Pearl Harbor, Kahana Bay on the northwest coast of 

O'ahu, Mamala Bay near Waikiki Beach and Maunalua Bay near Hawai'i Kai. A 

comparison can also be made with the carbonate-dominated sediments described by 

Caccia et al. (2003) and Cantillo et al. (1999); these authors deem Florida Bay to be a 

nearly pristine estuary comprised mainly of marine carbonate sediments. Unfortunately, 

Florida Bay sediments are not entirely comparable to those from tropical volcanic reef 

settings. The concentrations of Cr and Ni in tropical volcanic reef setting are naturally 
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many fold higher than in the Florida Bay sediments owing to contributions from volcanic 

minerals. Nonetheless, the Florida Bay sediments can be used to compare with the 

predominantly carbonate sediments from Ordnance Reef (HI-06). 

 

There are relatively few available data for As in marine sediments, but more data 

available for streambed and land sediments as seen in Table 31. Comparing the sediment 

data from the Ordnance Reef (HI-06) studies in 2006 and 2009 with data from the Ala 

Wai Canal shows quite similar ranges, suggesting relatively little additional 

contamination. Yet, De Carlo et al. (2005) report that natural concentrations of As in 

Hawaiian stream sediments are only a few ppm and that the commonly observed values 

near 20 ppm As represent a baseline that includes some anthropogenic inputs. Previous 

reports from the National Water-Quality Assessment (NAWQA) Program conducted on 

the Island of O'ahu reported concentrations of As ranging from 1.9 to 44.0 ppm in 

streambed sediments (De Carlo et al., 2005; Oki and Brasher, 2003; Wolff, 2005) and the 

US national mean of 6.35 ppm As (Frenzel, 2000). The common sources of 

anthropogenic contaminations of As are forest sprays, wood preservative, herbicides, 

pesticides, glass and textile manufacturing, animal-feed additives, and mining and metal 

refining activities (Frenzel, 2000, 2002; Janosy, 2003).  Soil contaminated by an As-

concentrated sludge from mining activities showed concentrations 10 fold the 

concentrations measured at Ordnance Reef (HI-06) (Romaguera et al., 2008, Frenzel, 

2000, Table 31). On the Island of Oahu (as well as the other Hawaiian Islands), only 

wood preservatives (Copper chromated arsenate) and agricultural pesticides (Na-

arsenate) and fertilizers (ferrite or superphosphate enriched in As) are probable sources of 
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As to the environment. Therefore, it is reasonable to state that, overall, the concentrations 

observed in sediments from Ordnance Reef (HI-06), on the order of a few ppm to a 

maximum of 14.7 ppm, appear to be close to the least elevated values, with some minor 

land-derived anthropogenic inputs of As that cannot be attributed to DMM.  

Cd is an element whose natural abundance in earth materials is typically very low 

as evidenced by concentrations measured in continental sediments (Kabata-Pendias 2001; 

Weisberg et al., 1999; Dauvalter, 2003). Mafic and ultramafic rocks, typical of the island 

forming volcanics in Hawai'i, exhibit Cd contents of between 0.1 and 0.2 ppm, values 

similar to those observed in most sediments from the study area, with an average value of 

0.2 ppm for the study area and the maximum concentration reaching 3.5 ppm in CON 

stratum. The concentrations of Cd measured by De Carlo and Anthony (2002) were also 

within the above range for carbonate rich sediments, although these authors also observed 

some higher values (0.1 to 2.2 ppm). Sediments from Kahana and Maunalua Bays 

displayed concentrations between 1.5 and 2.1 ppm (McMurtry et al., 1995), but these 

authors only compiled data obtained in prior studies that used methods with much higher 

detection limits and poorer accuracy than ICPMS. In Chi-ku Lagoon, Taiwan, the 

concentrations of Cd in volcanic sediments are from 0.05 to 0.1 ppm Cd, within the lower 

part of range found at Ordnance Reef (HI-06) (0 - 3.5 ppm) (Chen, 2002). Although, 

older Cd data were obtained using techniques with poorer (i.e., higher) detection limits 

and accuracies than today, it is still interesting to note the 52 ppm of Cd were measured 

in New Bedford Harbor (Stoffers et al., 1977) denoting high concentrations of Cd in 

those sediments. The high concentrations were associated with more than 80 years of 

industrial wastes discarded in the surrounding waters. After comparison of concentrations 
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of Cd from other locations, it seems there is little to no Cd contamination in the Ordnance 

Reef (HI-06) study area, and the concentrations found at Ordnance Reef (HI-06) are 

similar to what is expected for volcanic derived sediments. 

Concentrations of Co and Ni vary by approximately two orders of magnitude in 

sediments from the study area (Table 31), whereas Cr and V exhibit only one order of 

magnitude variation. Previous studies in Hawai'i (De Carlo and Spencer 1995, 1997; De 

Carlo and Anthony, 2002, De Carlo et al., 2004, 2005) show that concentrations of these 

elements are strongly influenced by detrital volcanic material found in the sediments, 

which is consistent with the results of PCA for the current study. The concentrations of 

Co in sediments from Ordnance Reef (HI-06) are within the range of this element found 

in the Ala Wai Canal and RDS (De Carlo and Spencer, 1995, 1997; De Carlo et al., 2004) 

as well as in sediments from the US mainland (Stoffers et al., 1977; Weisberg et al., 

1999) and Russia (Dauvalter, 2003). The concentration of Ni, however, is lower than 

previously found in Hawai'i (De Carlo and Spencer, 1995, 1997; De Carlo et al., 2004), 

within the range found for the Bays around Oahu (McMurtry et al., 1995), and lower than 

those observed in soils contaminated by Ni mining/refining and other heavy metals 

activities in Russia, New Caledonia and Cuba (Dauvalter, 2003; Fernandez et al., 2006 

and Gonzalez et al., 1997). Although concentrations of Co, Cr, Ni, and V in sediments 

form Ordnance Reef (HI-06) are elevated relative to the data reported by Cantillo et al. 

(2004), Gough et al. (1996), Weinsberg et al. (2000), Chen (2002), Gonzalez-Caccia 

(2002) and Caccia et al. (2004) for sediments from the Bahamas, Virginia, Louisiana, 

Florida and Taiwan, none of the latter locations is influenced by inputs of material 

derived from volcanic rocks. In order to remove some of the effects of mineralogical 
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control it is useful to compare normalized ratios of elements from the data set shown in 

Table 31. In Levisa and Cabonico Bays, Cuba, Fe-normalized ratios of Co, Mn and Ni 

were two to five fold greater than in sediments from Ordnance Reef (HI-06) (Gonzalez et 

al., 1997), which demonstrates that our study area does not experience the same 

contamination as in Cuba. Chen (2002) noted that the sediments collected in the shallow 

Chi-ku Lagoon of Taiwan, which receives agricultural and domestic wastes from small 

upstream villages, had levels of Co, Cr, Ni and V equal to or lower than the average 

crustal abundance and found in other unpolluted areas such as in the sediment core 

samples representing 15th-16th century deposits of the Rhine River and in Kingston 

Harbour, Jamaica (de Groot et al., 1982 and Greenway and Rankine-Jones, 1992 as cited 

in Chen, 2002). Mafic and ultramafic rocks display highly elevated concentrations of 

these four elements (Table 27, Kabata-Pendias 2001), well in excess of any observed in 

sediments from the current study area. Because sediments from Ordnance Reef (HI-06) 

only contain at most about 30% non-carbonate material (see discussion of major 

constituents) and in most cases less than 5-10%, the concentrations of Co, Cr, Ni, and V 

should not exceed about one order of magnitude lower that observed in mafic rocks, if the 

inputs of these elements are purely of natural origin. At Ordnance Reef (HI-06), the 

concentrations of Co, Cr and V are about a small percentage (Co: 8%; Cr: 10%; V: 4%) 

of those found in mafic rocks. The concentrations of Ni in some volcanic rocks from 

Hawaii, however, are higher than the range of concentrations reported for mafic rocks by 

Kabatas-Pendias (2001). Yet, concentrations of Ni found in sediments at Ordnance Reef 

(HI-06) are about one order of magnitude lower than found in Hawaiian volcanic rocks 

consistent with a small fraction of volcanic matter in these predominantly carbonated 
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sediments. Overall, it is likely that Co, Cr, Ni and V present in sediments at Ordnance 

Reef (HI-06) are of natural origin. 

Concentrations of Cu, Pb and Zn shown in Table 31 display a broad range that 

reflects the various potential sources of these elements. Natural sources generally 

contribute only very small amounts of Pb to the environment in the volcanic and coral 

reef dominated environment of Hawai'i. For example, the Pb content of mafic and 

ultramafic rocks is always below 10 ppm (Kabata-Pendias, 2001) and Hawaiian rocks 

have been reported to contain only a few ppm (Frey et al., 2004). This value, however, is 

less than half the mean concentration (24.2 ppm) and slightly above the median value of 

8.5 ppm observed in sediments from the current study. The overall mean is strongly 

affected by the high values observed in some sediment samples from the DMM area, 

which has an average of 43.7 ppm and a median of 10.8 ppm. The sediments from the 

CON area show values of 18.0 and 9.2 ppm Pb for the average and median, respectively. 

Sediments from the NPS area show means and medians of 5.0 and 3.9 pm, and those 

from the WWTP, 16.5 and 4.7 ppm. Based on previous work in Hawai'i, it is safe to state 

that concentrations of Pb above a few ppm reflect some anthropogenic contamination (De 

Carlo and Spencer, 1995; 1997). For example, De Carlo and Anthony (2002) reported 

concentrations of Pb below 2 ppm in the deepest layers of cores collected in the Ala Wai 

Canal in Honolulu. De Carlo et al. (2005) also reported that uncontaminated stream (i.e., 

100% terrigenous) sediments from forested areas on O'ahu also rarely contain more than 

a few ppm of Pb. Carbonate sediments from Florida Bay also exhibit very low 

concentrations of Pb that do not exceed 3.3 ppm (Caccia et al., 2004), hence, similar 

concentrations should occur in carbonate sediments from the Ordnance Reef (HI-06) 
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study area. It can, therefore, be argued that any amount of Pb in carbonate sediments 

exceeding about 5 ppm should be considered to reflect some anthropogenic 

contamination. Sediments from areas adjoining urban centers (De Carlo and Spencer, 

1995, 1997), harbors (Caccia et al., 2004), and other developed areas typically display 

greater abundances of Pb with increases in industrialization and population typically 

leading to greater enrichments, that are several orders of magnitude above what are 

considered natural background abundances (Table 31, Weisberg et al., 1999). As 

mentioned earlier, Florida Bay is largely considered to be as a pristine estuary, with only 

some small areas subject to input associated with anthropogenic activities. Caccia et al 

(2004) reported high concentrations of some metals in the northern part of Florida Bay, 

which they attributed to continental input and runoff (from rural land associated with 

agricultural activities). They found the highest concentrations of Cu, Pb, and Zn near the 

east marina area, where there are increases in boat traffic and sewage system drainage 

(Manker, 1975). The maximum Pb values measured during the current Ordnance Reef 

(HI-06) study are similar to the values measured in contaminated sediments such as those 

from New Bedford Harbor in Massachusetts and Onda in Spain, where the soil was 

contaminated with Pb (939 ppm) and Zn (582 ppm) after dumping of wastes from the 

manufacture of ceramic tiles (Stoffers et al., 1977 and Romaguera et al., 2008) as well as 

in the Ala Wai sediments (Pb = 759 ppm, De Carlo and Spencer, 1995, 1997; De Carlo 

and Anthony, 2002). With a mean concentration of 24.1 ppm Pb in the sediments form 

the current study and a maximum value of 550 ppm, it is reasonable to conclude that 

there is considerable enrichment of Pb in sediments from Ordnance Reef (HI-06) due to 

some anthropogenic source.  
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Apportioning the concentrations of COPC and Zn between specific sources of 

contamination in sediments from the current study is difficult. Evidence discussed above, 

however, clearly points to sewage discharge, urban runoff, and military munitions as the 

most likely contributors to the observed concentrations of Cu, Pb and Zn. Concentrations 

of Zn reported here span a wide range (0.1 - 398 ppm), which is twice the range found 

during the 2006 study, suggesting that contamination of the sediment to a greater extent 

than identified in the prior study has occurred. Examination of data for carbonate-

dominated sediments from Hawai’i, the Bahamas, Florida Bay, as well as the Gulf of 

Mexico, and several other locations also reveals a very wide range of Zn concentrations 

(Table 31). Uncontaminated deep-sea carbonates, however, typically contain only a few 

to, at most, a few tens of ppm Zn. The lowest values around 0.5 ppm, observed in 

aragonite rich sandy sediments from Florida and the Bahamas (Cantillo et al., 1999; 

Gonzalez-Caccia, 2002) are similar to the lowest Zn concentrations observed in this 

study. Two distinct trends are readily recognized in Figures 30, 31 and 32. The first trend 

is the linear correlation between Zn and Fe, which reflects the terrigenous control of Zn 

concentrations. The second trend consists of samples that do not correlate with Fe and 

plot substantially above the regression line for terrigenous inputs; this likely reflects 

anthropogenic inputs as identified through PCA. The maximum concentration of Zn 

reported here, however, is about half the peak value measured in Ala Wai Canal 

sediments (711 ppm) and is substantially less than found in RDS (2222 ppm), New 

Bedford harbor sediments (1550 ppm) as well as contaminated sediments from the town 

of Onda (582 ppm), Spain (Table 31). Concentrations of various elements measured in 

the clay-size fraction of sediments of New Bedford Harbor (Cu 3136 ppm, Pb 616 ppm, 
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Zn 1550 ppm, Cr 2146 ppm, Cd 52 ppm) reflect the influence of over 80 years of 

industrial wastes discharged upstream Stoffers et al. (1977). These concentrations of Cu, 

Pb and Zn are similar to the maximum values measured in the silt-clay size fraction of 

sediments from the current Ordnance Reef (HI-06) study (Table 29), but New Bedford 

sediments are not particularly carbonate rich and contain much greater proportions of Fe- 

and Al-bearing phases. Thus, the enrichment of these elements noted in sediments from 

Ordnance Reef (HI-06) must reflect a more focused source of contamination. There is 

currently no considerable industrial activity near the Ordnance Reef (HI-06) area, nor has 

there been during a comparable 80 year period on any part of the west coast of Oahu. 

Although the concentrations of Zn in sediments from Ordnance Reef (HI-06) are not as 

elevated as elsewhere in Hawai'i, and there is clear evidence of anthropogenic Zn 

attributable to urban runoff, as suggested in prior work in Hawai'i, the highest observed 

concentrations of this element were found in sediments associated with specific DMM. 

Very similar arguments to those made above for Pb and Zn can be made to 

explain the range of concentrations of Cu observed in sediments from the study area. All 

of the samples collected near DMM fall above the Fe or Al normalized trend lines that 

define a natural control of the Cu (Figures 33, 34 and 35). The samples from the other 

sites, however, have concentrations of Cu that either fall on the terrigenous line described 

above or, those that do not, are within the range consistent with other work in Hawai'i. 

The highly Cu-enriched sediment samples were all collected close to shell casings, 

providing a strong argument for the source of contamination being DMM. Even the 

samples with the lowest concentrations of Cu measured at Ordnance Reef (HI-06) are 

more enriched than other marine carbonate rich sediments from Florida, the Gulf of 
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Mexico, the Bahamas, or Taiwan, although the actual source of contamination for these 

samples is less certain. The only sediments that are more enriched in Cu than observed in 

the current study are highly contaminated sediments from New Bedford or contaminated 

soils. The latter should not, however, be compared to carbonate sediments or used as a 

guideline for acceptable levels of contamination. Based on the above discussion, it can be 

concluded that there is very localized source of strong contamination of sediments from 

the DMM objects in the Ordnance Reef (HI-06) area, but that sediments from other strata 

of the study area are only slightly enriched in this element. 
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Table 31. Comparison of TE contents in soils and sediments from around the world. 
 As Cu Pb Zn Cd Co Cr Mn Ni V Al Fe 
 ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

OR 2009 study (mean)  10.3 151 24.2 64.5 0.2 5.6 30.7 74.1 49.2 17.5 0.36 0.5
OR 2009 minimum  0.2 0 0 0.1 0 0.2 10 0.1 0 5 0 0
OR 2009 maximum 14.7 2500 549 398 3.5 106 106 290 125 66 1.5 2.2
CON site (range) 1.1 - 14.7 3 - 23 2.7 - 129 10 - 49 0.0 - 3.5 3 - 19 10 - 106 28 - 290 30 - 125 5 - 66 0 - 1.5 0 -2.2
DMM site (range) 0.1 - 7.5 3 - 2500 1.4 - 549 13 - 398 0.0 - 1.8 1 - 5 10 - 26 18 - 38 0 - 63 5 - 11 0.1 - 0.2 0 - 1
NPS site (range) 1.1 - 9.6 0 - 4 0 - 10.6 0 - 18 0.0 - 1.1 1 -11 13 - 30 0 - 75 0 - 74 6 - 14 0 - 0.3 0 - 0.3
WWTP site (range) 0.2 - 3.1 3 - 95 1.1 - 109 4 - 57 0.0 - 1.9 0 - 12 10 - 73 34 - 129 30 - 106 5 - 36 0.1 - 0.8 0.1 - 1.1
        

Ala Wai Canal, Honolulu                  (1) 6.2 - 23.4 40 - 291 0.1 - 759 35 - 711 0.1 - 2.2 13 - 138 86 - 506 47 - 340 70- 254   
Background, Honolulu                       (2) 66 154 23 193 0.3 48  467 338 284   
Road Deposit, Manoa 4 - 14.2 189 - 657 50.9 - 632 347 - 1094 0.7 - 2.6 45 - 95 328 - 697 995 - 2382 268 - 598 185 - 431 3.2 - 7.5 6.3-15.3
Road Deposit, Makiki 4.07 - 14.7 187 - 419 122 - 426 576 - 1156 1.2 - 2.3 58 - 95 392 - 711 1334 - 2183 279 - 518 226 - 350 4.1 - 6.4 9.3-15.2
Road Deposit, McCully 7.57 - 13.5 197 - 783 127 - 1013 410 - 1531 0.8 - 6.7 48 - 89 362 - 670 1198 - 2131 193 - 337 219 - 319 4.6 - 5.9 8.5-16.6
Road Deposit, Kaka'ako 8.80 - 12.9 326 - 722 172 - 1969 647 - 2222 2.0 - 8.9 51 - 71 360 - 769 1350 - 1671 245 - 443 185 - 241 4.2 - 5.4 8.9-11.2
Southeast Pearl Harbor, Honolulu      (3)  110 - 146 82 - 110 172 - 223 1.0 - 1.4  64 - 76 57 - 68 
Northwest Pearl Harbor, Honolulu  57 - 74 20 - 24 122 - 148 0.4 - 0.6  91 - 116 106 - 149 
Kahana Bay, NE Oahu  7.0 - 9.0 24 - 27 10 - 13 1.5 - 1.8  13 - 17 33 - 39 
Mamala Bay, Waikiki  3.3 - 4.0 35 - 38 5.4 - 6.6 0.6 - 0.7  15 - 17 36 - 40 
Maunalua Bay, Hawaii Kai  26 – 35 30 - 33 39 - 49 1.6 - 2.1  35 - 43 88 - 103 
Streambed sediment, Oahu                (4) 1.9 – 44.0  6 - 220 160 - 480   
        

Upper Laguna Madre                         (5)   3.12 27.5 21.4     8.08    
Gulf of Mexico estuaries and bays    (6)   12 18 75          
Eastern Mississippi bight                   (7)   9.3 13.6 56     14.6    
Campeche Sound, Mexico                 (8)   18.8 11.1 75.2     104    
Tampa Bay                                         (9)   0 - 10 0 - 20 0 - 20    20 - 40 20 - 40 0 - 10    
Flamingo  10 - 20 5 - 10 20 - 40  40 - 59.8 80 - 100 0 - 10 
Joe Bay   0 - 10 0 - 5 0 - 20    20 - 40 80 - 100 0 - 10    
Florida Bay                                       (10)     2.2 5.3- 10.1     47.0    0.5 0.3
Taylor Slough                                   (11)   2 - 14.0 6.0 - 31.1 5.0 - 47  0.0 -2.0 5.0 - 42 68 - 192 3 - 14 2.0 - 37 0.2 - 2.1 0.4 -1.3
Bahamas                                           (12)   0.3 0.4 0.5  0.2 2.3 1.6 0.4 1.3 0.0 0.0
Florida Bay                                       (13)   0.4 - 2.0 0.4 - 5.3 0.6 - 4.0  0.1 - 0.6 3.0 - 18 11.6- 62.6 0.3 - 3.2 1.7 - 21 0 - 0.3 0.03-0.3
Chi-ku Lagoon, Taiwan (Nov)         (14) 5 -10 12 - 18 17 - 25 80 - 100 0 - 0.1    400 - 500 30 - 40   30 - 40
Chi-ku Lagoon, Taiwan (Apr) 15 - 20 12 - 24 15 – 25 120- 160 0.05-0.1    400 -600 25 - 35   30 - 40
USA National median value             (15) 6.35 26 24 110 0.4  62 25 
Virginian Province, USA                 (16)   30.9 62.6 115.6 0.5   48.2 18.3  4.1  
Louisiana Province, USA       11.3 16.4 64.3 0.2   43.5 16.7  4.6  



 

 122

      
      
      
Table 31. (Continued) Comparison of TE contents in soils and sediments from around the world. 

Nipe Bay, Cuba                                (17)   20 4.3 55  21  631 481   4.8
Levisa and Cabonico Bays, Cuba   13 7.4 55  68  984 1694   3.3
Boulari Bay, New Caledonia            (18)      17.2-309    314-5987 255-7687    
Sainte Marie Bay, New Caledonia      14 - 57    128 - 226 172 -373     
New Bedford Harbor, Mass              (19)   3136 616 1550 52   2146       
Background sediment, Mass.   20 20 150 0.4   100       
Contaminated sediment, Russia        (20)   905 19 261 1.69 120  2218     
Background sediment, Russia   67 13 135 1.34 24  90     
Onda, Pb & Zn contaminated, Spain  (21)     939 582           
Aznalcollar, As contaminated, Spain 151 57 226 221    
Silla, Cr contaminated, Spain   92 161 226    5771       

 
References: (1) De Carlo and Spencer (1995, 1997), De Carlo and Anthony (2002); (2) De Carlo et al., 2004; (3) McMurtry et al., 1995; (4) Wolff, 2005; (5) Sharma et al., 1999; 
(6) Presley, 1994; (7) Presley et al., 1992; (8) Vasquez and Sharma, 2004; (9) Cantillo et al., 1999; (10) Kang, 1999; (11) Gough et al., 1996; (12) Gonzalez-Caccia. 2002; (13) 
Caccia et al., 2003; (14) Chen, 2002; (15) Frenzel, 2000; (16) Weisberg et al., 1999; (17) Gonzalez et al., 1997; (18) Fernandez et al., 2006; (19) Stoffers et al., 1977; (20) 
Dauvalter, 2003; and (21) Romaguera et al., 2008 
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IV.  Spatial and Temporal Distribution of COPC and Zn in Biota at Ordnance Reef  

The concentrations of COPC and Zn in biota showed similar patterns within each 

type of biota, but different elements were enriched preferentially in the different types of 

organisms. The concentrations of COPC and Zn were nearly identical within each biota 

type, across all sites and between the two sampling seasons. A few samples, however, do 

not fit this general description. For example, elevated concentrations of Cu (25 ppm) and 

Zn (263 ppm) were observed in a single limu sample collected from the DMM stratum 

during April. Because this particular sample (ORD019L) is so different from the rest, it is 

possible that small particles of sediment or of DMM casings were attached to the sample, 

were not properly removed during sample preparation and were digested along with the 

sample, thereby considerably enriching the generally low abundance COPC in limu.  

 

Examination of the TE and COPC data for the biota samples also reveals that 

there is no obvious difference in concentrations between the two sampling seasons (Table 

5). PCA of the biota data, indicate that none of the COPC correlate with each other, 

suggesting that the COPC present in these organisms are either of natural origin or that 

only a single contaminant element becomes enriched in the organism through 

bioaccumulation. Furthermore, each type of biota shows distinct elemental groupings in 

the principal components. This might be expected if there is no particular 

bioaccumulation or biomagnification pathway when going up through the trophic levels. 

In an aquatic food web study in the Mekong Delta, Vietnam (Ikemoto et al., 2008), the 

authors reported that the biomagnification profiles of trace metals differ between 

crustaceans and fishes; concentrations of As, Cu, Zn and Pb were considerably higher in 
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crustaceans, whereas concentrations of Hg were higher in fishes (Ikemoto et al., 2008). 

The PCA for limu, however, grouped Cu and Zn together, but this relationship only 

distinguishes two samples collected in April within the DMM area, with moderately 

elevated concentrations of these elements (Cu: 2.8 and 6.4 ppm and Zn: 2.7 and 8.4 ppm). 

It is interesting to consider that, globally, elemental concentrations in algal tissue are 

apparently influenced by elemental abundances in oceanic waters, whereas metabolic 

processes as well as environmental factors relevant to each region will “fine tune” the 

final concentration of a given element in the body of a macroalgae (Sanchez-Rodriguez et 

al., 2001). With this in mind, observing elevated concentrations of Cu and Zn for only 

two samples from the DMM in April is probably not representative of the influence of 

munitions at DMM.    

During the 2006 NOAA study at Ordnance Reef (HI-06), only fish tissues were 

analyzed, therefore a comparison between both studies can only be done on the fish 

samples. In general, the concentrations observed for As, Cd, Cu, Hg and Zn in the fish 

tissues in 2009 are lower than those observed in the 2006 study. The concentrations of As 

are up to five folds lower in this study, concentrations of Pb are two orders of magnitude 

lower and those of Zn six-fold lower. The differences are likely due to the fact that the 

whole fish were analyzed in 2006, whereas only the fillets were analyzed in 2009. By 

analyzing samples taken from homogenized whole fish body, some organs, such as livers 

and gills, for which one of the biological functions is to filter and accumulate toxins and 

other contaminants (e.g., Napoleao et al. 2005; Ebrahimpour and Mushrifah, 2010), may 

contribute to concentrations derived from the muscle tissues and artificially increase the 

“apparent” concentrations of the TE in the whole fish. 
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Elevated concentrations of As are still observed in fish tissue from the current 

study. The highest concentration in samples from the CON stratum in April was 38.8 

ppm As in octopus tissues, which is half the 76 ppm As “Level of Action” defined by the 

FDA (2001, Table 32). Arsenic toxicity is strongly related to its chemical form and 

marine organisms are known to accumulate this element mostly as relatively non-toxic 

organo-arsenic molecules, while the inorganic forms tend to predominate in seawater and 

sediments (Fattorini and Regoli, 2004). As mentioned in the results section, the organic 

form of As accounted for more than 90 % of the total As measured in biological samples, 

excluding the limu, during the 2009 study at Ordnance Reef (HI-06). 

The pathway for conversion from inorganic to organic As is mainly driven by 

biotransformation between marine algae and bacteria, and organic forms of this element 

have been hypothesized to be the final products of detoxification processes (Fattorini and 

Regoli, 2004). It is also important to note that species characteristics, more than specific 

environmental factors, can influence the basal arsenic speciation (Geiszinger et al., 

2002). For example, some species of polychaetes have high concentrations of inorganic 

As in their branchial crowns as a mean to avoid predation (Fattorini and Regoli, 2004). 

With this in mind, it is useful to compare the As data gathered in biota at Ordnance Reef 

(HI-06) with As data from the same (or similar) organisms from other locations and 

identify the similarities and differences. 

The concentrations of As found in biota tissues from Ordnance Reef (HI-06) fall 

generally within the ranges found elsewhere for their respective organism groups (Table 

32). The concentrations of As found in octopus tissues range from 18.7 to 37.8 ppm and 
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are consistent with the range of 33 to 56 ppm for octopus muscles from Portugal, Africa, 

the English Channel and the Kerguelen Islands (Napoleao et al., 2005; Soldevilla et al., 

1987; Bustamante et al., 1998; Miramand and Bentley, 1992). The fish tissues from 

Ordnance Reef (HI-06) displayed concentrations of As ranging from 4.4 to 38.0 ppm, 

which is above the 0.013 to 22.9 ppm range found for fish muscles around the world 

(Table 32). The highest concentrations of As in fish tissues, however, were found in 

samples collected from NPS and CON areas, where we also observed the highest 

concentrations of As in sediment samples (9.6 and 14.7 ppm), suggesting there is a 

possibility of biomagnification. In Chi-ku Lagoon, however, concentrations of As in 

sediments ranged from 5 – 20 ppm and were lower in fish muscles with a range of only 

0.50 – 3.30 ppm (Chen, 2002), conflicting with the biomagnification hypothesis. The 

concentrations of As in limu and crab tissues from Ordnance Reef (HI-06), however, are 

well within or below the range found for those organism groups around the globe (Table 

32). 

Although the FDA has not defined a level for Cu, it is still of potential concern in 

the tissue of organisms at Ordnance Reef (HI-06) because of the corroding cartridge 

casings containing up to 40 % of Cu and an estimated 2.7 % of the total DMM weight 

approximated for Ordnance Reef (HI-06) (MIDAS). Examination of Table 32 reveals that 

all the concentrations of Cu in biotic tissues fall within what is reported for those 

organisms from diverse locations around the world, except for one octopus sample from 

the DMM stratum (OR006O) which contained 90.3 ppm Cu. Thus it appears reasonable 

to conclude that the biota from all sites including those in the DMM area are not 

contaminated with Cu.  
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The concentrations of Pb and Zn in biotic samples from Ordnance Reef (HI-06) 

are within the lower end of the range for those organisms shown in Table 32. The 

concentrations of Pb found at Ordnance Reef (HI-06) in octopus tissues range from 0.06 

to 0.20 ppm, but only reache 0.11 ppm in an English Channel specimen (Miramand and 

Bentley, 1992). Although the maximum concentration is twice as high at Ordnance Reef 

(HI-06), it is well under the 1.5 ppm FDA Level of Action and the observed 

concentrations should not raise concern. The concentrations of Pb in fish tissues, 0.06 to 

0.31 ppm, are within the range found for fish from other locations, 0.01 to 0.50 ppm. 

There is no established FDA level of action for Zn. The concentrations of Zn found in 

octopus tissues at Ordnance Reef (HI-06) are well below the 138 ppm upper end of the 

range for octopi from other locations. For fish tissues, the concentrations found at 

Ordnance Reef (HI-06) fall within the range of 0.38 – 25.4 ppm. For limu and crab 

tissues, the concentrations of Zn at Ordnance Reef (HI-06) are below the concentrations 

found in the same organisms elsewhere, except for the one anomalous limu sample. This 

suggests that the concentrations of Pb and Zn found in biotic tissues during this study do 

not reflect the influence of contamination from DMM, are similar to those found in 

organism tissues from other locations, and are well below the FDA recommended Level 

of Action. 
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Table 32. Comparison of TE and COPC contents in organism tissues from both studies at Ordnance Reef (HI-06) and around the world 
Location As (ppm) Cd (ppm) Cr (ppm) Cu (ppm) Hg (ppm) Ni (ppm) Pb (ppm) Se (ppm) Zn (ppm) 

                     

FDA Level of Action   76 3 12 none 1 70 1.5 none none 
            

2009 Ordnance Reef            
Fish  CON 6.00 - 38.8  0.25 - 0.77 0.17 - 0.70 0.04 - 0.14  0.06 - 0.09 0.13 - 1.20 2.40 - 7.80 
  DMM 4.40 - 24.9  0.11 - 0.86 0.19 - 1.10 0.04 - 0.15  0.06 - 0.14 0.11 - 0.43 2.50 - 7.80 
  NPS 5.90 - 38.1  0.19 - 0.68 0.16 - 0.89 0.06 - 0.17 0.13 - 0.80 0.07 - 0.12 0.29 - 0.81 2.20 - 4.40 
  WWTP 6.50 - 21.2  0.26 - 0.75 0.14 - 1.30 0.06 - 0.11 0.13 0.07 - 0.31 0.29 - 0.42 2.20 - 4.60 
            

Octopus  CON 20.3 - 32.5 0.31 - 1.40 0.12 - 0.50 2.60 - 23.2 0.03 - 0.05  0.07 - 0.08 0.15 - 0.35 9.00 - 17.7 
  DMM 20.2 - 32.4 0.71 - 3.50 0.10 - 0.69 5.90 - 90.3 0.03 0.13 - 0.16 0.06 - 0.08 0.18 - 0.59 10.3 - 51.6 
  NPS 18.7 - 35.3 0.08 - 1.10 0.18 - 1.00 3.40 - 22.5 0.05 0.12 0.07 - 0.20 0.18 - 0.34 11.5 - 17.2 
  WWTP 19.9 - 37.8 0.27 - 0.75 0.11 - 0.58 3.00 - 33.4  0.11 0.09 0.16 - 0.44 12.8 - 16.5 
            

Crab  DMM 27.1 - 51.2 0.10 - 0.18 0.48 - 0.71 4.80 - 16.8 0.03 - 0.14   0.17 - 0.52 40.5 - 54.9 
  NPS 37.9  0.5 3.3 0.06   0.29 39.2 
  WWTP 14.9 - 52.4 0.06 - 0.51 0.44 - 0.71 0.30 - 13.8 0.05 - 0.08  2.4 0.16 - 0.57 3.20 - 59.2 
            

Limu Kohu  CON 0.16 - 1.30  0.20 - 1.70 0.16 - 0.62 0.03 0.17 - 1.70 0.12 - 0.52  0.84 - 2.80 
  DMM 0.34 - 1.20  0.78 - 1.70 0.62 - 6.40 0.03 0.48 - 1.00 0.31 - 0.69 0.12 - 0.14 1.30 - 8 
  NPS 0.47 - 1.50  0.30 - 2.70 0.08 - 0.99  0.26 - 2.5 0.14 - 1.10 0.22 - 0.91 0.98 - 2.90 
  WWTP 0.51 - 1.40  0.56 - 2.10 0.23 - 1.30  0.36 - 1.60 0.18 - 0.80 0.30 - 0.44 0.66 - 3.10 
2006 Ordnance Reef            
Fish  Control Area 13 - 80 0.52   0.121  ND  12 - 110 
  Outfall Area 33 - 110 ND   ND  ND  22 - 50 
  Munitions Area 15 - 110 1.2   0.033 - 0.342  13 - 16  13 - 100 
Fish Muscle            
Benthic herbivore        (1) Chi-ku Lagoon, Taiwan 0.71 - 2.65   0.11 - 0.33 0 - 0.412   0.35 - 0.42 3.32 - 5.43 
Benthic carnivore  Chi-ku Lagoon, Taiwan 0.67 - 3.30   0.36 - 0.81 0 - 0.046   0.23 - 0.33 2.31 - 5.79 
Benthic omnivore  Chi-ku Lagoon, Taiwan 0.50 - 1.38   0.13 - 0.36 0 - 0.043   0.23 - 0.43 3.94 - 13.7 
Aquacultural fishes  (2) Taiwan Supermarkets               U 0.013-0.03 0.032-0.051  0.57 - 0.66 0.017 - 0.034  0.30 - 0.49   
Freshwater fishes         (3) Kaohsiung, SW Taiwan            U  <0.01 - 0.01  0.28 - 1.86 <0.01 - 0.03 0.04 - 0.26 <0.01 - 0.05  3.6 - 22.0 
Marine fishes               (4) Karachi, Pakistan, Arabian Sea U 0.64 - 1.18 0.023 - 0.046  0.16 - 0.41 0032 - 0.107 0.028 - 0.08 0.028 - 0.089  0.38 - 3.5 
Benthic fishes              (5) British Columbia, NE Pacific    U  0.026 - 0.054  0.08 - 0.56 0.002 - 0.164  0.18 - 0.50  3.0 - 5.0 
Marine fin fishes          (6) Hong-Kong, New Territories     S 0.3 - 21.1 <0.1 - 0.3  <0.1 - 1.0 <0.02 - 0.4  <0.1 - 0.3  0.8 - 25.4 
Benthic fishes              (7) Kvarner-Rijeka Bay, Yugoslavia H 0.12 - 22.9 0.01 - 0.03   0.05 - 0.67  0.08 - 0.2   
            

Octopus muscle            
Octopus vulgaris          (8) Portugal                                          U 54   36  2.2  1.7 76 
  Portugal                                          S 56   25  1.5  1.7 68 
  Portugal                                          H 33   26  1.6  1.3 60 
Octopus vulgaris          (9) Portugal    3.9 - 72   0.06  37 -119 
Octopus vulgaris          (10) Africa    36     70 
Octopus vulgaris          (11) Mediterranean sea    26     70 
Granledone sp.             (12) Kerguelen Islands    15     113 
Benthoctopus thielei  Kerguelen Islands    3     138 
Eledone cirrhosa          (13) English Channel    17  0.4 0.11  105 
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Table 32. (Continued) Comparison of TE and COPC contents in organism tissues from both studies at Ordnance Reef (HI-06) and around 
the world 

 
Crab            
Spanner crab                (17) Amami Island Group, Japan 77.6 - 139   53 - 479    3.5 - 7.3 75.9 - 492 
            

Seawed (Red)            
G.  pachidermatica       (14) Loreto Bay, Mexico 13.8  7.17   200  0.86 21 
Hypnea pannosa  Loreto Bay, Mexico 5.45  5.25     0.49 26 
Laurencia johnstonii  Loreto Bay, Mexico 5.65  2.19   40  0.54 29 
L. papillosa  Loreto Bay, Mexico 1.48  3.02   100  0.08 36 
Rhodophyta sp.            (15) Saurashtra, India 0.8 - 4.4   2.9 - 6.6  1.1 - 7.7  1.01 - 4.6 15.5 - 72.9 
Rhodophyta                 (16) Hawaii    2 - 7     7 - 42 
References: (1) Chen, 2002; (2) Liu and Cheng, 1990; (3) Sun et al., 1986; (4) Ashraf and Jaffar, 1989; (5) Harding and Goyette, 1989; (6) Phillips et al., 1982; 
(7)Ozretic et al., 1990; (8) Napoleao et al., 2005 ; (9)  Raimundo et al., 2004; (10) Soldevilla, 1987; (11) Miramand and Guary, 1980; (12) Bustamante et al., 
1998; (13) Miramand and Bentley, 1992; (14) Fukushima et al., 2001; (15) Sanchez-Rodriguez et al., 2001; (16) Kumar et al., 2010; (17) McDermid and 
Stuercke, 2003. U: Unpolluted; S: Slightly polluted; H: Highly polluted 
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Chapter V: Conclusions 

The null hypothesis, H0, is rejected, because there are differences in the elemental 

compositions of sediment in particular between sites and between sampling seasons. The 

hypothesis is also rejected for the biota, although on a more limited basis, because 

although different biota types displayed different elemental abundances, each type of 

biota showed very similar concentrations of TE across the sites from the different 

sampling areas. 

It was found that each area (stratum) displays a particular elemental signature. 

This is consistent with the design of the original sampling plan as the composition of 

sediments in each area was predicted to reflect different types of inputs (i.e., NPS runoff, 

WWTP outfall, DMM). Interestingly, the variability in the elemental composition of 

sediments at the CON area is strongly influenced by terrigenous inputs that bring V, Cr, 

Co, Ni, As, Ba, Al, Fe, Mn, and Ti (Factor 1, see Figures 16, 18 and 20). The variability 

in the composition of sediments from the DMM area, however, is largely driven by 

differences in the abundance of Cu and Zn (Factor 2), with high concentrations of those 

elements derived from the deterioration and transport of the fragments of military 

munitions. The variability of the sediments at the WWTP and NPS sites is dominated by 

marine biogenic sediments (Factor 3) and more so than sediments from the other two 

areas. The latter two areas, however, are also influenced by minor anthropogenic inputs 

of Pb, Cd and other TE delivered through the WWTP outfall pipe and probably from road 

runoff. This assessment is based largely on the moderately elevated concentrations of Cu 

and Zn observed in these sediments. Therefore, hypothesis H1 stating that the elemental 
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composition of the sediments will vary among individual sites within and between strata 

reflecting variations of inputs to the respective areas is supported by data from this study. 

 

Hypothesis H2 suggesting a decrease in concentrations of COPC in sediments as a 

function of distance away from readily identified DMM objects is rejected. No overall 

decrease in COPC concentrations in sediments is evident as a function of increasing 

distance from specific munitions, although this hypothesis is supported for several series 

of samples. Overall there appears to be an increase in concentrations as a function of 

distance, probably owing to transport of small fragments of corroded munitions away 

from the munitions themselves or due to munitions rolling away from their original 

location. Yet, relatively little contamination with COPC, in particular Cu, is evident at 

many of the DMM sites, and even less contamination exists in areas further away from 

the DMM stratum. This observation supports the findings of the 2006 NOAA study, that 

DMM have not caused widespread contamination at Ordnance Reef (HI-06) and adjacent 

areas. 

 

The elemental compositions of octopus, fish and crab tissues samples do not show 

any correlation with the variations observed in the sediments from the different sites, or 

the presence of discarded munitions. The concentrations of COPC in biotic tissues do 

vary between species, but are essentially identical for a given type of biota between sites. 

All animals collected are relatively mobile, probably move between sites to some extent, 

and their compositions, especially their COPC content, should not raise concerns in the 

community. The average concentration of COPC in seaweed samples also display their 
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own characteristic concentrations of COPC, but is strongly influenced by a single sample 

collected in the DMM stratum that displayed high concentrations of Cu. This sample 

(ORD019L) was so anomalous in its composition that it does not seem representative and 

was likely contaminated by small particles of sediment or casing from the munitions that 

were analyzed along with the seaweed sample. Based on these observations, H3, higher 

concentrations of COPC in biological samples in the DMM stratum, and H4, direct 

correlation between concentrations of TE in sediments and biota, are rejected. 

 

One of the mechanisms of mineral transport from land to marine ecosystems is 

riverine inputs during high flow storm events. For example, Kona storms can be an 

important source of rain in the Wai'anae area with about 65 percent of the annual 

recorded precipitation for the area derived from these storms. It is expected that the 

rainfall washes minerals from the mountain region adjoining the study area through the 

agricultural valleys into the ocean. Such freshets (e.g., Tomlinson and De Carlo, 2003) 

bring volcanic minerals, road runoff and agricultural soil to the study area. 

 

Some of the sediments collected near DMM during both sampling seasons have 

higher concentrations of Cu and Zn than sediments from the other sites, and those from 

the April 2009 sampling round area also enriched in Pb. The concentrations in a few of 

the sediment samples from the DMM area are greater than the highest concentrations 

reported for polluted road deposited sediments in Hawai'i. Thus, corrosion of DMM 

appears to be releasing Cu, Zn, and maybe Pb, into the sediments, but there is no apparent 

accumulation of these elements in either the biota collected in the DMM stratum or the 
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other sites. Overall, the levels found in hee, weke, Kona crab or limu from the Ordnance 

Reef (HI-06) study area are similar to levels found in biota from other locations and 

below FDA levels. A formal risk assessment is being conducted as part of the remedial 

investigation by a private risk assessment firm. The results of the risk assessment will be 

reported to the Wai'anae community in the near future. 
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 Appendix A:  
Elemental concentrations in sediments from the four strata, WWTP, DMM, CON and NPS from April 

and September 2009. 

 

Silt/ Clay Trace Elements COPC Minor and Major Elements 
Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
Co   

(ppm) 
Mn   

(ppm) 
Ni     

(ppm) 
U     

(ppm) 
V      

(ppm) 
Zn    

(ppm) 
As    

(ppm) 
Cu    

(ppm) 
Pb    

(ppm) 
Al   
(%) 

Ca   
(%) 

Fe   
(%) 

Mg   
(%) 

Sr   
(%) 

Ti    
(%) 

CON 2 - S022 5.8 0.7 35.0 3.9 72.6 39.6 0.6 25.8 26.1 7.1 16.3 304 0.5 14.3 0.7 2.1 0.2 0.2 
CON 3 - S023 82.9 0.3 166 34.0 750 100 1.0 230 119 25.1 66.6 91.8 5.1 8.7 7.2 2.9 0.1 1.5 
CON 4 - S024 83.1 0.9 260 37.7 867 123 1.1 281 159 25.1 99.8 498 5.8 9.2 8.9 2.8 0.1 1.8 
CON 5 - S025 79.7 0.3 185 35.8 729 112 1.2 124 116 27.2 68.1 14.0 5.1 9.4 7.4 3.1 0.1 1.5 
CON 6 - S026 63.7 0.2 212 30.2 623 102 1.3 214 135 26.5 75.7 814 4.5 7.9 6.7 3.0 0.1 1.4 
CON 7 - S027 84.2 0.5 234 35.4 859 115 1.4 252 182 30.8 77.0 161 5.6 9.3 8.3 2.8 0.1 1.7 
CON 8 - S028 53.4 0.1 231 32.3 621 127 1.5 248 135 42.3 84.2 681 5.7 11.5 8.2 1.9 0.1 1.6 
CON 9 - S029 61.5 0.6 211 30.6 635 114 1.8 207 255 43.9 72.4 21.8 5.4 14.4 8.0 2.1 0.2 1.5 
CON 10 - S030 46.9 0.3 157 31.4 552 110 1.5 123 93.9 35.2 64.1 26.9 3.9 17.6 5.4 2.3 0.2 1.0 
CON 11 - S031 46.8 0.3 210 26.3 587 125 1.5 211 109 42.2 73.1 158 5.5 12.7 7.7 1.9 0.2 1.5 
CON 12 - S032 58.2 0.7 228 35.0 25.6 125 1.0 207 125 28.2 85.1 528 0.1 10.0 0.0 2.6 0.1 0.0 
CON 13 - S033 51.5 0.2 167 34.5 628 122 1.5 150 109 42.9 82.3 205 4.8 15.1 6.8 2.1 0.2 1.3 
CON 32 - S013 17.9 0.4 115 14.0 61.3 1.3 99.3 51.3 23.0 81.3 496   
CON 33 - S014 31.9 0.0 189 20.0 359 73.0 1.5 147 66.2 21.2 49.6 424 2.3 19.0 3.9 2.1 0.2 0.9 
CON 34 - S015 37.8 0.4 145 21.0 327 76.7 0.0 143 90.5 38.6 64.1 202 3.1 14.3 4.5 2.2 0.2 1.0 
CON 34 - S016 26.1 0.0 120 14.5 233 26.0 1.6 103 53.3 24.4 46.5 615 1.9 20.3 2.8 2.2 0.2 0.6 
CON 35 - S025 16.9 0.3 102 15.7 262 62.8 1.0 93.1 56.9 11.4 38.4 197 1.7 18.3 2.6 2.1 0.2 0.6 
DMM 1 - S019 18.3 0.0 46.2 1.8 74.4 25.6 0.0 47.6 3009 20.4 25143 1462 0.5 26.3 1.8 2.0 0.3 0.2 
DMM 1 - S020 146 1.2 71.4 62.7 1.0 10.2 2040 5885 5109 0.6 23.3 1.2 2.2 0.2 0.2 
DMM 1 - S021 15.3 0.4 52.0 3.0 65.1 30.6 1.3 38.9 954 7.4 3734 4963 0.5 17.6 1.0 2.5 0.2 0.2 
DMM 2 - S022 15.3 0.8 79.6 9.2 87.2 48.8 1.2 23.4 1258 6.8 2548 71.4 0.7 26.0 1.4 1.8 0.3 0.2 
DMM 2 - S023  13.8 1.6 30.5 1.7 49.8 26.8 0.7 27.2 222 9.0 412 307.3 0.5 21.1 1.0 2.1 0.2 0.1 
DMM 2 - S024 24.2 0.0 56.9 7.1 87.5 46.5 1.3 40.1 642 14.4 3432 38.7 0.8 25.8 1.5 1.6 0.3 0.3 
DMM 3 - S034A 11.1 0.5 48.2 4.2 85.4 32.2 1.4 42.2 1039 9.6 3053 55.6 0.7 26.4 1.7 2.0 0.3 0.2 
DMM 3 - S034B 11.6 0.1 47.3 8.4 102 66.2 1.4 50.1 1234 11.5 2007 168 0.8 23.8 2.1 1.8 0.2 0.3 
DMM 3 - S035 7.1 0.0 41.1 4.6 71.5 29.7 1.0 34.7 719 9.3 1284 537 0.5 19.4 1.6 2.1 0.2 0.2 
DMM 4 - S036 64.0 0.2 56.6 6.4 89.2 63.3 1.4 43.7 1294 9.1 1778 242 0.7 26.6 1.6 1.9 0.3 0.2 
DMM 4 - S037 57.8 0.1 40.1 6.8 77.6 45.2 1.4 35.1 376 12.4 488 78.4 0.6 26.0 1.5 1.9 0.3 0.2 
DMM 4 - S038 76.7 0.2 53.4 0.1 93.6 40.1 1.0 128 2766 13.3 3230 10544 0.6 27.1 2.1 1.8 0.3 0.2 
DMM 6 4/13 14.3 0.1 58.5 8.5 110 51.6 1.5 40.4 39.9 7.1 23.9 11.9 0.9 16.6 0.7 1.4 0.2 0.2 
DMM 6 #2 13.1 0.1 55.2 5.8 83.2 43.7 1.7 31.5 48.3 7.5 32.0 14.1 0.6 20.6 0.5 1.7 0.3 0.2 
DMM 6 - S003 11.8 0.4 73.5 5.0 91.1 46.4 1.4 36.8 61.7 6.6 38.4 457 0.7 26.8 1.0 2.1 0.3 0.2 
DMM 10- S001 7.9 0.0 46.3 1.6 49.7 26.0 0.8 26.6 152 4.5 1183 137 0.5 20.0 0.7 2.3 0.2 0.2 
DMM 10 - S002 13.0 0.7 30.9 3.7 50.9 37.0 0.9 31.6 335 12.8 3107 99.0 0.5 19.6 0.8 2.2 0.2 0.2 
DMM 10 - S003 17.4 0.3 29.2 1.3 43.0 21.1 1.1 26.2 659 6.8 6379 121 0.4 19.7 0.7 2.2 0.2 0.1 
DMM 11 - S004 5.5 1.7 38.6 3.5 53.0 34.0 1.2 30.5 263 9.7 2435 221 0.5 21.7 0.9 2.0 0.2 0.2 
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 Trace Elements COPC Minor and Major Elements 
Silt/ Clay Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
Co   

(ppm) 
Mn   

(ppm) 
Ni     

(ppm) 
U     

(ppm) 
V      

(ppm) 
Zn    

(ppm) 
As    

(ppm) 
Cu    

(ppm) 
Pb    

(ppm) 
Al   
(%) 

Ca   
(%) 

Fe   
(%) 

Mg   
(%) 

Sr   
(%) 

Ti    
(%) 

DMM 11 - S005 5.3 0.0 24.2 1.9 40.8 19.0 0.7 21.0 71.7 3.9 490 130 0.3 14.2 0.6 2.1 0.2 0.1 
DMM 11 - S006  17.6 0.0 35.8 0.2 55.2 63.3 1.0 25.4 285 6.3 719 113 0.5 19.3 0.8 2.1 0.2 0.2 
DMM 12 - S007 10.0 1.1 44.7 1.1 64.9 29.3 1.3 32.7 250 12.8 586 121 0.6 21.7 0.9 1.9 0.2 0.2 
DMM 12 - S008 13.3 0.6 42.5 5.0 76.1 28.4 1.1 39.1 212 7.3 1180 354 0.7 19.6 1.1 2.0 0.2 0.2 
DMM 12 - S009 12.6 0.1 46.6 5.1 64.9 34.4 1.4 42.1 323 14.1 1672 202 0.7 24.4 1.2 1.9 0.3 0.2 
DMM 13 - S010 10.2 0.0 35.7 2.2 72.2 30.8 0.9 29.5 72.2 4.3 83.2 264 0.5 20.0 0.9 1.9 0.2 0.2 
DMM 13 - S011 12.1 2.3 44.6 5.6 76.8 37.1 1.3 39.2 270 6.6 716 118 0.7 25.3 1.1 1.9 0.3 0.2 
DMM 13 - S012 14.0 0.0 56.2 6.3 87.1 30.9 1.4 50.1 242 18.0 855 310 0.8 22.9 1.4 1.9 0.2 0.3 
NPS 1 - S013 17.9 0.1 69.9 7.4 110 52.2 2.2 37.7 36.9 8.8 40.0 304 0.7 24.3 0.9 1.7 0.3 0.2 
NPS 2 - S014 31.2 0.0 96.6 16.7 357 52.9 0.6 92.4 63.0 11.0 36.2 264 2.1 10.4 2.8 2.6 0.1 0.6 
NPS 3 - S015 7.6 0.1 39.6 3.4 60.7 30.1 1.0 25.1 26.9 4.2 13.8 680 0.5 12.3 0.7 2.1 0.1 0.2 
NPS 4 - S016 2.6 0.0 7.5 0.4 16.2 3.7 0.4 4.7 31.7 1.0 4.6 15.0 0.1 5.1 0.1 2.3 0.1 0.0 
NPS 5 - S017 1.4 0.6 9.2 0.0 7.5 0.4 3.2 4.3 5.4 4.9 2.2   
NPS 6 - S018 5.6 0.2 39.3 3.4 51.3 49.5 1.0 14.4 33.9 3.8 17.1 392 0.2 20.5 0.3 1.9 0.2 0.1 
NPS 9 23.5 0.4 41.9 9.7 163 33.6 1.1 40.6 34.5 6.1 24.6 183 0.9 20.3 1.2 2.0 0.2 0.3 
NPS 10 6.4 0.1 26.7 1.1 72.2 28.4 0.6 16.8 19.4 2.8 14.7 7.2 0.4 9.3 0.5 1.9 0.1 0.1 
NPS 11 11.7 0.2 25.4 3.5 71.7 116 0.6 17.2 26.5 2.9 24.9 13.1 0.4 9.6 0.5 3.2 0.1 0.1 
NPS 12 18.2 0.1 42.3 5.6 164 36.3 1.2 31.2 37.9 4.2 16.9 20.5 0.7 19.8 0.9 2.2 0.2 0.2 
NPS 13 2.9  44.8 0.7 62.3 19.8 0.3 9.6 37.0 2.7 20.9 362 0.2 6.0 0.2 2.8 0.1 0.1 
NPS 14  12.8 0.1 66.2 9.5 53.7 68.2 1.9 35.1 45.4 3.1 29.1 11.6 0.2 7.4 0.2 1.4 0.1 0.1 
NPS 30 - S018 5.9 0.0 24.0 49.2 16.4 0.9 13.0 18.2 4.2 18.3 272 0.3 14.5 0.3 2.1 0.2 0.1 
NPS 31 - S019 7.9 0.2 34.6 3.8 99.9 28.3 0.8 26.3 22.1 14.1 19.0 365 0.5 15.6 0.7 2.1 0.2 0.2 
NPS 33 - S020 14.7 0.0 39.7 6.6 131 29.5 0.8 42.5 30.8 11.2 21.0 144 0.8 16.4 1.2 2.1 0.2 0.3 
NPS 34 - S021 15.6 1.2 54.8 8.3 151 35.2 1.2 50.2 37.2 9.2 25.7 300 1.0 20.6 1.4 2.0 0.2 0.3 
WWT 1 - S001 17.3 1.1 67.0 7.4 118 57.3 2.0 51.3 83.7 2.8 99.4 206 0.9 27.7 1.5 1.9 0.3 0.3 
WWT 1 - S002 15.1 0.3 53.0 8.5 97.8 57.9 1.4 39.4 53.5 4.5 52.6 11.4 0.7 25.9 1.0 1.8 0.2 0.2 
WWT 1 -S003 14.6 0.0 68.0 7.6 58.1 0.0 51.5 76.7 9.3 75.9 11.6   
WWT 2 - S004 7.5 0.1 45.1 5.5 90.5 57.6 1.5 26.9 32.7 2.9 22.0 8.9 0.6 21.2 0.9 2.0 0.2 0.2 
WWT 2 - S005 19.7 0.3 60.6 9.1 157 51.3 1.7 52.9 146 5.7 44.5 392 1.4 24.9 1.8 1.9 0.2 0.4 
WWT 2 - S006 12.3 0.1 61.1 9.5 105 77.8 2.3 44.6 56.0 3.0 38.8 141 0.8 24.0 1.2 1.7 0.2 0.3 
WWT 3 - S007 16.5 0.2 81.3 11.9 168 77.6 1.4 51.5 60.5 2.8 40.7 386 1.1 26.7 1.5 1.7 0.3 0.4 
WWT 3 - S008 14.6 0.1 54.3 4.2 41.0 2.2 40.0 37.8 2.6 31.3 10.7   
WWT 3 - S009 13.6 0.5 61.9 4.4 31.0 1.7 45.2 53.4 0.2 33.9 112   
WWT 5 - S010 16.7 0.7 68.2 6.7 143 41.1 1.9 49.2 42.1 3.6 27.9 293 0.8 20.2 1.1 1.7 0.3 0.4 
WWT 5 - S011 17.7 0.9 89.6 10.2 190 46.5 1.7 67.5 45.6 2.9 29.5 13.5 1.3 24.8 2.1 2.0 0.3 0.5 
WWT 5 - S012 13.6 0.1 62.9 5.9 96.1 38.2 1.8 39.9 33.4 4.7 24.7 13.8 0.7 21.7 1.1 2.1 0.2 0.3 
WWT 15 - S017 20.8 1.9 52.5 4.9 44.3 1.9 41.3 200 8.6 89.3 199   
WWT 16 - S022 4.2 1.0 38.4 3.7 63.3 30.0 1.0 32.2 89.5 6.0 68.3 105 0.5 16.8 0.8 2.0 0.2 0.2 
WWT 17 - S023 7.4 1.4 41.8 4.0 46.6 28.5 1.4 24.0 72.8 10.9 159 455 0.3 27.1 0.6 1.8 0.3 0.1 
WWT 19 - S024 3.9 1.2 82.9 4.3 47.2 1.2 30.4 57.1 6.3 43.7 78.0   
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 Trace Elements COPC Minor and Major Elements 
Sand Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
Co   

(ppm) 
Mn   

(ppm) 
Ni     

(ppm) 
U     

(ppm) 
V      

(ppm) 
Zn    

(ppm) 
As    

(ppm) 
Cu    

(ppm) 
Pb    

(ppm) 
Al   
(%) 

Ca   
(%) 

Fe   
(%) 

Mg   
(%) 

Sr   
(%) 

Ti    
(%) 

CON 2 - S022 17.9 0.1 44.0 8.8 189 50.6 1.6 41.8 25.4 16.9 8.5 4.3 0.9 32.3 1.2 2.2 0.3 0.2 
CON 3 - S023 22.2 0.1 70.8 16.6 263 85.5 1.6 48.0 34.5 20.1 13.8 6.5 1.4 30.3 1.9 2.5 0.3 0.3 
CON 4 - S024 22.6 0.1 105 18.2 287 117 1.7 64.3 38.6 18.0 15.4 5.6 1.4 29.4 2.2 2.7 0.3 0.3 
CON 5 - S025 18.0 0.0 90.0 18.7 242 125 1.8 58.7 35.0 16.7 14.8 2.6 1.3 30.7 1.9 2.5 0.3 0.3 
CON 6 - S026 19.9 0.1 89.2 17.8 241 100 1.8 48.3 34.2 18.9 14.8 13.6 1.3 29.5 1.9 2.5 0.3 0.3 
CON 7 - S027 22.7 0.1 82.3 17.6 277 90.4 1.7 50.8 36.4 19.9 16.3 5.1 1.5 29.7 2.1 2.5 0.3 0.3 
CON 8 - S028 19.7 0.1 61.5 10.7 190 59.2 2.2 43.8 41.0 16.5 14.4 12.3 1.4 31.7 1.5 1.6 0.4 0.2 
CON 9 - S029 14.6 0.1 59.4 12.2 182 69.3 1.9 37.7 21.7 14.7 10.7 3.7 1.1 29.9 1.3 1.6 0.4 0.2 
CON 10 - S030 10.0 0.1 35.5 8.8 135 54.3 2.0 22.5 22.3 12.2 6.8 2.9 0.6 26.4 0.5 1.6 0.3 0.1 
CON 11 - S031 18.4 0.1 60.4 10.4 180 55.3 2.2 43.5 27.2 15.7 12.5 6.8 1.4 31.3 1.5 1.6 0.4 0.2 
CON 12 - S032 16.9 0.1 73.6 13.7 182 78.6 1.9 41.8 35.8 11.8 12.6 59.7 1.2 31.1 1.4 1.7 0.4 0.2 
CON 13 - S033 11.5 0.1 46.3 10.7 164 81.3 1.8 32.7 23.4 15.0 11.2 9.5 0.9 32.7 1.0 1.8 0.4 0.1 
CON 32 - S013 4.6 0.1 49.5 5.5 90 52.3 1.3 24.5 9.0 13.0 4.5 6.6 0.3 33.0 0.5 2.5 0.3 0.1 
CON 33 - S014 11.5 0.4 103 6.8 130 60.7 1.6 31.6 17.4 4.4 5.3 15.5 0.5 32.4 0.8 1.9 0.3 0.1 
CON 34 - S015 10.3 0.3 42.5 4.8 117 46.6 1.8 33.0 16.5 14.5 6.4 7.6 0.9 31.9 1.0 1.8 0.3 0.2 
CON 34 - S016 6.1 0.2 19.3 2.6 54.8 41.3 1.3 11.8 14.1 3.9 3.1 5.9 0.2 33.5 0.3 2.0 0.3 0.0 
CON 35 - S025 3.2 3.6 8.7 3.5 23.8 29.2 1.6 3.5 22.4 0.9 2.4 0.7 0.1 34.2 0.0 1.6 0.4 0.0 
DMM 1 - S019 4.6 0.3 13.7 3.3 26.4 54.2 1.1 8.5 183 3.8 1252 17.6 0.1 33.1 0.3 2.5 0.2 0.0 
DMM 1 - S020 5.6 0.0 13.8 2.2 25.7 27.8 1.3 10.1 166 5.9 778 47.1 0.1 31.8 0.2 2.5 0.2 0.0 
DMM 1 - S021 4.9 0.1 17.3 4.0 31.2 39.0 1.4 11.0 208 6.3 730 523 0.1 33.5 0.3 2.5 0.3 0.0 
DMM 2 - S022  4.2 0.4 12.5 2.4 21.2 30.2 1.2 7.9 103 3.0 84.4 8.9 0.1 32.5 0.2 1.8 0.3 0.0 
DMM 2 - S023  3.4 0.6 10.9 2.4 17.9 24.6 1.0 6.6 123 4.1 146 10.2 0.1 33.9 0.2 2.1 0.3 0.0 
DMM 2 - S024 2.3 1.0 25.9 4.4 20.6 52.6 0.7 7.3 120 3.9 300 9.3 0.1 28.8 0.2 1.5 0.2 0.0 
DMM 3 - S034A 1.7 0.6 12.0 3.4 21.7 31.7 0.9 7.7 192 3.5 648 4.1 0.1 32.5 0.3 2.1 0.3 0.0 
DMM 3 - S034B 3.7 0.0 9.9 2.1 25.8 27.4 1.1 6.7 227 4.2 165 6.9 0.1 27.2 0.2 2.0 0.2 0.0 
DMM 3 - S035  3.9 0.9 10.5 2.7 21.5 30.6 1.1 8.5 241 6.4 245 86.4 0.1 32.1 0.3 2.1 0.2 0.0 
DMM 4 - S036 0.5 0.0 12.0 3.8 23.8 49.1 1.0 8.2 212 3.8 208 8.4 0.1 32.6 0.5 1.9 0.3 0.0 
DMM 4 - S037 2.7 0.1 11.0 5.0 26.0 58.7 1.0 8.8 139 4.4 134 18.2 0.1 36.9 0.3 2.1 0.3 0.0 
DMM 4 - S038 12.2 0.1 12.0 2.9 25.0 53.7 1.1 8.9 387 5.2 355 149 0.1 34.3 0.4 1.9 0.3 0.0 
DMM 6 4/13 5.1 0.0 17.3 3.2 30.8 41.5 1.4 8.7 13.7 4.5 2.4 1.3 0.1 34.1 0.2 1.9 0.3 0.0 
DMM 6 #2 4.4 0.1 16.3 4.4 26.7 38.7 1.4 7.5 13.3 4.5 3.5 1.5 0.1 31.9 0.2 2.0 0.3 0.0 
DMM 6 - S003 1.7 0.1 18.2 4.2 27.6 63.2 1.2 7.6 12.1 4.0 3.1 7.9 0.1 26.5 0.1 1.4 0.3 0.0 
DMM 10 - S001 4.8 0.6 9.7 1.9 23.0 32.8 0.9 6.3 200 0.2 251 6.0 0.1 33.0 0.1 2.6 0.2 0.0 
DMM 10 - S002 15.0 0.8 22.5 5.3 37.7 36.4 1.3 10.7 113 2.9 904 9.9 0.2 33.5 0.9 2.1 0.3 0.0 
DMM 10 - S003 3.7 0.3 14.7 2.5 30.9 23.3 1.0 8.7 192 5.4 2420 10.0 0.1 33.6 0.2 2.3 0.3 0.0 
DMM 11 - S004 2.5 1.4 10.2 1.1 26.8 39.7 0.8 4.6 93.3 0.0 90.7 8.0 0.1 33.7 0.2 2.0 0.3 0.0 
DMM 11 - S005 3.3 0.3 20.8 2.1 28.8 34.8 1.2 9.7 148 7.5 249 13.6 0.1 34.2 0.2 2.0 0.3 0.0 
DMM 11 - S006 1.0 0.1 13.7 2.5 22.5 31.7 1.0 8.5 91.2 4.7 145 9.3 0.1 34.1 0.1 2.3 0.3 0.0 
DMM 12 - S007 5.0 0.5 10.5 2.0 25.1 36.5 0.4 7.1 115 2.0 103 10.1 0.1 33.2 0.1 2.4 0.2 0.0 
DMM 12 - S008 7.9 0.6 16.2 1.6 21.7 32.7 1.1 8.3 110 4.9 177 13.3 0.1 33.8 0.2 2.1 0.3 0.0 
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 Trace Elements COPC Minor and Major Elements 
Sand Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
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Mn   

(ppm) 
Ni     
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V      
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Zn    
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(ppm) 
Cu    
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Al   
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Ca   
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Mg   
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Sr   
(%) 

Ti    
(%) 

DMM 12 - S009 1.9 1.8 12.0 2.1 23.3 32.0 1.1 5.0 86.3 3.6 725 6.0 0.1 34.2 0.1 2.0 0.3 0.0 
DMM 13 - S010 3.5 1.0 13.8 1.6 27.7 36.6 1.0 6.0 34.9 0.9 17.0 7.8 0.1 34.0 0.1 2.0 0.3 0.0 
DMM 13 - S011 2.1 0.9 11.1 1.4 25.6 40.6 0.9 4.7 83.4 1.4 55.8 7.5 0.1 34.2 0.2 1.9 0.3 0.0 
DMM 13 - S012 5.8 0.5 20.0 1.2 22.7 31.4 1.2 7.5 60.7 5.5 206 10.6 0.1 34.4 0.1 2.0 0.3 0.0 
NPS 1 - S013 4.4 0.0 29.9 5.8 64.2 59.9 1.9 12.7 3.8 5.3 3.4 3.2 0.3 33.2 0.3 1.6 0.4 0.0 
NPS 2 - S014 3.7  22.6 5.1 51.9 55.5 2.0 10.2 1.3 4.8 1.6 3.7 0.2 28.6 0.2 1.4 0.4 0.0 
NPS 3 - S015 4.1 0.0 24.2 4.6 52.6 65.1 2.0 9.8 16.9 4.7 2.9 7.6 0.2 30.1 0.3 1.5 0.4 0.0 
NPS 4 - S016 5.1 0.0 26.7 4.5 56.4 50.5 1.9 10.9 6.3 6.3 1.4 1.1 0.2 29.5 0.2 1.6 0.3 0.0 
NPS 5 - S017 4.2 0.1 17.0 4.7 47.1 59.3 1.9 9.0 9.6 5.1 2.3 1.8 0.1 33.4 0.1 1.8 0.3 0.0 
NPS 6 - S018 6.2 0.1 15.6 6.7 47.6 54.8 1.8 8.7 10.5 4.8 2.6 2.9 0.1 26.4 0.1 1.7 0.3 0.0 
NPS 9  7.5 0.0 20.5 3.5 73.7 31.7 2.0 13.5 16.0 8.1 3.0 5.1 0.2 32.0 0.3 1.7 0.3 0.0 
NPS 10 11.4 0.1 15.8 9.4 66.5 68.4 1.6 10.7 17.6 6.3 3.5 3.6 0.1 33.4 0.3 1.7 0.3 0.0 
NPS 11 8.3 0.1 24.6 10.9 74.7 73.9 1.6 13.8 12.2 6.8 4.0 3.6 0.3 34.5 0.3 1.7 0.3 0.0 
NPS 12 3.6 0.1 17.8 4.8 69.4 63.7 1.6 10.0 18.4 5.6 2.8 3.6 0.2 30.9 0.2 1.6 0.3 0.0 
NPS 13 2.5 0.0 12.4 3.4 57.3 56.7 1.2 5.8 15.1 1.8 3.2 9.5 0.0 23.4 0.1 1.4 0.2 0.0 
NPS 14 3.7 0.0 15.1 0.7 63.0 14.7 0.0 9.1 26.1 5.7 26.1 6.3 0.1 33.9 0.2 1.8 0.3 0.0 
NPS 30 - S018 6.5 0.1 24.1 1.4 31.5 1.7 9.8 3.0 9.6 1.6 3.7   
NPS 31 - S019 6.0 0.4 22.6 2.1 60.9 33.9 1.6 10.7 5.0 5.5 1.9 9.0 0.1 34.2 0.2 1.7 0.3 0.0 
NPS 33 - S020 5.4 1.1 17.1 2.0 55.5 35.8 1.5 9.6 13.5 1.3 1.5 5.2 0.2 34.3 0.2 1.7 0.3 0.0 
NPS 34 - S021 6.6 0.7 13.5 3.1 55.8 30.5 1.4 8.8 12.1 1.0 2.5 6.2 0.1 34.0 0.2 1.7 0.3 0.0 
WWT 1 - S001 24.5 0.0 72.7 11.7 129 107 1.1 36.0 38.8 3.0 33.0 3.5 0.8 31.2 1.1 2.2 0.3 0.2 
WWT 1 - S002  18.2 0.0 44.9 6.7 88.9 63.3 1.5 22.6 27.2 3.3 16.8 1.9 0.4 28.4 0.5 1.4 0.2 0.1 
WWT 1 - S003  19.7 0.1 46.0 9.8 109.0 83.4 1.4 25.7 26.6 2.8 96.2 1.5 0.6 30.5 0.7 1.5 0.2 0.1 
WWT 2 - S004 2.0 0.5 18.6 3.3 42.6 55.7 1.1 8.3 12.7 2.9 2.3 1.1 0.2 33.6 0.2 1.5 0.3 0.0 
WWT 2 - S005 5.5 0.2 19.2 4.4 52.0 47.7 1.6 7.7 26.9 1.1 7.4 60.8 0.2 34.2 0.2 1.5 0.3 0.0 
WWT 2 - S006 6.2 0.0 21.8 2.6 34.1 28.5 2.0 9.0 43.0 3.0 3.8 5.3 0.1 30.0 0.2 1.5 0.3 0.0 
WWT 3 - S007 14.1 0.1 35.5 11.3 76.4 88.3 1.5 15.9 23.2 1.3 13.8 17.3 0.4 34.5 0.5 1.5 0.3 0.1 
WWT 3 - S008  8.2 0.0 21.7 3.1 42.6 33.2 1.9 8.4 21.6 2.5 9.0 3.0 0.1 24.2 0.1 1.3 0.3 0.0 
WWT 3 - S009 4.7 0.0 40.9 5.3 46.9 60.9 1.5 12.9 5.5 1.5 2.6 1.5 0.2 34.4 0.3 1.7 0.3 0.1 
WWT 5 - S010  8.2 0.0 34.3 3.1 60.6 29.7 1.9 11.4 15.4 4.7 3.3 4.6 0.2 22.0 0.1 1.5 0.3 0.1 
WWT 5 - S011 8.3 0.1 23.4 6.3 56.8 43.7 2.0 10.9 10.9 3.4 3.7 1.0 0.3 31.3 0.2 1.5 0.3 0.1 
WWT 5 - S012 8.3 0.1 37.8 6.5 61.3 49.0 2.0 11.3 12.1 3.4 4.3 0.8 0.2 28.9 0.3 1.7 0.3 0.1 
WWT 15 - S017 9.7 0.9 32.7 3.7 51.3 35.9 1.2 16.9 55.5 3.1 18.3 3.2 0.3 33.6 0.4 2.0 0.3 0.1 
WWT 16 - S022 5.2 0.8 11.8 1.5 38.6 33.8 1.0 7.7 47.7 1.6 11.5 3.9 0.1 33.6 0.2 1.8 0.3 0.0 
WWT 17 - S023 2.6 1.9 9.1 0.1 37.8 35.2 1.1 4.1 25.3 2.8 26.7 12.4 0.1 33.3 0.2 1.6 0.3 0.0 
WWT 19 - S024 2.6 1.2 11.5 1.8 37.6 41.2 1.1 5.5 1.7 0.0 2.1 2.1 0.2 34.5 0.2 1.5 0.3 0.0 
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 Trace Elements COPC Minor and Major Elements 
Combined Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
Co   

(ppm) 
Mn   

(ppm) 
Ni     

(ppm) 
U     

(ppm) 
V      

(ppm) 
Zn    

(ppm) 
As    

(ppm) 
Cu    

(ppm) 
Pb    

(ppm) 
Al   
(%) 

Ca   
(%) 

Fe   
(%) 

Mg   
(%) 

Sr   
(%) 

Ti    
(%) 

CON 2 - S022 17.9 0.1 44.0 8.8 189 50.6 1.6 41.7 25.4 16.9 8.5 4.9 0.9 32.3 1.2 2.2 0.3 0.2 
CON 3 - S023 22.6 0.1 71.3 16.7 265 85.6 1.6 49.0 35.0 20.1 14.1 7.0 1.4 30.2 1.9 2.5 0.3 0.3 
CON 4 - S024 22.8 0.2 106 18.2 290 117 1.7 65.2 39.1 18.1 15.7 7.7 1.5 29.3 2.2 2.7 0.3 0.3 
CON 5 - S025 18.7 0.0 91.1 18.9 248 125 1.8 59.5 35.9 16.8 15.4 2.7 1.3 30.4 1.9 2.5 0.3 0.3 
CON 6 - S026 20.5 0.1 91.1 18.0 246 100 1.8 50.8 35.8 19.1 15.7 25.7 1.3 29.2 2.0 2.5 0.3 0.3 
CON 7 - S027 23.3 0.1 83.7 17.7 283 90.6 1.7 52.6 37.7 20.0 16.8 6.5 1.5 29.5 2.2 2.5 0.3 0.3 
CON 8 - S028 20.3 0.1 64.5 11.0 198 60.4 2.2 47.4 42.7 17.0 15.7 24.1 1.5 31.4 1.6 1.6 0.4 0.3 
CON 9 - S029 16.2 0.1 64.5 12.8 197 70.8 1.9 43.3 29.4 15.6 12.8 4.3 1.3 29.4 1.5 1.7 0.4 0.2 
CON 10 - S030 12.2 0.1 42.6 10.1 159 57.5 1.9 28.4 26.5 13.5 10.1 4.3 0.8 25.9 0.8 1.6 0.3 0.2 
CON 11 - S031 19.2 0.1 64.7 10.8 192 57.3 2.2 48.3 29.6 16.5 14.3 11.2 1.5 30.7 1.6 1.6 0.4 0.3 
CON 12 - S032 23.0 0.2 96.5 16.8 159 85.5 1.8 66.3 49.0 14.2 23.3 129 1.0 28.0 1.2 1.8 0.4 0.2 
CON 13 - S033 12.8 0.1 50.2 11.5 179 82.6 1.8 36.5 26.2 15.9 13.5 15.9 1.0 32.1 1.2 1.8 0.4 0.2 
CON 32 - S013 4.8 0.1 50.4 5.6 88.4 52.4 1.3 25.6 9.6 13.1 5.6 13.8 0.3 32.5 0.5 2.5 0.3 0.1 
CON 33 - S014 11.8 0.4 104 7.0 133 60.9 1.6 33.5 18.2 4.7 6.1 22.2 0.6 32.1 0.9 1.9 0.3 0.1 
CON 34 - S015 10.5 0.3 43.3 4.9 119 46.8 1.8 33.9 17.1 14.7 6.9 9.2 0.9 31.8 1.0 1.8 0.3 0.2 
CON 34 - S016 6.3 0.2 20.4 2.8 56.8 41.2 1.3 12.8 14.6 4.2 3.6 12.8 0.3 33.4 0.3 2.0 0.3 0.1 
CON 35 - S025 3.4 3.5 10.3 3.7 27.9 29.7 1.6 5.1 23.0 1.1 3.1 4.1 0.1 33.9 0.1 1.6 0.4 0.0 
DMM 1 - S019 4.7 0.3 14.0 3.3 26.8 53.8 1.1 8.8 205 4.0 1442 29.1 0.1 33.0 0.3 2.5 0.2 0.0 
DMM 1 - S020 6.9 0.1 14.4 2.2 26.1 27.6 1.3 10.1 184 5.8 826 94.7 0.1 31.8 0.2 2.5 0.2 0.0 
DMM 1 - S021 4.9 0.1 17.5 4.0 31.4 39.0 1.4 11.2 213 6.3 748 549 0.1 33.4 0.3 2.5 0.3 0.0 
DMM 2 - S022 4.3 0.4 13.2 2.5 21.9 29.9 1.2 8.0 115 3.1 111 9.6 0.1 32.4 0.2 1.8 0.3 0.0 
DMM 2 - S023  3.4 0.6 11.0 2.4 17.9 24.6 1.0 6.7 123 4.1 147 11.1 0.1 33.9 0.2 2.1 0.3 0.0 
DMM 2 - S024 2.4 1.0 26.0 4.4 20.9 52.4 0.7 7.5 123 4.0 313 9.5 0.1 28.7 0.2 1.5 0.2 0.0 
DMM 3 - S034A 1.8 0.6 12.6 3.4 22.6 31.7 0.9 8.2 205 3.6 683 4.9 0.1 32.4 0.3 2.1 0.3 0.0 
DMM 3 - S034B 3.8 0.0 10.2 2.2 26.3 27.7 1.1 7.0 234 4.2 178 8.1 0.1 27.1 0.2 2.0 0.2 0.0 
DMM 3 - S035 3.9 0.9 10.8 2.7 21.9 30.6 1.1 8.7 245 6.5 255 90.5 0.1 32.0 0.3 2.1 0.2 0.0 
DMM 4 - S036 1.2 0.0 12.5 3.8 24.5 49.2 1.0 8.5 223 3.9 224 10.8 0.1 32.6 0.5 1.9 0.3 0.0 
DMM 4 - S037 3.2 0.1 11.2 5.0 26.4 58.5 1.0 9.0 141 4.4 137 18.7 0.1 36.8 0.3 2.1 0.3 0.0 
DMM 4 - S038 12.5 0.1 12.2 2.9 25.4 53.6 1.1 9.4 398 5.2 368 196 0.1 34.2 0.4 1.9 0.3 0.0 
DMM 6 4/13 5.2 0.0 17.7 3.3 31.5 41.6 1.4 9.0 13.9 4.6 2.6 1.4 0.1 33.9 0.2 1.9 0.3 0.0 
DMM 6 #2 4.5 0.1 17.0 4.4 27.7 38.8 1.4 7.9 13.9 4.6 4.0 1.7 0.1 31.7 0.2 2.0 0.3 0.0 
DMM 6 - S003 1.8 0.1 18.7 4.2 28.2 63.0 1.2 7.9 12.6 4.0 3.5 12.2 0.1 26.5 0.1 1.4 0.3 0.0 
DMM 10 - S001 4.9 0.0 10.2 1.9 23.4 32.7 0.9 6.6 200 0.3 264 7.8 0.1 32.8 0.1 2.6 0.2 0.0 
DMM 10 - S002 14.9 0.0 22.6 5.3 37.8 36.4 1.3 10.9 115 3.0 925 10.7 0.2 33.4 0.9 2.1 0.3 0.0 
DMM-10 -S003 4.0 0.0 15.0 2.5 31.1 0.4 1.0 9.0 201 5.4 2501 12.3 0.1 33.4 0.2 2.3 0.2 0.0 
DMM 11 - S004 2.5 1.4 10.4 1.1 26.9 39.6 0.8 4.8 94.4 0.1 106 9.4 0.1 33.6 0.2 2.0 0.3 0.0 
DMM 11 - S005 3.3 0.3 20.8 2.1 28.9 34.6 1.2 9.8 148 7.5 251 14.7 0.1 34.1 0.2 2.0 0.3 0.0 
DMM 11 - S006 1.0 0.1 13.8 2.5 22.7 31.8 1.0 8.6 92.0 4.7 147 9.7 0.1 34.0 0.1 2.3 0.3 0.0 
DMM 12 - S007 5.1 0.0 10.8 2.0 25.4 36.4 0.0 7.3 116.2 2.1 107 11.0 0.1 33.1 0.1 2.4 0.2 0.0 
DMM 12 - S008 7.9 0.0 16.5 1.7 22.3 32.3 1.1 8.6 110.7 5.0 188 17.2 0.1 33.6 0.2 2.1 0.3 0.0 
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 Trace Elements COPC Minor and Major Elements 
Combined Ba    

(ppm) 
Cd   

(ppm) 
Cr     

(ppm) 
Co   

(ppm) 
Mn   

(ppm) 
Ni     

(ppm) 
U     

(ppm) 
V      

(ppm) 
Zn    

(ppm) 
As    

(ppm) 
Cu    

(ppm) 
Pb    

(ppm) 
Al   
(%) 

Ca   
(%) 

Fe   
(%) 

Mg   
(%) 

Sr   
(%) 

Ti    
(%) 

DMM 12 - S009 2.0 1.8 12.3 2.1 23.7 31.7 1.1 5.3 88.2 3.7 733 7.6 0.1 34.1 0.1 2.0 0.3 0.0 
DMM 13 - S010 3.5 1.0 14.0 1.6 28.0 36.6 1.0 6.2 35.2 1.0 17.5 9.7 0.1 33.9 0.1 2.0 0.3 0.0 
DMM 13 - S011 2.3 0.9 11.5 1.4 26.2 40.6 0.9 5.1 85.7 1.5 63.7 8.8 0.1 34.1 0.2 1.9 0.3 0.0 
DMM 13 - S012 5.9 0.0 20.5 1.3 23.5 31.4 1.2 8.0 62.9 5.7 214 14.2 0.1 34.3 0.2 2.0 0.3 0.0 
NPS 1 - S013 4.5 0.0 30.0 5.8 64.3 59.8 1.9 12.7 3.9 5.3 3.5 3.8 0.3 33.1 0.3 1.6 0.4 0.0 
NPS 2 - S014 3.7 0.0 22.7 5.1 52.3 55.5 1.9 10.3 1.4 4.8 1.7 4.1 0.2 28.6 0.2 1.4 0.4 0.0 
NPS 3 - S015 4.1 0.0 24.3 4.6 52.6 65.0 2.0 9.8 16.9 4.7 3.0 9.5 0.2 30.1 0.3 1.5 0.4 0.0 
NPS 4 - S016 5.1 0.0 26.6 4.5 56.3 50.3 1.9 10.8 6.4 6.3 1.4 1.2 0.2 29.4 0.2 1.6 0.3 0.0 
NPS 5 - S017 4.2 0.1 16.9 4.7 46.7 58.9 1.9 9.0 9.6 5.1 2.3 1.8 0.1 33.2 0.1 1.7 0.3 0.0 
NPS 6 - S018 6.2 0.1 15.6 6.7 47.6 0.0 1.8 8.7 10.5 4.8 2.6 3.1 0.1 26.4 0.1 1.7 0.3 0.0 
NPS 9 7.5 0.0 20.5 3.5 73.8 31.7 2.0 13.5 16.0 8.1 3.0 5.3 0.2 32.0 0.3 1.7 0.3 0.0 
NPS 10 11.3 0.1 15.8 9.4 66.5 68.3 1.5 10.7 17.6 6.3 3.6 3.6 0.2 33.3 0.3 1.7 0.3 0.0 
NPS 11 8.3 0.1 24.6 10.8 74.7 74.2 1.6 13.9 12.3 6.8 4.2 3.6 0.3 34.3 0.3 1.7 0.3 0.0 
NPS 12 3.7 0.1 17.9 4.8 69.8 63.6 1.6 10.0 18.4 5.6 2.9 3.7 0.2 30.8 0.2 1.6 0.3 0.0 
NPS 13 2.5 0.0 12.5 3.4 57.3 56.6 1.2 5.8 15.2 1.8 3.2 10.2 0.0 23.3 0.1 1.4 0.2 0.0 
NPS 14  0.0 0.0 15.3 0.7 63.0 0.2 0.0 9.2 0.1 5.7 0.1 0.0 0.1 33.8 0.2 1.8 0.3 0.0 
NPS 30 - S018 6.5 0.0 24.1 1.4 0.1 31.5 1.7 9.8 3.0 9.6 1.6 4.4 0.0 0.0 0.0 0.0 0.0 0.0 
NPS 31 - S019 6.0 0.0 22.6 2.1 60.9 33.8 1.6 10.7 5.1 5.5 2.0 9.5 0.1 34.2 0.2 1.7 0.3 0.0 
NPS 33 - S020 5.4 1.1 17.2 2.1 55.8 35.7 1.5 9.8 13.6 1.3 1.6 5.8 0.2 34.2 0.2 1.7 0.3 0.0 
NPS 34 - S021 6.8 0.0 14.1 3.2 57.2 0.0 1.4 9.4 12.5 1.1 2.9 10.6 0.1 33.8 0.2 1.7 0.3 0.0 
WWT 1 - S001 24.4 0.0 72.6 11.6 129 106 1.2 36.3 39.4 3.0 34.0 6.4 0.8 31.2 1.1 2.2 0.3 0.2 
WWT 1 - S002 18.1 0.0 45.2 6.8 89.3 63.1 1.5 23.3 28.3 3.4 18.3 2.3 0.5 28.3 0.5 1.4 0.2 0.1 
WWT 1 - S003 19.5 0.1 47.0 9.7 104 79.5 1.3 26.9 28.9 3.1 95.3 1.4 0.5 29.1 0.7 1.4 0.2 0.1 
WWT 2 - S004 3.7 0.3 26.8 4.0 57.4 56.3 1.2 14.1 18.8 2.9 8.4 3.5 0.3 29.7 0.4 1.7 0.3 0.1 
WWT 2 - S005 7.6 0.2 25.2 5.1 67.3 48.2 1.6 14.3 44.3 1.8 12.8 109 0.4 32.8 0.5 1.6 0.3 0.1 
WWT 2 - S006 6.8 0.0 25.5 3.3 40.9 33.2 2.0 12.4 44.3 3.0 7.1 18.2 0.2 29.4 0.3 1.6 0.3 0.1 
WWT 3 - S007 14.4 0.1 41.7 11.4 88.7 86.9 1.5 20.7 28.2 1.5 17.4 67.0 0.4 33.5 0.6 1.5 0.3 0.1 
WWT 3 - S008 9.6 0.0 28.5 3.3 33.7 34.8 2.0 15.0 25.0 2.5 13.7 4.6 0.1 19.1 0.1 1.0 0.2 0.0 
WWT 3 - S009 4.8 0.0 41.2 5.3 46.2 60.4 1.5 13.4 6.3 1.4 3.1 3.2 0.2 33.9 0.3 1.7 0.3 0.1 
WWT 5 - S010 8.3 0.0 34.7 3.1 61.5 29.8 1.9 11.8 15.7 4.7 3.6 7.8 0.2 22.0 0.1 1.5 0.3 0.1 
WWT 5 - S011 8.3 0.1 23.8 6.4 57.6 43.7 2.0 11.3 11.1 3.4 3.9 1.1 0.3 31.3 0.3 1.5 0.3 0.1 
WWT 5 - S012 8.4 0.1 38.3 6.5 62.0 48.8 2.0 11.9 12.5 3.4 4.7 1.1 0.2 28.7 0.3 1.7 0.3 0.1 
WWT 15 - S017 9.8 0.9 32.8 3.7 50.9 36.0 1.2 17.1 56.7 3.1 18.9 4.7 0.3 33.4 0.4 2.0 0.3 0.1 
WWT 16 - S022 5.2 0.8 12.1 1.5 38.9 33.7 1.0 8.0 48.2 1.6 12.1 5.1 0.1 33.4 0.2 1.8 0.3 0.0 
WWT 17 - S023 2.8 1.9 10.0 0.2 38.1 34.2 1.1 4.7 26.6 3.0 30.4 24.8 0.1 33.1 0.2 1.6 0.3 0.0 
WWT 19 - S024 2.7 1.2 13.9 1.9 36.4 41.4 1.1 6.3 3.6 0.2 3.5 4.7 0.2 33.3 0.2 1.5 0.3 0.0 
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Appendix B:  
Elemental concentrations in biological samples from the four strata, WWTP, DMM, CON and NPS from April and 
September 2009. 
Sample ID 

Sample 
Location As Total 

As 
Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  Units: (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
EPA Analytical Method: 6020 1632 6020 6020 6020 6020 6020 6020 7471A 6020 6020 6020 6020 6020 

Reporting Limit: 0.20 0.009-0.102 0.10 0.10 0.20 0.10 0.20 0.10 0.040-0.120 0.20 0.20-0.30 0.50 1.0 1.0 
Screening Level: 327 N/A 34.4 0.25 1.47 9.83 0.17 1.5 0.049 9.83 2.457 N/A 0.49 2.8 

April                              
Octopus                              

ORD001O WWT1 34.3 U \  ND  0.27 J 0.47 U 0.026 J 7.7 J ND  ND  0.11 J 0.2 U 3.2 U ND  13.5 U 

ORD002O WWT2 37.8 U \  ND  0.33 J 0.58 U 0.043 J 8.6 U ND  ND  ND  0.2 U 4 U ND  14.5 U 

ORD003O WWT3 37.3 U ND U ND  0.75 J 0.55 U 0.14 J 33.4 U 0.09 B ND  ND  0.44 U 3.7 U ND  16.5 U 

ORD004O WWT4 27.9 U \  0.17 U 0.53 J 0.5 U 0.079 J 14.5 U ND  ND  ND  0.27 U 3.2 U ND  14.7 U 

ORD005O DMM1 21.3 U \  0.12 U 0.71 J 0.49 U 0.038 J 24.6 U 0.063 B ND  ND  0.21 U 5.9 U ND  14.4 U 

ORD006O DMM2 20.2 U ND U 0.19 U 3.5 J 0.43 U 0.23 J 90.3 J 0.083 B 0.027 B 0.16 J 0.54 U 4.5 U 0.36 B 51.6 U 

ORD007O DMM6 32.4 U \  0.23 U 1.9 J 0.69 U 0.21 J 38 U ND  ND  0.13 J 0.59 U 4.7 U ND  24 U 

ORD008O CON19 27.6 U \  ND  0.91 J 0.48 U 0.15 J 20.4 U ND  ND  ND  0.22 U 4.9 U ND  17.1 U 

ORD009O CON20 29.8 U ND U 0.097 U 0.31 J 0.45 U 0.045 J 6.8 U ND  0.034 B ND  0.18 U 3.4 U ND  15.7 U 

ORD010O CON21 32.5 U \  ND  1.2 J 0.5 U 0.18 J 18.8 U ND  ND  ND  0.35 U 3.7 U ND  17.7 U 

ORD011O CON21 32.5 U \  ND  1.4 J 0.5 U 0.14 J 23.2 U ND  ND  ND  0.2 U 3.7 U ND  13.7 U 

ORD012O DMM8 29.1 U \  ND  0.76 J 0.52 U 0.06 J 25.5 U ND  ND  ND  0.29 U 3.9 U ND  17.8 U 

ORD013O NPS 30.4 U \  ND  0.59 J 0.52 U 0.11 J 22.5 U 0.073 B ND  ND  0.34 U 4.3 U ND  17.2 U 

ORD014O NPS1 25.9 U \  ND  1.1 J 1 U 0.13 J 21.4 U ND  ND  0.12 J 0.27 U 7 U ND  17.1 U 

ORD015O NPS2 21.2 U \  ND  0.28 J 0.54 U 0.035 J 7.5 U ND  ND  ND  0.18 U 3.9 U ND  13.2 U 

ORD016O NPS3 35.3 U \  ND  0.72 J 0.57 U 0.12 J 21.5 U ND  ND  ND  0.27 U 4 U ND  16.2 U 

ORD017O NPS4 27.9 U \  1.9 U 0.69 J 0.57 U 0.095 J 14.1 U ND  ND  ND  0.23 U 4.1 U ND  16.3 U 

ORD018O NPS5 33.1 U \  1.4 U 0.083 J 0.52 U 0.024 J 7.1 U ND  0.046 B ND  0.19 U 4.4 U ND  13.1 U 

Fish                              

ORD001F WWT6 18.3 U \  0.17 J ND  0.49 U ND  0.23 U 0.31  0.075 B ND  0.4 U 9.7 J ND  4.4 U 

ORD002F WWT6 21.2 U ND U ND  ND  0.54 U ND  0.27 U 0.066 B 0.11  0.13 B 0.42 U 0.41 U ND  3 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Fish                              

ORD003F WWT6 18.7 U \  0.1 J ND  0.51 U ND  0.22 U ND  0.072  ND  0.42 U 6.2 J ND  3.5 U 

ORD004F WWT6 12.8 U \  ND  ND  0.63 U ND  0.24 U 0.069 B ND  ND  0.34 U 1.3 U ND  3.7 U 

ORD005F CON18 35.3 U \  ND  ND  0.67 U 0.013 B 0.23 U 0.092 B 0.07 B ND  0.55 U 0.32 U ND  3.1 U 

ORD006F CON18 10.4 U \  ND  ND  0.65 U ND  0.25 U ND  ND  ND  0.43 U 0.41 U ND  3.5 U 

ORD007F CON18 38.8 U \  ND  ND  0.65 U 0.01 B 0.26 U ND  0.11  ND  0.51 U 1.2 U ND  4 U 

ORD008F CON18 10.6 U \  ND  ND  0.6 U ND  0.27 U 0.06 B 0.066 B ND  0.45 U 0.36 U ND  4.2 U 

ORD009F NPS 38.1 U \  0.12 J ND  0.68 U 0.036 B 0.26 U 0.12  0.1  ND  0.68 U 7.6 J ND  4.4 U 

ORD010F NPS 20.6 U \  ND  ND  0.68 U 0.019 B 0.32 U ND  0.11  0.13 B 0.69 U 0.4 U ND  3.5 U 

ORD011F NPS 27.2 U \  ND  ND  0.6 U ND  0.19 U ND  0.055  ND  0.54 U 0.66 U ND  3.7 U 

ORD012F NPS 33.6 U \  0.17 J ND  0.68 U 0.013 B 0.19 U ND  0.14  ND  0.81 U 0.31 U ND  2.8 U 

ORD013F CON 11.6 U \  0.13 J ND  0.77 U ND  0.21 U ND  ND  ND  1.2 U 0.24 U ND  3.3 U 

ORD014F CON 10.5 U \  0.11 J ND  0.66 U ND  0.24 U ND  0.039 B ND  0.3 U 0.3 U ND  4.9 U 

ORD015F CON 9.7 U \  0.22 J ND  0.47 U 0.01 B 0.21 U 0.067 B ND  ND  0.4 U 15.2 J ND  7.8 U 

ORD016F CON 6.0 U \  0.095 J ND  0.55 U ND  0.37 U ND  0.045 B ND  0.41 U 0.32 U ND  3.4 U 

ORD017F CON 15.7 U \  ND  ND  0.53 U ND  0.23 U ND  0.065 B ND  0.23 U 0.29 U ND  3.3 U 

ORD018F CON 22.5 U \  0.091 J ND  0.67 U 0.013 B 0.7 U ND  0.078 B ND  0.36 U 0.77 U ND  3.8 U 

ORD019F CON 12.7 U ND U 0.11 J ND  0.54 U ND  0.26 U ND  0.14  ND  0.24 U 0.61 U ND  3.2 U 

ORD020F CON 18.5 U \  0.11 J ND  0.56 U ND  0.18 U ND  0.085 B ND  0.22 U 0.28 U ND  2.8 U 

ORD021F CON 24.7 U \  0.11 U ND  0.76 U 0.015 B 0.34 U ND  ND 
U

J ND  0.24 U 4.9 J ND  5 U 

ORD022F CON 20.6 U \  0.12 U ND  0.71 U 0.018 B 0.43 U 0.09 B 0.046 J ND  0.24 U 0.48 U ND  5.1 U 

ORD023F CON 27.5 U \  ND  ND  0.76 U 0.016 B 0.24 U 0.073 B 0.044 J ND  0.19 U 0.48 U ND  4 U 

ORD024F WWT 12.9 U \  0.095 U ND  0.75 U ND  0.24 U 0.088 B 0.078 J ND  0.38 U 0.92 U ND  3.3 U 

ORD025F DMM 10 U \  ND  ND  0.67 U 0.012 B 0.31 U 0.073 B 0.15 J ND  0.37 U 0.4 U ND  3.5 U 

ORD026F DMM 13.5 U \  0.1 U ND  0.82 U 0.01 B 0.35 U 0.099 B 0.094 J ND  0.36 U 2.9 U ND  4.7 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Fish                              

ORD027F DMM 6.5 U \  0.15 U ND  0.78 U ND  0.49 U 0.077 B 0.082 J ND  0.32 U 1 U ND  3.2 U 

ORD028F DMM 15.5 U \  ND  ND  0.77 U ND  0.22 U ND  0.11 J ND  0.34 U 0.48 U ND  3.5 U 

ORD029F DMM 17.0 U \  0.25 U ND  0.86 U ND  0.34 U 0.063 B 0.057 J ND  0.24 U 0.39 U ND  3.3 U 

ORD030F DMM 13.1 U \  0.13 U ND  0.74 U ND  0.33 U ND  ND 
U

J ND  0.19 U 0.39 U ND  3.4 U 

ORD031F DMM 12.3 U ND U 0.14 U ND  0.84 U ND  0.45 U 0.11  0.078 J ND  0.22 U 0.45 U ND  3.3 U 

ORD032F DMM 10.4 U \  0.42 U ND  0.67 U ND  0.59 U ND  0.098 J ND  0.23 U 7.6 U ND  4.9 U 

ORD033F DMM 17.9 U \  ND  ND  0.84 U ND  0.31 U 0.061 B 0.08 J ND  0.24 U 2 U ND  3.3 U 

ORD034F DMM 17.2 U \  0.13 U ND  0.86 U ND  0.25 U ND  0.13 J ND  0.24 U 0.37 U ND  2.9 U 

ORD035F DMM 8.8 U \  0.37 U ND  0.83 U ND  0.24 U ND  0.098 J ND  0.22 U 0.35 U ND  3.1 U 

ORD036F DMM 13.2 U \  ND  ND  0.75 U ND  0.29 U ND  0.13 J ND  0.2 U 0.34 U ND  3 U 

ORD037F DMM 15.2 U \  ND  ND  0.75 U ND  0.3 U ND  0.097 J ND  0.2 U 0.29 U ND  3.1 U 

ORD038F DMM 12.8 U \  0.16 U ND  0.68 U ND  0.33 U ND  ND 
U

J ND  0.14 U 11.2 J ND  4.7 U 

ORD039F DMM 15.0 U \  ND  ND  0.79 U ND  0.29 U ND  0.044 J ND  0.15 U 0.44 U ND  3.5 U 

ORD040F DMM 18.7 U \  ND  ND  0.82 U ND  0.23 U ND  0.11 J ND  0.24 U 0.26 U ND  2.9 U 

Crab                              

ORD001C NPS8 37.9 U \  ND  ND  0.5 U ND  3.3 U ND  0.055 J ND  0.29 U 25.4 U ND  39.2 U 

ORD002C WWT10 35.7 U \  ND  ND  0.49 U ND  3.3 U ND  0.05 J ND  0.28 U 9.4 U ND  40.2 U 

ORD003C WWT11 29.7 U 0.007 B ND  ND  0.52 U ND  5.3 U ND  0.052 J ND  0.49 U 5.5 U ND  41.9 U 

ORD004C WWT9 14.9 U \  ND  ND  0.59 U ND  0.32 U ND  0.061 J ND  0.36 U 0.86 U ND  3.2 U 

ORD005C WWT12 48.2 U \  0.11 U 0.057 U 0.57 U 0.015 U 11.9 U ND  0.058 J ND  0.48 U 31.6 U ND  52 U 

ORD006C WWT13 39.4 U \  0.18 U 0.1 U 0.57 U 0.022 U 12 U ND  0.056 J ND  0.57 U 46.1 U ND  59.2 U 

ORD007C WWT14 43.4 U ND U 1.6 U ND  0.49 U 0.013 U 13.6 U ND  ND 
U

J ND  0.34 U 66.5 U ND  46.8 U 

ORD008C WWT15 14.9 U \  ND  ND  0.52 U ND  0.3 U ND  0.1 J ND  0.29 U 0.36 U ND  3.6 U 

ORD009C DMM 45.4 U \  ND  0.18 U 0.48 U 0.021 U 8.1 U ND  0.057 J ND  0.37 U 6.2 U ND  43.6 U 

ORD010C DMM 48.2 U \  ND  0.14 U 0.52 U 0.028 U 14.9 U ND  0.072 J ND  0.36 U 5 U ND  46.5 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 
  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Crab                              

ORD011C DMM 51.2 U 0.004 B ND  ND  0.55 U 0.011 U 6.5 U ND  0.14 J ND  0.28 U 13.2 U ND  44.4 U 

ORD012C DMM 45.3 U \  ND  0.13 U 0.51 U 0.015 U 7.7 U ND  0.057 J ND  0.33 U 2.7 U ND  42.8 U 

Seaweed                              

ORD001L WWT4 0.51 U \  0.45 U ND 
U

J 0.56 U 0.062 U 0.23 U 0.18 U ND 
U

J 0.36 U ND 
U

J 77.8 J 0.6 U 0.66 U 

ORD002L NPS7 ND  \  0.21 U ND 
U

J ND  ND  0.08 U ND 
U

J ND 
U

J ND 
U

J ND 
U

J 7.7 U ND  ND  

ORD003L CON1 0.55 U 0.832  0.57 U ND 
U

J 0.91 U 0.14 U 0.38 U 0.21 U ND 
U

J 0.74 U ND 
U

J 107 J 1.5 U 1 U 

ORD004L CON17 0.47 U \  0.48 U ND 
U

J 0.95 U 0.13 U 0.4 U 0.23 U ND 
U

J 0.73 U ND 
U

J 36 U 1.3 U 0.84 U 

ORD005L CON19 0.16 U \  0.41 U ND 
U

J 0.2 U 0.036 U 0.19 U ND 
U

J ND 
U

J 0.19 U ND 
U

J 10.9 U 0.31 U ND  

ORD006L DMM3 0.84 U \  0.7 U ND 
U

J 0.78 U 0.071 U 1.2 U 0.31 U ND 
U

J 0.48 U ND 
U

J 90.4 J 1.2 U 1.3 U 

ORD007L DMM4 0.88 U 0.89  1 U ND 
U

J 1.7 U 0.11 U 2.8 U 0.6 U ND 
U

J 1 U 0.12 U 212 J 1.6 U 2.7 U 

ORD008L DMM5 1 U \  0.91 U ND 
U

J 1.2 U 0.14 U 1.5 U 0.52 U ND 
U

J 0.91 U 0.14 U 201 J 2.1 U 2.9 U 

ORD009L CON18 1.1 U \  0.75 U ND 
U

J 1.7 U 0.28 U 0.62 U 0.38 U ND 
U

J 1.7 U ND 
U

J 152 J 2.1 U 1.6 U 

ORD010L CON 0.26 U \  0.33 U ND 
U

J 0.7 U 0.061 U 0.23 U 0.12 U 0.031 J 0.45 U ND 
U

J 20.7 U 0.48 U ND  

ORD011L DMM8 0.97 U \  0.99 U ND 
U

J 0.97 U 0.099 U 1 U 0.31 U ND 
U

J 0.74 U ND 
U

J 108 J 1.1 U 1.6 U 

ORD012L WWT10 0.88 U \  1.2 U ND 
U

J 1.8 U 0.16 U 0.92 U 0.59 U ND 
U

J 1.4 U 0.3 U 237 J 1.9 U 1.7 U 

ORD013L WWT11 0.84 U \  1.5 U ND 
U

J 2.1 U 0.17 U 0.74 U 0.58 U ND 
U

J 1.6 U 0.33 U 243 J 1.9 U 1.6 U 

ORD014L NPS20 0.86 U \  8 U ND 
U

J 2.7 U 0.42 U 0.99 U 0.72 U ND 
U

J 2.5 U 0.52 U 445 J 2.4 U 0.98 U 

ORD015L NPS21 1.3 U \  3.4 U ND 
U

J 2.1 U 0.22 U 0.53 U 0.69 U ND 
U

J 1.5 U 0.91 U 385 J 2.2 U 1.3 U 

ORD016L NPS21 1.5 U 1.3  5.9 U ND 
U

J 2.2 U 0.25 U 0.62 U 0.72 U ND 
U

J 1.8 U 0.77 
U

  401 J 2.3 U 1.2 U 

ORD017L WWT 1.4 U \  1.1 U ND 
U

J 2 U 0.19 U 1.3 U 0.8 U ND 
U

J 1.6 U 0.44 U 226 J 3 U 3.1 U 

ORD018L DMM6 ND  \  0.43 U ND 
U

J ND  ND  6.4 U ND 
U

J ND 
U

J ND 
U

J ND 
U

J 7.2 U ND  8.4  

ORD019L DMM7 0.34 U \   2.1 U ND 
U

J 1.6 U 0.052 U 25 U 0.44 U ND 
U

J 0.85 U ND 
U

J 78.8 J 0.46 U 263   
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

September                              

Octopus                              

ORD101O DMM10 20.2 U \  0.15 U ND  ND  ND  5.9 
U

J ND  ND  ND  0.18 U 3.2 
U

J 0.36 U 11.5 
U

J 

ORD102O DMM11 21.0 U ND U 0.14 U ND  ND  ND  8.7 
U

J ND  ND  ND  0.21 U 3.1 
U

J 0.36 U 10.3 
U

J 

ORD103O DMM12 27.0 U \  0.21 U ND  0.20  ND  6.2 
U

J ND  ND  ND  0.25 U 3.6 
U

J ND  13.6 
U

J 

ORD104O DMM13 21.6 U ND U ND  ND  0.10 B ND  8.6 
U

J ND  ND  ND  0.21 U 2.9 
U

J 0.31 U 14.9 
U

J 

ORD105O CON30 24.3 U ND U ND  ND  ND  ND  2.9 
U

J 0.073 B ND  ND  0.28 U 3.5 
U

J 0.41 U 11.9 
U

J 

ORD106O CON31 20.3 U \  ND  ND  ND  0.011 B 8.7 
U

J 0.083 B 0.050 B ND  0.15 U 4.5 
U

J 0.40 U 9.0 
U

J 

ORD107O CON32 23.3 U ND U ND  ND  0.12 B ND  4.4 
U

J ND  ND  ND  0.21 U 4.0 
U

J ND  11.9 
U

J 

ORD108O CON33 28.3 U \  ND  ND  0.14 B ND  2.6 
U

J ND  ND  ND  0.19 U 3.8 
U

J 0.35 U 14.5 
U

J 

ORD109O WWT15 24.8 U \  ND  ND  0.15 B ND  7.2 
U

J ND  ND  ND  0.18 U 3.1 
U

J 0.36 U 13.8 
U

J 

ORD110O WWT16 22.5 U \  ND  ND  0.21  ND  5.0 
U

J ND  ND  ND  0.23 U 3.0 
U

J ND  12.8 
U

J 

ORD111O WWT17 22.1 U \  ND  ND  0.11 B ND  7.0 
U

J ND  ND  ND  0.28 U 3.1 
U

J 0.30 U 14.0 
U

J 

ORD112O WWT18 19.9 U \  ND  ND  ND  ND  3.0 
U

J ND  ND  ND  0.16 U 3.4 
U

J 0.37 U 15.5 
U

J 

ORD113O NPS 25.0 U \  0.12 U ND  0.20  0.012 B 12.7 
U

J ND  ND  ND  0.32 U 4.0 
U

J ND  19.3 
U

J 

ORD114O NPS 22.3 U \  ND  ND  0.26  ND  6.0 
U

J ND  ND  ND  0.32 U 3.4 
U

J ND  12.6 
U

J 

ORD115O NPS 20.8 U \  ND  ND  0.21  ND  5.8 
U

J ND  ND  ND  0.21 U 4.0 
U

J 0.36 U 13.4 
U

J 

ORD116O NPS 19.7 U \  0.13 U ND  0.19 B ND  4.9 
U

J 0.20  ND  ND  0.19 U 3.6 
U

J ND  13.4 
U

J 

ORD117O NPS 22.4 U \  ND  ND  0.24  ND  9.1 
U

J ND  ND  ND  0.29 U 3.3 
U

J ND  13.1 
U

J 

ORD118O NPS 18.7 U \  ND  ND  0.18 B ND  3.4 
U

J ND  ND  ND  0.26 U 3.1 
U

J 0.31 U 11.5 
U

J 

Fish                               

ORD101F NPS 5.9 U \  0.16 J ND  0.56 J ND  0.46 U ND 
U

J 0.15 J 0.80  0.37 U 0.37 
U

J ND  3.4 U 

ORD102F NPS 15.6 U \  ND  ND  ND  ND  0.30 U ND 
U

J 0.15 J 0.22  0.47 U 6.5 J 0.61 U 3.4 U 

ORD103F NPS 14.9 U ND U ND  ND  0.32 J 0.014 B 0.21 U ND 
U

J 0.064 U ND  0.38 U 0.40 J ND  3.9 U 

ORD104F NPS 16.1 U \  0.22 J ND  0.33 J 0.011 B 0.89 J 0.10 J 0.17  0.15 B 0.52 U 8.7 J ND  4.3 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Fish                              

ORD105F NPS 25.0 U \  0.11 U ND  0.30 U 0.013 B 0.17 U 0.072 B 0.066  0.42  0.40 U 1.4 
U

J ND  3.0 U 

ORD106F NPS 20.5 U \  0.12 U ND  0.19 U 0.013 B 0.24 U ND  0.14  ND  0.34 U 12.6 J 0.33 U 3.7 U 

ORD107F NPS 17.0 U \  ND  ND  ND  ND  0.16 U ND  0.11  ND  0.29 U 0.32 
U

J 0.58 U 2.2 U 

ORD108F NPS 12.3 U \  ND  ND  0.32 U 0.015 B 0.20 U ND  0.075  ND  0.44 U 0.37 
U

J ND  3.3 U 

ORD109F CON 12.8 U \  ND  ND  0.45 U ND  0.35 U ND  0.10  ND  0.18 U 2.6 J ND  4.5 U 

ORD110F CON 15.3 U \  ND  ND  ND  ND  0.19 U ND  0.067  ND  0.44 U 1.1 
U

J 0.59 U 4.8 U 

ORD111F CON 9.6 U \  ND  ND  ND  ND  0.17 U ND  0.072 B ND  0.18 U 0.28 
U

J 0.60 U 2.4 U 

ORD112F CON 9.8 U \  ND  ND  0.25 U ND  0.17 U ND  0.082 B ND  ND  0.51 
U

J ND  2.9 U 

ORD113F CON 10.7 U \  ND  ND  0.31 U ND  0.19 U ND  0.080  ND  0.23 U 7.1 J ND  4.0 U 

ORD114F CON 11.7 U \  0.12 U ND  ND  ND  0.17 U ND  0.063 B ND  0.13 U 0.49 
U

J 0.58 U 4.5 U 

ORD115F WWT 17.8 U \  ND  ND  ND  ND  0.13 U ND  0.069  ND  0.33 U 2.7 J 0.68 U 2.2 U 

ORD116F WWT 10.2 U \  ND  ND  0.41 U ND  0.28 U ND  0.10  ND  0.38 U 0.74 
U

J ND  3.4 U 

ORD117F WWT 6.5 U \  0.17 U ND  0.30 U ND  0.15 U ND  0.062 B ND  0.29 U 6.4 J ND  3.7 U 

ORD118F WWT 11.6 U \  ND  ND  ND  ND  0.23 U ND  0.084  ND  0.34 U 0.58 
U

J 0.62 U 2.7 U 

ORD119F WWT 10.9 U \  0.096 U ND  0.27 U ND  0.16 U ND  0.11  ND  0.29 U 0.58 
U

J ND  2.8 U 

ORD120F WWT 13.4 U \  ND  ND  0.26 U ND  0.14 U ND  ND  ND  0.31 U 0.63 
U

J ND  4.6 U 

ORD121F WWT 8.1 U \  ND  ND  ND  ND  0.14 U ND  0.10  ND  0.31 U 0.70 
U

J 0.61 U 2.2 U 

ORD122F DMM 18.4 U \  ND  ND  ND  ND  0.19 U ND  0.064 B ND  0.20 U 0.35 
U

J 0.62 U 3.6 U 

ORD123F DMM 24.9 U \  0.28 U ND  0.42 U 0.010 B 0.21 U 0.14  0.10  ND  0.41 U 15.2 J ND  4.2 U 

ORD124F DMM 19.9 U ND U 0.12 U ND  0.36 U ND  0.20 U 0.072 B 0.046 B ND  0.43 U 4.2 J ND  4.5 U 

ORD125F DMM 8.8 U \  ND  ND  ND  ND  0.57 U ND 
U

J 0.091 U ND  0.34 U 0.44 
U

J 0.60 U 4.2 U 

ORD126F DMM 18.5 U \  0.11 J ND  0.30 J ND  0.22 U ND 
U

J 0.078 U ND  0.30 U 7.0 J ND  3.7 U 

ORD127F DMM 15.9 U \  ND  ND  0.41 J ND  0.25 U ND 
U

J 0.077 U ND  0.20 U 3.3 J ND  3.2 U 

ORD128F DMM 18.4 U \  ND  ND  0.11 J ND  0.20 U ND 
U

J 0.076 U ND  0.23 U 0.33 
U

J 0.60 U 3.7 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Fish                              

ORD129F DMM 15.0 U \  0.093 J ND  ND  ND  0.54 U ND 
U

J 0.058 U ND  ND  0.24 
U

J 0.63 U 2.7 U 

ORD130F DMM 4.4 U \  0.10 J ND  0.25 J ND  0.48 U ND 
U

J 0.057 U ND  0.22 U 0.43 
U

J ND  2.8 U 

ORD131F DMM 4.4 U \  0.10 J ND  0.33 J ND  0.63 U ND 
U

J 0.072 U ND  0.19 U 1.5 J 0.32 U 3.2 U 

ORD132F DMM 11.6 U \  ND  ND  ND  ND  0.22 U ND 
U

J ND  ND  0.13 U 0.53 
U

J 0.65 U 2.6 U 

ORD133F DMM 9.6 U \  0.25 J ND  ND  ND  0.39 U ND 
U

J 0.051 U ND  0.26 U 0.35 
U

J 0.67 U 7.8 J 

ORD134F DMM 14.4 U \  0.21 J ND  0.37 J ND  1.1 J 0.065 J 0.099 U ND  0.12 U 0.65 
U

J ND  4.0 U 

ORD135F DMM 14.1 U \  0.11 J ND  ND  ND  0.23 U ND 
U

J 0.057 U ND  0.11 U 0.55 
U

J 0.61 U 2.9 U 

ORD136F DMM 19.9 U \  0.11 J ND  ND  ND  0.30 U ND 
U

J ND  ND  0.12 U 0.26 
U

J 0.66 U 2.8 U 

ORD137F DMM 16.2 U ND U 0.12 J ND  0.36 J ND  0.34 U ND 
U

J 0.051 U ND  0.15 U 4.6 J ND  6.5 U 

ORD138F DMM 12.7 U \  ND  ND  ND  ND  0.28 U ND 
U

J 0.078 U ND  0.14 U 0.36 
U

J 0.64 U 2.5 U 

ORD139F DMM 16.1 U \  0.14 J ND  ND  ND  0.24 U ND 
U

J 0.051 U ND  0.16 U 0.34 
U

J 0.61 U 3.4 U 

Crab                              

ORD101C WWT20 42.2 U \  0.15 U 0.38 U 0.44 U 0.04 U 13.0 U ND  ND  ND  0.37 U 12.9 U ND  46.2 U 

ORD102C WWT21 30.5 U \  0.15 U ND  0.67 U ND  9.7 U ND  ND  ND  0.16 U 14.1 U ND  45.6 U 

ORD103C WWT22 34.4 U ND U 0.13 U ND  0.64 U ND  6.9 U ND  ND  ND  0.23 U 10.6 U ND  55.8 U 

ORD104C WWT23 33.6 U \  0.12 U ND  0.64 U 0.021 U 13.8 U ND  ND  ND  0.29 U 11.1 U ND  50.5 U 

ORD105C WWT24 52.4 U \  0.093 U ND  0.71 U ND  9.7 U ND  0.077 U ND  0.32 U 8.8 U ND  49.4 U 

ORD106C WWT25 31.0 U \  0.11 U 0.51 U 0.58 U 0.036 U 7.9 U ND  ND  ND  0.34 U 10.8 U ND  51.5 U 

ORD107C WWT26 36.1 U \  0.11 U 0.19 U 0.54 U 0.038 U 6.3 U 2.4  ND  ND  0.22 U 28.0 U ND  29.8 U 

ORD108C WWT27 31.1 U \  0.10 U ND  0.62 U 0.012 U 7.5 U ND  0.062 U ND  0.36 U 8.7 U ND  47.3 U 

ORD109C DMM14 34.9 U 0.007 B 0.14 U ND  0.71 U 0.017 U 5.4 U ND  ND  ND  0.17 U 10.2 U ND  44.0 U 

ORD110C DMM15 36.8 U ND U 0.10 U ND  0.70 U 0.013 U 4.8 U ND  ND  ND  0.35 U 15.6 U ND  49.3 U 

ORD111C DMM16 36.7 U \  0.11 U ND  0.50 U 0.014 U 9.1 U ND  ND  ND  0.32 U 9.3 U ND  48.7 U 

ORD112C DMM17 37.8 U \  0.27 U ND  0.60 U 0.015 U 11.5 U ND  ND  ND  0.32 U 8.8 U ND  54.9 U 

ORD113C DMM 36.5 U \  0.13 U ND U 0.65 U 0.013 U 13.1 U ND  ND  ND  0.24 U 8.9 U ND  45.4 U 
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Sample ID 
Sample 

Location As Total 
As 

Inorg* Ba Cd Cr Co Cu Pb Hg Ni Se Sr V Zn 
  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

Crab                              

ORD114C DMM 27.1 U \  0.13 U 0.10 U 0.51 U 0.11  6.0 U ND  ND  ND  0.52 U 9.6 U ND  40.5 U 

ORD115C DMM 31.7 U \  0.15 U ND  0.64 U 0.014 U 16.8 U ND  0.032 U ND  0.48 U 18.6 U ND  48.8 U 

ORD116C DMM 34.9 U \  0.12 U ND  0.70 U 0.012 U 7.8 U ND  0.060 U ND  0.31 U 6.6 U ND  40.5 U 

Seaweed                               
ORD101L NPS32 0.47 U \  1.3 U ND  1.6 U 0.19 J 0.63 U 1.1 U ND  0.78 U 0.22 B 202 J 6.6 U 2.9 U 

ORD102L CON 0.57 U 0.108  0.26 U ND  0.42 U 0.027 U 0.16 U 0.21 U ND  0.17 U ND  13.2 U 0.33 U 1.1 U 

ORD103L DMM 0.80 U \  0.88 U ND  1.2 U 0.11  0.74 U 0.54 U ND  0.50 U ND  177 J 1.3 U 2.6 U 

ORD104L DMM 1.2 U 0.644  2.1 U ND  1.5 U 0.15  0.87 U 0.69 U ND  0.82 U ND  280 J 3.0 U 2.9 U 

ORD105L DMM 0.61 U 0.329  1.1 U ND  1.1 U 0.10 U 0.62 U 0.44 U 0.028 B 0.48 U ND  204 J 1.5 U 1.9 U 

ORD107L WWT 0.84 U \  2.2 U ND  1.4 U 0.13  0.58 U 0.52 U ND  0.70 U ND  175 J 2.6 U 2.1 U 

ORD108L WWT 1.1 U \  0.67 U ND  0.78 U 0.090 U 0.45 U 0.34 U ND  0.61 U ND  133 J 1.6 U 1.0 U 

ORD109L WWT 0.81 U \  0.99 U ND  1.7 U 0.17  0.71 U 0.53 U ND  0.73 U ND  252 J 2.6 U 2.1 U 

ORD110L DMM 0.99 U \  1.0 U ND  1.1 U 0.085 U 1.4 U 0.60 U ND  0.48 U 0.12 B 114 J 1.0 U 2.5 U 

ORD112L NPS1 1.2 U 0.141  0.54 U ND  0.30 U 0.016 U 0.20 U 0.15 U ND  0.26 U ND  9.5 U 0.37 U 2.5 U 

ORD113L NPS2 1.2 U \  0.36 U ND  0.31 U 0.014 U 0.17 U 0.14 U ND  0.43 U ND  8.2 U 0.36 U 1.8 U 

ORD114L NPS3 1.0 U 0.078  0.32 U ND  0.30 U 0.012 U 0.15 U 0.19 U ND  0.33 U ND  9.4 U ND  1.5 U 

ORD115L NPS4 1.1 U \  0.22 U ND  0.32 U 0.012 U 0.15 U 0.17 U ND  0.29 U ND  10.7 U 0.34 U 1.8 U 

ORD116L CON 1.3 U \  1.6 U ND  0.40 U 0.034 U 0.26 U 0.38 U ND  0.31 U ND  12.2 U 0.45 U 2.7 U 

ORD117L CON 1.2 U \  0.77 U ND  0.46 U 0.046 U 0.26 U 0.52 U ND  0.35 U ND  20.3 U 0.58 U 2.8 U 
NOTES:                              
*: the data come from Brooks Rand other than TestAmerica; the corresponding qualifiers come from the lab (Brooks Rand) other than the validator  
**: ORD106L was not analyzed due to insufficient sample volume  
\ : not analyzed                             
B = the result is between the method detection limit and the reporting limit, therefore is an estimated value 
J = data is an estimated value                          
mg/kg = micrograms per kilogram   
N/A = not applicable                         
ND = not detected at or above the method detection limit                      
R = data is not usable          
U= data are qulified as non-detected at or above the stated limit     
UJ = data are qulified as non-detected, and the detection limit is an estimated value 
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Appendix C 
Comparison of Trace Element composition of sediments from various areas in Hawai'i and the US mainland  

(from Table J-9, Cox et al, 2007).  
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Appendix D: 
Potential anthropogenic sources for selected TE (from Sutherland, 2000) 

 
Ba  Rubber production, lubricating oil additives, fuel synthesis, fuel combustion, 

phosphate fertilizers, sewage sludges. 
Cd    Lubricating oils, diesel oils, tires, phosphate fertilizers, sewage sludge, insecticides, 

electroplating, pigments, batteries, coal and oil combustion, non-ferrous metal 
production, refuse incineration, iron and steel manufacturing. 

Cu    Metal plating, bearing and brushing wear, moving engine parts, brake-lining wear, 
fungicides and insecticides, anti-foulants, corrosion of Cu plumbing, algaecides, 
concrete and asphalt, rubber, phosphate fertilizers, sewage sludges. 

Hg    Insecticides, fungicides, electrical equipment, paint, plastics, cosmetics, anti-fouling 
and mildew-proofing paints, phosphate fertilizers, batteries, fireworks. 

Ni     Diesel fuel and vehicle exhaust, lubricating oil, metal plating, brushing wear, brake 
lining wear, asphalt paving, phosphate fertilizers, storage batteries. 

Pb    Leaded gasoline, automobile exhaust, tire wear, lubricating oil and grease, bearing 
wear, brake linings, rubber, concrete, paint manufacturing, battery manufacturing, 
insecticides, phosphate fertilizers, sewage sludges. 

Zn    Vulcanization of rubber and tire wear, motor oil, grease, batteries, galvanizing, 
plating, air-conditioning ducts, pesticides, phosphate fertilizers, sewage sludges, 
transmission fluid, under coating, brake linings, asphalt, concrete, coal combustion, 
smelting operations, incineration and wood combustion. 

Sources: Lagerwerff and Specht (1970); Frank et al. (1976); Wigington et al. (1983); Moore and Ramamoorthy (1984); 
Harned (1988); Kabata-Pendias and Pendias (1992); Lee et al. (1994); Alloway (1995); Raine et al. (1995); 
Monaci and Bargagli (1997) 
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