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ABSTRACT

Arsenic is an element notoriously known for its toxicity even at low
concentrations and has been linked to considerable health problems when
groundwater supplies are contaminated. The purpose of this research was to
determine total arsenic abundance and distribution in the soils and sediments of
O'ahu, Hawai'i. Soils and sediments samples were collected from a variety of
environments with varying degrees of human impact. Samples were classified as
originating from locations of forested (conservation), agricultural, urban, or mixed
land use and then dried, ground, and digested in a strong acid solution.
Concentrations of Co, Cu, As, Cd, Pb, and U were measured using quadrupole
ICPMS.

Concentrations of As in all soils and sediments were found to range from 0.3
to 59.6 ng/g with a mean concentration of 11.1 pg/g. Soils from areas of mixed land
use displayed the widest range and highest median As concentration of 19.6 ng/g
while soils from areas of agricultural land use displayed the next highest median As
concentration of 13.0 pg/g. Strong correlation between measured concentrations of
As, Cd, and U suggest the origin of As enriched in the soils and sediments analyzed
to be derived from agricultural activity as proposed by previous research.
Concentrations of As measured in this research are generally higher than As
concentrations previously measured in streambed sediments from O'ahu, Hawai'i,
regardless of land use. However, mean As concentrations from areas of agricultural
land use are lower than those previously reported in streambed sediments and likely a

result of a different experiment design. The median As concentration in the soils and



sediments collected from forested areas (7.2 pg/g) corresponds well with the mean As
concentration reported for uncontaminated US soils of 7 pg/g although it is higher
than the reported world mean As concentration of 5 pg/g in soils. A total of 42.9% of
all soil samples exceed the CCME EQG for As in soils and 7.1% of all beach sands

exceed the CCME EQG marine ISQG for As.
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INTRODUCTION

The presence of arsenic (As) is universal in nature. Arsenic, a metalloid in
group 5A of the periodic table, is the 47" most abundant of the 88 naturally occurring
elements. It is the twentieth most abundant element in the Earth’s crust, with an
average concentration of 2-3 pg/g (Wedepohl, 1995). However, natural As
concentrations are highly variable and are chiefly determined by the geologic history
of the area, as weathering of As containing rocks is considered to be the dominant
source of As to the environment (Tamaki and Frankenberger, 1992). Volcanic
eruptions and hydrothermal activity are also natural sources of As into the
environment (Matschullat, 2000). The metalloid has only one stable isotope ("As),
forms a large assortment of both organic and inorganic compounds, and strongly
complexes to solid metal oxides when present as an oxyanion. The most important
minerals containing As are metal sulfides. Mining of sulfide ores provides important
metal resources in many areas but mining activities often concentrate As and release
it to the environment in large quantities (e.g. Matschullat, 1996; Matschullat et al.,
2000).

Arsenic compounds are perhaps most commonly known for their toxic
properties. Reference to a toxic substance now suspected to be As was made by
Greek philosopher Aristotle in the 4" century BC and As compounds were used in the
poisoning murders characteristic of imperial Rome (Vaughan, 2006). Furthermore,
experts now believe that French emperor Napoleon Bonaparte was poisoned with
arsenic while imprisoned after his defeat in the Battle of Waterloo (VVaughan, 2006).

There have been several occurrences of mass As poisonings within the last century. In



1900, consumption of arsenic contaminated beer resulted in the poisoning of 6,000
people in the Manchester district of England; 80 of these victims died (Reynolds,
1901). In 1955, over 12,000 Japanese infants were poisoned with As contaminated
dried milk; 130 infants died (Yamashita et al., 1972). Another 400 people were
poisoned in Japan in 1956 by soy sauce contaminated with As (Mizuta et al., 1956).
In 1972, eleven cases of poisoning occurred in western Minnesota, where well water
and soil levels were found to be elevated due to contamination from grasshopper bait
placed on the ground in the 1930s (Feinglass, 1973). In 1987, a total of 307 cases of
acute As poisoning were reported in Buenos Aires, Argentina, where vandals broke
into a butcher's shop and poured sodium arsenite over the meat (Roses et al., 1991).
The well-documented toxic properties of various As compounds have
provided motivation for many of their applications. Arsenic compounds have been
used as pesticides, wood preservatives, drying agents, dyes and coloring agents, and
pharmaceuticals as well as being used in ore production and processing, metal
treatment (including galvanization), ammunition production, electronics industries,
and glass ware production (Matchullat, 2000). Arsenic is also released through high-
temperature combustion associated with oil and coal burning, waste incineration and
cement production and is present in fertilizers, municipal sewage, and animal waste
(Matchullat, 2000). Awareness of the detrimental effects of low concentrations of As
in the environment has grown and consumption has been decreasing. For example,
the last agricultural application of inorganic As pesticide in the US was canceled in
1993 although organic arsenicals still remain in a few pesticides (Abernathy et al.,

2003). Furthermore, US wood treatment and manufacturing industries voluntarily



agreed to stop using chromated copper arsenate (CCA) wood preservatives by the end
of 2003.

Arsenic contamination of groundwater is causing massive health problems in
various areas of the world. Millions of people in West Bengal and Bangladesh are
chronically exposed to low concentrations of dissolved As in what the World Health
Organization (WHO) has described as the worst mass poisoning of a human
population in history (Smith et al., 2000). Widespread As poisoning has also been
reported in Argentina, Chile, Mexico, China, Thailand, and Taiwan. Areas of the
world known to have high concentrations of As in aquifers or in surface soils as a

result of mining practices or geothermal activity are identified in Fig. 1.
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Although levels of As have been determined in many locations, sparse data
exist for subtropical volcanic settings. Recently, various studies have been conducted
in Hawai'i to determine trace element concentrations in sediments. These examined
cores from the Ala Wai Canal, an artificial estuary in urban Honolulu (e.g. De Carlo
and Spencer, 1995; Spencer et al., 1995), suspended particulate matter (SPM) in
streams from various watersheds on O'ahu (e.g. De Carlo and Spencer, 2002; De
Carlo et al., 2004; De Carlo et al., 2005), and soils from agricultural areas on Mau'i
(De Carlo and Dollar, 1997). However, few environmental studies focusing
specifically on As have been done in Hawai'i. Sediments from Waiakea Mill Pond,
the Wailoa River and Hilo Bay were analyzed to evaluate As contamination resulting
from the use of As,Oz in a cane board manufacturing plant (Hallacher et al., 1985).
Yet the lack of available data over widespread areas of the state has created
disagreement about the magnitude of natural background levels in Hawai'i and
subsequent difficulty in defining areas of elevated As concentrations. The main
objective of this research was to perform a survey of total As abundance and
distribution in the soils and sediments from a variety of environmental settings on

O'ahu, Hawai'i.



1. BACKGROUND
1.1. Geochemistry of Arsenic in Soils and Sediments

Arsenic occurs in the environment in various oxidation states (3-, 0, 3+, and
5+). Arsenite (AsOs*) and arsenate (AsO4%) are by far the most common As species
in the environment (Stoeppler, 1992). The penta-valent As shows many similarities in
chemical behavior with phosphorus due to similar ionic radii and the formation of
isostructural oxyanions such as PO4* and AsO4> (Goldschmidt, 1958). In the soil and
sedimentary environments, inorganic and organic arsenic may be present as salts of
available cations, in the form of precipitates or as adsorbates on hydrous oxides, clays
and other surface active materials (Stoeppler, 1992). Without the intervention of
organisms, arsenite and arsenate are expected to be the only arsenic species in the
environment (Stoeppler, 1992).

Arsenic is calcophilic and is most often associated with sulfide minerals.
However, the more important As minerals are mixed sulfides of the M(I1)AsS type
where Fe, Ni, Co and other di-valent metals are bonded with arsenic sulfide (e.g.
arsenopyrite FeAsS, loellingite FeAsy, realgar AsS, niccolite NiAs, and cobalite
CoAsS) (Matschullat, 2000; see Onishi, 1969 for a comprehensive list of the known
As minerals). Because As is so often associated with economically lucrative metals, it
is often a by-product of mining. Although production has been steadily decreasing, a
world total of 37,500 t of AsOz was produced in 2004 (Vaughan, 2006).

The lithosphere stores over 10 t As and is by far Earth’s largest reservoir
(Matschullat, 2000). The pedosphere is estimated to store around 10° t As with an

average global concentration of 7.5 pug/g As (Goldschmidt, 1958). However, higher



average As concentrations are commonly recorded in soils and sediments. Naturally
elevated As concentrations are typically attributed to the weathering environment and
As concentration and speciation in the parent rock. Bedrock geology features were
found to closely correlate with areas of elevated As in groundwater, stream sediments
and rocks in the New England region of the US despite intensive use of arsenical
pesticides in the area (Robinson and Ayotte, 2006). Anthropogenically introduced As
from mining and smelting activities can also contribute to high As concentrations in
soils and sediments. Soils contaminated by historical mining and smelting activities in
the Harz mountains of northern Germany were found to have As concentrations
ranging from 7-970 pg/g with a median of 130 ug/g (Matschullat, 1996). Even higher
As concentrations occur in tailings heaps or tailings ponds. Sludge from hydrothermal
gold processing in Minas Gerais, Brazil was found to contain 300-21,000 pg/g of As
with a median of 10,500 pg/g (Matschullat, 2000). Elevated As concentrations in
soils and sediments have also been attributed to arsenical pesticide and fertilizer use
(Matschullat, 2000). Ironite, a commercial soil supplement and fertilizer derived from
mining waste, has been found to contain 2800-6020 pg/g As (Dubey and Townsend,
2004). Anthropogenic activities and compositional differences in parent rocks control
As distribution and result in a wide range of As concentrations in soils and sediments.

Natural processes play important roles in the transport and distribution of
trace elements of both natural and anthropogenic origin. Various studies have
documented how erosion by wind (e.g. Spencer et al., 1995) and water (e.g. Hill et
al., 1997; De Carlo et al., 2004) can transport substances through the Hawaiian

environment. The possibility of transport suggests the abundance of As in an area



may reflect the transport of materials from more distant sources as well as
representing localized processes.

The mobility of arsenic is primarily determined by surface processes such as
precipitation, dissolution, adsorption, and desorption. These processes are control by
geochemical parameters such as pH, Eh, ionic composition, and mineral type (Bissen
and Frimmel, 2003; Masscheleyn et al., 1991). At neutral pH and oxic conditions, As
is effectively immobilized by adsorption or co-precipitated with metal oxides (Bissen
and Frimmel, 2003; Smedley and Kinniburgh, 2002). Low pH and reduced redox
potential increase As mobility by dissolution of metal oxides (Bauer and Blodau,
2006). The formation of sulfide minerals controls As concentrations in extremely
reduced environments (Masscheleyn et al., 1991). Dissolved calcium enhances the
sorption of arsenic while the presence of phosphate and other anions reduces sorption

through competition for binding sites (Appelo et al., 2002; Smith et al., 2002).

1.2. Arsenic Toxicity

The toxicity of As is largely a function of its speciation. Unfortunately, data
on the various forms of arsenic are limited. Generally, inorganic species are more
toxic than organic species (Squibb and Fowler, 1983; NRC, 1999; Abernathy et al.,
2003). Early research focused on arsenite (LDso of about 10 mg/kg) which is more
toxic than arsenate (LDso of about 100 mg/kg) (Squibb and Fowler, 1983). Recently it
has been reported that trivalent monomethylated and dimethylated metabolites of

inorganic arsenic are more toxic than arsenite (Abernathy et al., 2003).



Most research concerning mechanisms of arsenic toxicity has been directed
toward understanding the effects of arsenite and arsenate on biological systems. The
main mechanism by which arsenite exerts its toxic effects is through reactions with
protein sulfhydryl groups, resulting in inhibition of various enzyme systems (Squibb
and Fowler, 1983). Arsenate toxicity is mainly derived from its chemical similarity to
phosphate. Numerous studies have demonstrated that arsenate can compete with and
substitute for phosphate in many enzyme catalyzed reactions, most notably in the
production of adenosine diphosphate (ADP) (Squibb and Fowler, 1983). Many
organisms convert more toxic inorganic As species to organic forms to avoid
accumulation of lethal amounts (Cullen and Reimer, 1989).

Research documentation of As toxicity has encouraged many governing
agencies to enforce environmental guidelines limiting As concentrations. Until
recently, the US Environmental Protection Agency (EPA) enforced a Maximum
Contaminant Level (MCL) of 50 pg/L of As in drinking water. In 2001, the MCL
was lowered to10 pg/L on recommendations from the WHO based on increased
awareness of its toxicity.

The Canadian Council of Ministers of the Environment (CCME) has proposed
guidelines for freshwater and marine sediments and soils based on chronic exposure.
CCME guidelines suggest that no greater than 12 ug/g As be present in soils
regardless of land use. Freshwater sediment guidelines set the interim sediment
quality guideline (ISQG) at 5.9 ug/L As while the probable effect level (PEL) is set at
17 ng/L As. Marine sediment guidelines set the ISQG at 7.24 png/L As while the PEL

is set at 41.6 pug/L As.



1.3. Environmental Setting of O'ahu, Hawai'i

O'ahu is the third largest island (1564 km?) in the Hawaiian archipelago and is
located between latitude 21°15' N and 21°45’ N and longitude 158°20" W and 158°35’
W in the north-central Pacific (Stearns, 1985). The Hawaiian archipelago is the
youngest portion of the Hawaiian Ridge-Emperor Seamounts chain that extends
roughly 6,000 km from the island of Hawai'i to the Aleutian Trench off Alaska as a
result of the movement of the Pacific Plate over the Hawaiian mantle hotspot
(MacDonald et al., 1983). Volcanic eruptions above the hotspot continuously form
new land with volcanic activity focused at Kilauea VVolcano along the East Rift Zone
on the island of Hawai'i and at Lo'ihi Seamount 35 km off the southern coast of the
Big Island (MacDonald et al., 1983).

The topography of O'ahu is shaped by the remnants of two shield volcanoes.
The older Wai'anae Volcano in the west and the younger Ko'olau Volcano in the east
formed roughly 3.9 Ma and 2.7 Ma, respectively (MacDonald et al., 1983). Millions
of years of stream, wave and wind erosion on O'ahu have caused mass wasting of the
shield volcanoes producing the landscape of steep basaltic mountains, deep valleys,
and sheer interfluvial ridges seen today. The Wai'anae ranges reaches 1,226 m at its
highest peak, Mt. Ka'ala, and the Ko'olau range reaches 919 m at its highest peak,
Pu'u Konahuanui (Stearns, 1985). The Schofield Plateau, the saddle located between
the two mountain ranges, was formed by lavas from the Ko'olau VVolcano banking
against the older Wai'anae Volcano (Stearns, 1985). A coastal plain mainly composed
of marine sediments and ancient reef deposited on basalt flows at time of higher sea

level surrounds the island (Stearns, 1985).



The prevalent rock type in Hawai'i is tholeiitic basalt with a relatively uniform
composition, especially when compared to the high degree of variability in rock types
typical of continental settings. Although the overall composition of Hawaiian basalt is
relatively narrow in range the trace element content can vary significantly (e.g.
MacDonald et al., 1972; Frey et al., 1994). As a result of the olivine and pyroxene
components, volcanic rocks characteristic of Hawai'i typically contain higher
concentrations of certain transition elements than continental rocks (Frey et al., 1994,
Kabata-Pendias, 2001). Some of these elements can become further concentrated
during soil formation (Li, 2000).

Persistent northeasterly trade winds have a strong effect on local climate. The
winds carry warm, moist air across the ocean where it encounters the steep windward
mountain barrier and is forced to rise. The air cools adiabatically as it rises and its
relative humidity increases. In most cases, the moisture condenses and precipitates on
the windward side of the mountain. When the moisture-depleted air moves down the
leeward side of the mountains, it warms and becomes relatively drier. As a result little
precipitation reaches the leeward side of the mountains. This is reflected in the
distribution of rainfall on O'ahu (Fig. 2). The greatest annual rainfall on the island
occurs near the crest of the windward Ko'olau range and exceeds 700 cm
(Giambelluca et al., 1984). In contrast, the maximum annual rainfall in the leeward
Wai'anae range reaches just over 200 cm and the leeward coastal areas receive less

than 60 cm annually (Giambelluca et al., 1984).
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Figure 2. Map of the Hawaiian Islands showing elevation and annual rainfall on
O'ahu. From Giambelluca et al. (1984). Isohyets in cm/a.

Located on SE O'ahu, Honolulu is one of the larger cities in the US, with a
population of over 800,000 people recorded in the 2000 Census. According to Fulton
et al. (2001), Honolulu has a population density of 3054 people/km?, by far the
highest of any US metropolitan area. Most of the population on the island lives in the
coastal plain although Schofield Plateau has become increasingly urbanized since

large scale pineapple and sugar cane plantation agriculture has ceased.
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2. ANALYTICAL METHODS

2.1. Sample Collection and Preparation

A total of 56 soil and sediment samples were collected July 24, 2006 thru Sept
5, 2006 and April 14, 2007 thru May 27, 2007 on O'ahu, Hawai'i (Fig. 3). Sample
locations were chosen to represent a variety of environments with varying degrees of
human impact. Sample descriptions and location information can be found in
Appendix A. Soils were sampled at depths ranging from 5 cm to 25 cm to avoid root
structures and surface debris while beach sands were collected from the surface near
the waterline. Sediment collected at each location was stored in quart Ziploc® bags.
The samples were then dried in a laboratory oven at 60 °C to constant weight. Any
large rocks, roots, plastics, and glass fragments present in the sample were removed.
To ensure homogenization and allow dissolution, samples 1-31 were ground using a
mortar and pestle and samples 32-56 were ground using a ball and mill grinder. The
color of the dry ground samples was determined using a Munsell chart and recorded.
Site and sample descriptions and relevant details can be found in Appendix A.

Subsamples of all soils and sediments weighing approximately 0.2 g (exact
weight recorded to £ 0.1 mg) were digested in sealed vessels using a CEM MDS-
2100 microwave digestion system with a slight modification of the microwave
procedure described by De Carlo and Spencer (1995). Samples were digested in a
strong acid solution containing 5 mL concentrated trace metal clean HNOs, 2 mL
concentrated trace metal clean HCI and 1 mL concentrated trace metal clean HF.
Each digestion batch included a maximum of nine unique samples, one sample

replicate, one certified reference material (CRM), and one reagent blank. Digestion
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details can be found in Appendix B. After digestion, the acids were evaporated to
near dryness and samples were re-dissolved and diluted with 2% HNO3 to
approximately 100 g (exact weight recorded) under a laminar flow hood using trace
metal clean procedures. The sample solutions were further diluted tenfold with 2%
HNOs immediately prior to analysis under a laminar flow hood using trace metal

clean procedures.

Sample Locations
N21.8 T T T T T T

N21.7

N21 6~

N21.5

Latitude

N21 .4

N213 -

N21.2 - -
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Figure 3. Map of soil and sediment sample locations on O'ahu, Hawai'i.

2.2. Sample Analysis by Inductively Coupled Plasma Mass Spectrometry
Inductively Coupled Plasma Mass Spectrometry (ICPMS) is a highly sensitive
analytical method that utilizes inductively coupled plasma (ICP) as an ion source and

a mass spectrometer as the ion filter and counter. Fig. 4 illustrates the basic

13



components of a quadrupole argon ICP mass spectrometer. The sample solution is
introduced by an autosampling peristaltic pump into a nebulizer, where it is converted
into an aerosol. The fine drops are separated from the larger drops in a spray chamber
and injected into the plasma torch. The plasma is formed by the interaction of a strong
magnetic field generated by passing radio frequency through a copper induction coil
on a tangential flow of argon gas through concentric quartz tubes. This ionizes the gas
and forms a very high temperature plasma, where temperatures can reach near

10,000 K, sufficient to cause a large fraction of the s ample to form ions. The ions are
transported into the mass spectrometer through the interface region. The interface
consists of two metal cones, the external sampler and internal skimmer cones, with
holes between 0.6-1.2 mm in diameter, and is maintained at 1-2 Torr with a
mechanical roughing pump. After supersonic expansion into the high vacuum region,
the ions are guided by a series of lenses that focus an ion beam toward the mass
separation device and inhibit photons, particulates and neutral species from reaching
the detector. The lens chamber and mass separation device are kept at a vacuum of
10 Torr by two turbomolecular pumps. The quadrupole mass filter regulates the
passage of ions to the detector with different voltage combinations and allows only
analyte ions of a particular m/z ratio to pass. The detector converts the ions into an
electrical signal from which analyte concentrations are calculated using the

calibration standards.
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Figure 4. Schematic diagram of the basic components of a quadrupole argon ICP
mass spectrometer. From Montaser (1998).

ICPMS allows reliable and rapid multi-element determinations of atomic
masses ranging from 3-250 amu, with resolution of less than one amu at or below the
ng/g level and up to eight orders of dynamic range (Thomas, 2004). The lack of
magnetic fields in quadrupole ICPMS allows movement from mass to mass with high
precision. This level of precision enables a technique known as “peak jumping” or
“peak hopping” in which only one to a few points of data are acquired at the peak of
each analyte. Operating the mass spectrometer using this technique greatly improves
sensitivity relative to a scanning mode of operation.

Unfortunately, the lower resolution of the quadrupole ICP mass spectrometer
results in molecular interferences that prohibit determinations at certain masses. For

example, determination of *Fe is not feasible due to interference by “°Ar 60*
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molecular species easily formed in the plasma (Montaser, 1998). Interference

introduced from the sample matrix or solvent by “°Ar 3°CI* at mass 75 is possible and

could potentially affect the determination of >As (Montaser, 1998). Other common

interferences and the analyte isotopes affected are shown in Table 1 and Table 2.

Table 1. Common plasma/matrix/solvent-related spectral
interferences in ICPMS.

Element isotope  Matrix/solvent  Interference
soK+ H20 SBArH*
40Cat H20 40Ar*

S6Fe* H20 40ArieO*
80Se* H20 40Ar40A+
51v+ HCl 35C|160+
SAst HCI 4O0Ar3CIH
288i+ HNO3 14N14N+
4Ca* HNOs 14N14N16O*
S4Mn* HNO3 40ArISN*
48T+ H2S04 325160+
52Cr+ H2S04 325180+
647Zn* H2S04 325160160+
63Cut H2S04 31p16Q16Q*
2AMg* Organics 12c12C+
52Cr+ Organics 40ArizCt
85Cut Minerals 48CalsOH*
64zZn* Minerals 48CaltO*
63Cu* Seawater 40Ar3Na*

From Thomas (2004)
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Table 2. Elements that readily form
oxides, hydroxides, hydrides and doubly
charged species in the plasma and the
analytes affected by the interference.

Analyte(s) Affected Interference
56|:e+ 40Ca160+
64Zn+ 48Ti16o+
ll4cd+ 98M0160+
154Sm+, 154Gd+ 13SBa160+
lSSGd+ 139|_a16o+
156Gd+, 156Dy+ 140Ce160+
57|:e+ 40Ca160H+
662n+ 31p180160H+
805 T9BrH*

64Zn+ 31p1602H+
GQGa+ 13BBa2+
GQGa+ 139La2+
7OGe+’ 7OZn+ 14OCe2+

From Thomas (2004)

Efficient ion formation is necessary for high sensitivity in ICPMS. Thus,
determination of elements with high first ionization potentials presents a challenge.
The amount of energy required to generate Ar* is 15.75 eV which is more than
sufficient to ionize most other elements (Table 3). Differences in instrumental
sensitivity between elements are in part due to differences in their first ionization
potentials. Fig. 5 shows counts per second (CPS) detected by the mass spectrometer
for As and Co in 0.5 ppb, 1.0 ppb, 2.5 ppb, 5.0 ppb, and 10.0 ppb multi-element
calibration standards on July 2, 2007. Both As and Co are monoisotopic and have
relatively close m/z, but they vastly differ in the CPS detected in each calibration
standard. This demonstrates the decreased instrument sensitivity for elements with

higher ionization potentials.
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Table 3. First ionization potentials

(eV) for selected elements.

—#— Co

Element First lonization Potential
Na 5.14
U 6.19
Pb 7.42
Cu 7.73
Co 7.86
Cd 8.99
zZn 9.39
As 9.79
P 10.49
Cl 12.97
(@] 13.62
Ar 15.75
From (CRC, 2007)
4 B 8 10

Concentration

Figure 5. Counts per second detected by the mass spectrometer for As and Co in 0.5
ppb, 1.0 ppb, 2.5 ppb, 5.0 ppb, and 10.0 ppb multi-element calibration standards on

July 2, 2007. A linear least squares regression is shown for each analyte.
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The abundance of **Co, ®*Cu, "°As, 1*1Cd, 2°7Pb, 2%8pPb, and 28U isotopes in
the samples was determined by a VG PQ-2S quadrupole ICP mass spectrometer
operated with Thermo Scientific PlasmaLab software. Prior to sample analysis, the
instrument was tuned for maximum sensitivity using a 10 ppb solution containing
Be, Mg, *°Co, In, 1%°Ho, 2%8pb, 28U, The tuning process involves adjusting the
positioning of the plasma torch component and the various lenses of the instrument as
well as adjusting the flow rate of the peristaltic pump and argon gas to obtain the
highest count rate for each element. A mass calibration was run to allow the
instrument to associate the voltage applied to the quadrupole with the ions of given
masses. Short term stability was evaluated by ten sequential one minute analyses of a
multi-element solution. The instrument was considered stable when the relative
standard deviation was less than or equal to 2% for each mass of interest. Five
aqueous multi-element standards containing 0.5 ppb, 1.0 ppb, 2.5 ppb, 5.0 ppb, and
10.0 ppb of all elements of interest were produced by dilutions of a 100 ppb SPEX
ICPMS-2A mixed metal stock solution containing natural isotope abundances of Ag,
Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mn, Mg, Na, Ni, Pb, Rb, Se,
Sr, Tl, U, V, and Zn. These solutions and a blank 2% HNO3 solution were used for
instrument calibration. Fig. 6 shows a calibration curve obtained on July 11, 2007 for

SAs.
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Figure 6. Calibration for As obtained on July 11, 2007.

The ICP mass spectrometer was operated in pulse-counting mode using a peak
jumping technique. The instrument was set to perform 300 sweeps for each
determination with an acquisition time of 40 s per sample run. Each sample solution
was analyzed three times and a mean count rate was calculated for each isotope. A
dilute HNOz solution was aspirated for 60 s between each sample to rinse any
remaining sample. lon counting was delayed 60 s to allow the sample signal to
equilibrate in the mass spectrometer.

Instrument drift correction was achieved by monitoring the signal intensity of
internal standards *°In and 2%Bi and adjusting analyte signal intensities according to
the measured signal intensities of the internal standards. Total trace element

concentrations in the samples are calculated from the measured count rates at selected
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isotope masses and assuming natural isotope abundances as present in the calibration

standards.

2.3. Quality Assurance and Quality Control

Various methods were utilized to evaluate the quality of the ICPMS data.
These included calculation of detection limits, calculation of signal reproducibility,
and comparison of element concentrations measured in the CRM with certified

values.

Detection Limits

The limit of detection (LOD) was calculated for each analyte to establish the
quantifiable limit. The LOD is the amount of analyte that will produce a signal that is
distinguishable from noise with 99% confidence. This is typically measured by
analyzing standards that are nearly zero in concentration and then calculating the
standard deviation (s) of the measurements. LODs were calculated for each day
analysis was performed from the pooled s (see Eq. 1) of all 2% HNO3 blanks
analyzed. These daily limits were then averaged. In order to reduce the probability of

a false nondetection, s is multiplied by three as shown in Eq. 2 (IUPAC, 1997).

S35
%Oo d gﬂl@ (1)

LOES, ., @)
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The variable s; represents the standard deviation, and n; is the number of samples

analyzed.

Short-term Reproducibility (Intra-day)

Reproducibility is a measure of the variation in signals recorded by the
instrument while analyzing the same sample multiple times under the same
conditions. The percent relative standard deviation (%RSD) was calculated for each
of the three consecutive analyte determinations made for each solution of sample or
CRM. Standards and 2% HNO3z blanks were excluded. The minimum, maximum and
mean %RSDs were calculated for each day analysis was performed. Samples with

analyte concentrations below the LOD were excluded from this calculation.

Intermediate-term Reproducibility (Inter-day)

Instrument reproducibility is a measurement of the variation in determinations
made from instrument signals obtained while analyzing the same sample solution
under different conditions. A total of eleven samples were selected at random to be
analyzed on two different days to assess the inter-day reproducibility of the
determinations. The s, mean and %RSD were calculated for the three determinations
made for each sample on each day of analysis. The mean %RSD was then calculated

for each analyte.
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Chemical Processing Reproducibility

Chemical processing reproducibility is a measurement of the variation in
sample preparation procedures. It is evaluated by analyzing solutions prepared from
different subsamples of a given sample under the same conditions. A total of seven
sets of sample replicates were processed and analyzed to assess the quality of the
chemical processing. The s, mean and %RSD were calculated for the mean
determinations made for each subsample. The mean %RSD was then calculated for

each analyte.

Accuracy

A CRM (NRC Canada: MESS-1, marine estuarine sediment) was processed
repeatedly to assess the recovery of the digestion procedure and provide a measure of
accuracy during sample analysis. Certified values for MESS-1 constituents are
provided by NRC Canada based on results of determinations by at least two
independent methods of analysis. One subsample of MESS-1 was processed with
each digestion batch as described in Chapter 2, Section 1. Constituent concentrations
determined in each subsample of MESS-1 by ICPMS were compared to the 95%

confidence intervals (CI) certified by NRC Canada.

2.4. Data Analysis

Calculation of Element Concentrations in Samples
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Analyte concentrations were determined in diluted sample solutions. In order
to calculate element concentrations in the original solid, a calculation was performed

according to Eq. 3 for each element determined in each sample and CRM.

{@%ﬁgxﬁzj ®

R 1000

This equation calculates the concentration in ppm, concsppm), Of the original sample
from concaq(ppy), the concentration in ppb measured by the ICP mass spectrometer,
weightaq(g), the solution weight in g recorded after the digested sample was re-
dissolved, and weightsg), the dry sample weight in g of the sample before digestion.
The tenfold dilution immediately prior to analysis is taken into account with a
dilution factor of ten in the numerator. The equation is divided by 1000 to report

concentrations in ppm instead of ppb.

Interelement Correlations

The As concentrations in each sample were plotted against corresponding Co,
Cu, Cd, Pb, and U concentrations. To determine the strength and significance of any
correlation, Pearson’s correlation coefficient (r) and p-values were calculated
between As concentrations and Co, Cu, Cd, Pb, and U. All data manipulations and
calculations to determine interelement correlations were completed using Matlab

7.0.4. The Pearson’s correlation coefficient was calculated using Eq. 4.
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S ’ (4)

In this equation ryy is the correlation coefficient between element concentrations x and

y, n is the total number of samples analyzed, xi and y; are individual element

concentrations for comparison, x and Y are mean concentrations, and sx and sy are
standard deviations. All p-values were calculated for testing the hypothesis of no
correlation. Each p-value is the probability of getting a correlation as large as the
observed value by random chance, when the true correlation is zero. The p-value is
computed by transforming the correlation to create a t-statistic having n-2 degrees of

freedom, where n is the number of samples. The confidence bounds are based on an

asymptotic normal distribution of %Iog(@J , with an approximate variance equal

(t-r)

1
to ———. These bounds are accurate for large samples when the data has a

(n-3)

multivariate normal distribution.

Concentration Distribution Maps
The concentrations of trace elements in the soil and sediment samples were

mapped using Matlab 7.0.4.

Land Use
Each soil sample site was categorized as originating from either agriculture,

urban, forested (conservation) or mixed land use. Land use was categorized as

25



agriculture if systematic raising of plants or animals was conducted in the area. Land
use was categorized as urban if the area was mainly residential or commercial
(includes most parks). Undeveloped sites with little evidence of human impact were
classified under forested land use. Sites with multiple land uses were classified as
mixed (includes golf courses and areas in the flood plain of streams with agricultural
inputs). Beach sands were placed in their own category. The land use classification of
each site can be found in Table 4 and Appendix A.

A box plot of As concentrations in soils for each land use (agriculture,
urban, forested/conservation, mixed) was made using Matlab 7.0.4. A separate box
was plotted for the As concentrations of the beach sands. Lower and upper boundaries
of the boxes represent 25" and 75 percentile values, respectively. The line within
each box represents the median concentration. Lines extend from each box to the
most extreme value within 1.5 times the interquartile range. The circles represent

outliers that are more than 1.5 times the interquartile range.
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3. RESULTS
3.1. Analyte Concentrations

The soils and sediments exhibit a wide range of trace element concentrations.
Table 4 lists concentrations of elements Co, Cu, As, Cd, Pb and U in the soils and
sediments collected from the sites shown in Fig. 3. Concentrations of Co ranged from
3.3-101.7 pg/g with a mean concentration of 39.7 pg/g and concentrations of Cu
ranged from 2.7-374.2 pg/g with a mean concentration of 147.4 ng/g. The mean
concentration of As was 11.1 pg/g with concentrations ranging from 0.3-59.6 pg/g.
Concentrations of Pb ranged from 0.4-176.1 pg/g with a mean concentration of 18.2
ng/g and concentrations of U ranged from 0.3-5.0 pg/g with a mean concentration of
1.6 pg/g. Concentrations of Co, Cu, As and Cd span roughly two orders of magnitude
while Pb concentrations span approximately three orders of magnitude.
Concentrations of U are more tightly distributed and only span one order of
magnitude. Table 5 lists the minimum, maximum, median and mean concentrations
determined for each element.

The concentrations of As in the soils and sediments sampled listed in Table 4
are mapped in Fig. 7. The highest concentrations are found in the island’s interior.
The six highest As concentrations are found at Central Oahu Regional Park, Waikele
(59.6 pg/g), Pupukea Paumalu Forest Preserve (44.5 pug/g), Kawailoa Forest Preserve,
Wahiawa (43.9 ug/g), Neal Blaisdell Park, Waimalu (30.1 pg/g), Kipapa Community
Park, Mililani Town (26.7 ug/g), and Waipio Soccer Complex (26.6 ug/g).

Concentrations of Co, Cu, Cd, Pb, and U in the soils and sediments

sampled are mapped in Fig. 8. High concentrations of these elements are also found
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in the island’s interior. However, the distribution appears broader as high

concentrations are also found in coastal areas.
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Table 5. Summary of results: minimum, maximum, median and mean
concentrations (ug/g dry weight) of elements in soils and sediments
measured by ICPMS.

Element Minimum Maximum Median Mean

Measured Concentration Concentration Concentration Concentration
Co 3.3 101.7 32 39.7
Cu 2.7 374.2 163.8 147.4
As 0.3 59.6 6.4 11.1
Cd below LOD 35 0.7 0.7
Pb 0.4 176.1 7.8 18.2
U 0.3 5.0 1.3 1.6
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Figure 7. Map of O'ahu showing As concentrations at each sample location.
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Figure 8. Map of O'ahu showing Co, Cu, Cd, Pb, and U concentrations at each sample

location.
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3.2. Quality Assurance and Quality Control
Detection Limits

Table 6 lists the average LODs for each element calculated using Eq. 2. LODs
range from 0.001-0.014 pg/g, with U having the lowest LOD and Cu having the

greatest LOD. The LOD for As is 0.009 pg/g.

Table 6. LOD (ug/qg) for
each element analyzed.

Element Detection Limit

Co 0.003
Cu 0.014
As 0.009
Cd 0.005
Pb 0.005
U 0.001

Short-term Reproducibility (Intra-day)

The minimum, maximum and mean %RSDs for three consecutive
determinations of each analyte in all samples and CRMs on each day the analysis was
performed are listed in Table 7. The %RSDs for Cd were consistently the highest.
The %RSDs for *°Co, ®*Cu, and 2°Pb were the lowest followed by the %RSDs for
>As and 28U, The data presented in Table 7 represent repeatability over a wide range
of analyte concentrations. The %RSD values deteriorated significantly where analyte
concentrations approached the LOD. Analysis on May 16, 2007 was performed in
peak scanning mode, which is less sensitive than the peak hopping mode used during
subsequent days of analysis. This difference likely accounts for the higher maximum

%RSDs recorded for determinations made on this day.
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Table 7. Minimum, maximum and mean %RSD for three consecutive determinations of
each analyte in sample and CRM solutions by the day the analysis was performed.

59CO 65Cu 75AS 1llcd 208Pb 238U

5/16/2007* Min. %RSD 0.67 0.42 0.67 0.52 0.90 121
Max. %RSD 4.34 458 33.92 19.08 6.64 19.34

Mean %RSD 211 2.09 6.35 6.02 241 5.78

6/4/2007 Min. %RSD 0.06 0.05 0.28 0.75 0.05 0.07
Max. %RSD 2.10 1.93 2.99 8.71 2.35 4.02

Mean %RSD 0.54 0.64 1.14 3.49 0.56 1.02

7/2/2007 Min. %RSD 0.23 0.35 0.34 0.34 0.16 0.22
Max. %RSD 4.36 3.89 6.47 158.60 3.19 2.73

Mean %RSD 1.49 114 214 19.33 1.07 1.39

7/11/2007 Min. %RSD 0.10 0.06 0.24 0.78 0.06 0.15
Max. %RSD 5.90 8.80 262 33.97 2.26 2.98

Mean %RSD 1.07 1.02 1.19 8.16 0.70 1.19

Average Min. %RSD 0.27 0.22 0.38 0.60 0.29 0.41
Max. %RSD 4.17 480 11.50 55.09 3.61 7.27

Mean %RSD 1.30 1.22 271 9.25 1.19 2.35

* analysis performed in peak scanning mode

Intermediate-term Reproducibility (Inter-day)

A total of eleven individual samples were chosen at random and analyzed on
two different days. The mean of the %RSD for each analyte determined in the same
sample solution analyzed on different days is listed in Table 8. The mean %RSD for
H1Cd is by far the highest at 24.80. This is most likely due the combined effect of the
extremely low Cd concentrations and the use of an isotope whose natural abundance

is only 12.8% of the total Cd abundance. Excluding **Cd, all RSDs are below 7%.
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Table 8. Mean %RSD for
each analyte determined in
sample solutions analyzed
on two different days.

Element Mean %RSD

5Co 5.58
65Cu 5.84
5As 2.21
uicd 24.80
208pp 2.12
2381 6.11

Chemical Processing Reproducibility

The mean %RSD for each analyte determined in two individually processed
subsample solutions of seven samples analyzed is listed in Table 9. The sample
replicate from digestion 6 was excluded from this calculation because of
inconsistencies in sample uptake rate during its analysis. The mean %RSD for 1'Cd
is the highest at 17.14 followed by 2%Pb at 10.27. Excluding 'Cd and 2%Pb, all

RSDs are below 4%.

Table 9. Mean %RSD for
each analyte determined
in subsample solutions of
the same sample.

Element Mean %RSD
5Co 3.71
65Cu 3.00
SAs 3.53
111Cd 17.14
208pp 10.27
2381 3.30

36



Accuracy

Element concentrations measured in all MESS-1 subsample solutions are
compared to the certified mean and 95% CI in Table 10. Concentrations listed in bold
fell outside the 95% CI of the certified mean. Determinations for Cu and Cd in all
CRM processed fell outside the 95% CI of the certified mean. Measured Cu
concentrations were systematically higher than the upper bound of the 95% CI of the
certified mean. Mineral interferences for ®°Cu (e.g. **cats0H) are relatively common
and may account for the difference between determined concentrations and the
certified values (see Table 10). Measured Cd concentrations were also higher than the
upper bound of the 95% CI of the certified mean. The high measured Cd
concentrations may be a result of background noise since concentrations were near

the LOD.

3.3. Interelement Correlation and Significance

Scatter plots of As concentration versus Co, Cu, Cd, Pb, and U concentrations
for each sample are show in Fig. 9. Arsenic shows a positive correlation with all
elements analyzed with r ranging from 0.3219 to 0.6467. The highest r occur when
As concentrations are compared to Cd (0.6467) and U (0.5994) concentrations. All p-
values are less than 0.05 and indicate the results are statistically significant at a 95%

confidence level.
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Figure 9. Scatter plots of As concentrations versus Co, Cu, Cd, Pb, and U concentrations.
Pearson’s correlation coefficients (r) and p-values are listed.
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4. DISCUSSION

Concentrations of trace elements in soils and sediments are affected by inputs
from both natural and anthropogenic sources. Understanding variations in trace
element concentrations requires investigation of potential sources and their
composition. A number of methods have been developed to reveal trace element
sources. In this research, correlation between As and Co, Cu, Cd, Pb and U
concentrations was evaluated (see Fig. 9 for results). Additionally, trace element
concentrations are examined with respect to the dominant land use of the sample site

location.

4.1. Interelement Correlations

A strong correlation between the concentrations of two elements suggests a
common source. For instance, it is expected that the correlation between
concentrations of Na and Cl in soils and sediments from coastal areas would be strong
since sea spray is a source of both elements. Elements with no correlation indicate an
origin from different sources. This approach is complicated by elements with multiple
sources and sources that contribute trace elements in similar compositions. In these
cases, interpretation of correlation becomes much more difficult.

As mentioned previously, the highest r occur when As concentrations are
compared to Cd (0.6467) and U (0.5994) concentrations. Principal component
analysis of trace element concentrations in SPM collected from streams in several
watersheds on O'ahu, Hawai'i by De Carlo et al. (2004) shows As, Cd and U to be

grouped into the same factor interpreted to represent agricultural inputs. The strong
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correlation between these elements in this research further supports this

interpretation.

4.2. Variation in Arsenic Abundance with Land Use

Soils and sediments collected in this research exhibit concentrations of As
between 0.3 and 59.6 png/g. A box plot of As concentrations in soils for each land use
is presented in Fig. 10. Soils from areas of mixed land use have the highest and
widest range of concentrations with a median As concentration of 19.6 pg/g (mean
21.4 pg/g) and are followed by those from agricultural areas with a median As
concentration of 13.0 pg/g (mean 12.7 pg/g). Soils collected from urban areas have a
median As concentration of 9.1 ng/g (mean 12.5 pg/g). Soils from forested
(conservation) lands have the lowest and narrowest range of As concentrations with a
median As concentration of 7.2 pg/g (mean 11.2 pg/g). Beach sands have even lower
As concentrations with a median As concentration of 2.8 pg/g (mean 7.0 ug/g). The
difference between soils and sands may be a result of the higher amount of binding
sites available to scavenge As in the iron oxide rich soils typical of Hawai'i (Kabata-
Pendias, 2001).

Results from this work differ from As concentrations measured in streambed
sediments from various watersheds on O'ahu, Hawai'i. Table 11 lists the mean,
minimum, and maximum As concentrations by land use as reported in this work
along with those reported by De Carlo et al. (2005) in the O'ahu USGS NAWQA
study. De Carlo et al. (2005) report As concentrations of a similar range varying from
1-44 pg/g. However, the highest As concentrations were associated with agricultural

land use (mean 22 pg/g) and followed by those associated with mixed land use (mean
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11.8 pg/g). Sediments associated with urban land use contained a mean As
concentration of 8.1 pg/g and those from forested areas contained a mean As

concentration of 1.5 ug/g.

Arsenic Concentration by Land Use

T T T T T

60 S 4

50 .

i =N
o
T
1

As (uofg-dry weight)
(8}
[}
1

1 T T -

20+
o
10 .
I == i
ol = 7 o

1
Agriculture Urban Forested Mixed Beach Sands

Figure 10. Box plot of As concentrations in soils from O'ahu, Hawai'i as a function of
land use (agriculture, urban, forested/conservation, mixed). Beach sands are placed in
a separate category. Lower and upper boundaries of the boxes represent 25" and 75%
percentile values, respectively. The line within each box represents the median
concentration. Lines extend from each box to the most extreme value within 1.5 times
the interquartile range. The circles represent outliers that are more than 1.5 times the
interquartile range.

Differences in As concentrations between those measured in this research and
those measured in streambed sediments (De Carlo et al., 2005) from areas of
agricultural land use may be a function of the sampling method employed in this

research. All soils samples were collected below the humus layer, if present, to avoid
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excessive organic matter that complicates the digestion procedure. The humus layer
of soils acts as a natural biogeochemical barrier that suppresses the percolation of As
with water and strongly accumulates the element (Goldschmidt, 1958). Accordingly,
the highest As concentrations are typically found in soils rich in organic carbon. This
surface organic matter would likely contain a majority of the As input from
agricultural practices (pesticide and fertilizer use) and would be included from the
suspended particulate load of a stream. Additionally, the current land use
classification methods do not account for previous land use or material transfer
between areas of different land use. Concentrations of arsenic reported for each land
use category have a large range and may contain anomalous results. This is supported
by lower median As concentrations than the mean As concentrations for each land
use category. Each of these factors contributes to difficulties in clearly identifying

trace element sources.
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Table 11. Soil and sediment As concentrations
(Mg/g dry weight) compared with USGS NAWQA
streambed sediment concentrations.

This
Land Use study USGS NAQWA?
Agriculture (n=4) (n=23)
Mean 12.7 22.0
Max. 21.8 28.0
Min. 3.0 16.0
S 7.7 4.9
Urban (n=11) (n=5)
Mean 12.5 8.1
Max. 26.7 16.0
Min. 1.7 2.4
S 7.7 4.9
Forested (n=20) (n=6)
Mean 11.2 24
Max. 44.5 6.0
Min. 0.3 1.0
S 7.7 1.9
Mixed (n=7) (n=10)
Mean 21.4 11.8
Max. 59.6 44.0
Min. 3.5 4.1
S 20.0 12.8

@ From De Carlo et al. (2005)
Abbreviations: n, number of samples; s, standard deviation

4.3. Comparison of O'ahu Arsenic Concentrations with Other Geochemical Data and
Environmental Guidelines

In general, As concentrations in the soils and sediments from O'ahu, Hawai'i
are higher than those found in other areas of the world. Table 12 lists trace element
concentrations for selected materials. Reference geochemical data represent natural
levels and should be compared with results from uncontaminated areas only. Soils
from areas of forested (conservation) land use were found to have mean As
concentrations of 11.2 pug/g which is higher than the world average and mean As
concentrations reported for most other parts of the world. Median As concentrations

may better represent the results in this research by placing less weight on

44



measurements that may be anomalous. The median As concentration for areas of
forested land use is 7.2 pug/g which corresponds well with the mean As concentration

of 7 ng/g for US soils.

Table 12. Trace element concentrations (ug/g dry weight) for selected rocks, soils and
sediments.

Co Cu As Cd Pb
US stream sediments, median?@ 27 6.3 0.4 27
US stream sediments, max.2 620 200 56 6,300
US stream sediments, min.2 6 1 <0.1 <4.0
Kaua'i basalts® 90 200 ND ND 12
Kaua'i saprolites (<20 ft BLS)® 18 33 ND ND 05
Mafic rocks (basalts, gabbros)® 06-2.0
Bulk continental crustd 29 75 1 0.098 8
Upper continental crustde 14 25 15 0.1 18
US soils, mean® 7
Canada soils, mean® 5.8
Great Britain soils, mean® 16.3
Norway soils, mean® 25
Japan soils, mean¢ 11
World soilsf 10 5-20 5 <1.0 2-200
World avg. river susp. part.d 20 100 5 1 100

2 Rice (1999)

b Patterson (1971)

¢ Kabata-Pendias (2001)

4 Li (2000)

¢ Mean of two values provided by Li (2000)
f Pais and Jones (1997)

Abbreviations: BLS, below land surface; MORB, mid-ocean ridge basalts; ND, none detected; susp. part.,
suspended particulates; blank, no data available
Environmental Quality Guidelines (EQG) for soils and sediments proposed by
the CCME are presented in Table 13. The mean As concentration in soils from
forested (conservation) land use areas (11.2 pg/g) falls just below the soil CCME
EQG of 12 pg/g. However, the mean As concentrations in soils from all other land

uses exceed the CCME EQG. A total of 18 out of 42 or 42.9% of soil samples

collected in this research exceed the CCME EQG for As. The mean As concentration
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in beach sands (pg/g) falls below the CCME EQG for Marine ISQG of 7.24 pg/g.

Only 1 out of 14 or 7.1% of beach sand samples collected in this research exceed the

CCME EQG for As.

Table 13. CCME EQG for trace element concentrations (mg/kg dry weight) in

various mediums.

Co Cu As Cd Pb
CCME EQG freshwater and marine sediment quality guidelines
Freshwater ISQG 35.7 5.9 0.6 35
Freshwater PEL 197 17 3.5 91.3
Marine 1ISQG 18.7 7.24 0.7 30.2
Marine PEL 108 41.6 4.2 112
CCME EQG soil quality guidelines
Agricultural land use 40 63 12 1.4 70
Residential/park land uses 50 63 12 10 140
Commercial land uses 300 91 12 22 260
Industrial land uses 300 91 12 22 600

From Canadian Council of Ministers of the Environment (2002)

Abbreviations: EQG, environmental quality guideline; ISQG, interim sediment quality guideline; PEL,

probable effect level; blank, no data available

The CCME EQG are proposed with the purpose of preventing adverse effects

on biota from elevated concentrations of contaminants. In light of this, it is important

to remember that much of the As measured in the samples collected may not be

bioavailable. The sample digestion methods employed in this research are much more

efficient at extracting As from soils and sediments than most organisms and only a

fraction of the total arsenic will be bioavailable. Furthermore, As toxicity is highly

dependent on speciation. This research involved no determination of As species and

all data presented are for total As concentrations.
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5. CONCLUSION

Soils and sediments samples were collected on O'ahu, Hawai'i from a variety
of environments with varying degrees of human impact. Samples were classified as
originating from areas of forested (conservation), agricultural, urban, or mixed land
use and then dried, ground, and digested in a strong acid solution. Concentrations of
Co, Cu, As, Cd, Pb, and U were measured using quadrupole ICPMS. Concentrations
of As in all soils and sediments were found to range from 0.3 — 59.6 pg/g with a mean
concentration of 11.1 pg/g. Soils from areas of mixed land use displayed the widest
range and highest median As concentration of 19.6 ug/g. Soils from areas of
agricultural land use displayed the next highest median As concentration of 13.0 ug/g.
Soils from areas of urban land use have a median As concentration of 9.1 pg/g and
soils from areas of forested (conservation) land use have a median As concentration
of 7.2 pg/g. The beach sands collected had the lowest median As concentration of 2.8
ug/g, which may be due to the lack of binding sited available on carbonate materials
in comparison to the iron oxide rich soils typical of Hawai'i. Strong correlation
between measured concentrations of As, Cd, and U suggest the origin of As enriched
in the soils and sediments analyzed to be derived from agricultural activity and is
supported by previous research.

Concentrations of As measured in this research are generally higher than As
concentrations previously measured in streambed sediments from O'ahu, Hawai'i,
regardless of land use. However, mean As concentrations from areas of agricultural
land use are lower than those previously reported in streambed sediments. This may

be due to sample collection methods that involved removal and exclusion of the
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humus layer from the sample. This mainly organic surface layer has been shown to
strongly accumulate As and is a likely location for As derived from agricultural use to
occur. Streambed sediments would likely contain materials originating from this layer
since it is exposed and most subject to erosion. Land use categories may also contain
samples with anomalous As concentrations that do not represent those found in the
majority of soils from these areas. This is supported by median As concentrations that
are significantly lower than the mean As concentrations. Furthermore, land use
classification methods did not account for past land use or transfer of material
between areas of different land use. Each of these factors creates difficulties in
identifying As sources to the soils and sediments collected.

The median As concentrations in the soils and sediments collected from
forested areas (7.2 pg/g) corresponds well with the mean As concentration reported
for uncontaminated US soils of 7 ug/g although it is higher than the reported world
mean As concentration of 5 ug/g in soils. A total of 42.9% of all soil samples exceed
the CCME EQG for As in soils of 12 pg/g and 7.1% of all beach sands exceed the
CCME EQG marine ISQG for As of 7.2 pug/g. However, arsenic toxicity is highly
dependent on speciation and concentrations reported here are for total arsenic.
Additionally, the digestion method used in this research allows dissolution of

compounds that would not be bioavailable under typical conditions.
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