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Abstract 

Arsenic based herbicides were applied from 1913-1945 on sugarcane plantations 

along the Hamakua Coast and As remains prevalent both on and off these lands. This 

research presents an investigation of the spatial distribution from highly contaminated 

topsoil (0-30 cm) of Hawaiian Andisols from the Hamakua Coast of the Island of Hawai’i.  

Arsenic concentrations were found to be elevated (216 ± 20 mg kg-1) in comparison to 

the background levels in Andisols (<20 mg kg-1). Andisols of this study included soil series 

Onomea, Akaka, Kaiwiki, Hilo, and O’okala. As spiked solutions of 58 mg L-1 were applied 

to all soils and <0.5 mg L-1 As remained in solution after equilibrium. There was a 

relationship between flow accumulation and As on a localized scale, not a watershed 

scale. Therefore, most of the As was in the solid phase and elevated As concentrations 

may be found in areas of high flow accumulation. 
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Chapter 1. Introduction  

1.1 Historical use and background information 

Arsenic accumulation is the unfortunate result of sugarcane plantation era 

herbicide use in Hawai'i. From approximately 1913 until 1945, As based herbicides were 

used along the Hamakua Coast, the Island of Hawai’i (Dorrance & Morgan, 2000; 

Niemeyer & Robotham, 2010; Hanson, 1962; Fig. 1.1). After 1945, non-As containing 

herbicides were applied. Current day As concentrations in soils remain elevated both on 

and off former sugarcane lands, prompting inquisition into the driving forces responsible 

for As (Hallacher et al., 1985; Robinson et al., 1995; Wolz et al., 2003; De Carlo & 

Anthony, 2002; De Carlo et al., 2004; Cadwalader et al., 2011). 

 

 

Figure 1.1. Map of study area and approximate extent of 1900 sugarcane 

Study site along the 

Hamakua Coast 
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Sugarcane plantations were in operation in the Hawaiian Islands from 1856 to 

1996 and as a result, the ethnic demographics of Hawai’i are intimately intertwined with 

the history of the sugarcane industry. As the population of Hawaiians declined and 

reached an all time low of 56,897 in 1872, from 1862 to 1872, the number of sugarcane 

plantations more than doubled from 14 to 32. As a result, the need for a work force in 

the fields increased and beginning in 1862 field workers were imported first from China, 

Portugal, northern Europe, and Japan. In 1898 following the annexation of Hawai’i by 

the USA, workers from the Philippines were also recruited (Dorrance & Morgan, 2000). 

Today, this ethnic demographic is reflected in the statistics where Hawai’i has the highest 

percentage of Asian Americans and Multicultural Americans and the lowest percentage 

of White Americans of any state (U.S. Census Bureau, 2012).   

the Island of Hawai’i played a key role in sugar production and in 1936 the 16 

sugar mills on the Island produced 34.66 % of the total production of the Islands 

(Dorrance & Morgan, 2000). Hanson (1962) reported that in 1962, 890 km2 of land was 

used for sugarcane with an average of 35.6 km2 per plantation and by 1990 area per 

plantation reached a peak at 62.9 km2 per plantation (Dorrance & Morgan, 2000). Cane 

was grown from near sea level to approximately 914 m elevation and grown everywhere 

except where the topography was too steep to allow safe access (Dorrance & Morgan, 

2000). Fig. 1.2 was taken in 1933 and documented the large extent of sugarcane along 

the Hamakua Coast.   
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Figure 1.2.  Pepeekeo Mill (Dorrance & Morgan, 2000) 
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The history of sugarcane and elevated levels of As in Hawai’i was a result of 

human impact. Scientific inquiry was required to investigate the whereabouts of current 

day As concentrations. Understanding the reasons why As is located both on and off 

former sugarcane lands in both soils and biota required an understanding of erosional 

processes, depositional processes, soil chemistry, surface hydrology, and an investigation 

into the historical aspects of As use for sugarcane (Hallacher et al., 1985).  

Until 1945, the primary herbicides used were sodium arsenite in water (NaAsO2) 

and minor amounts of sodium chlorate (NaClO3). The NaClO3 was used briefly during the 

1930’s and found to be a fire hazard, therefore its use ceased shortly after it was 

introduced (Hanson, 1962). In 1945, activated diesel emulsion (CADE) as a herbicide and 

dichlocrodiphenyltrichloroethane (DDT) as a pesticide were applied, formulas that were 

thought be to more effective than NaAsO2 in water because they controlled a wider 

breathe of pests and weeds. As a result, the use of As based herbicides became obsolete 

shortly after the introduction of CADE (Olaa Sugar Company, 1931; Hanson, 1962; 

Cadwalader et al., 2011; Niemeyer & Robotham, 2010).  

Both CADE and NaAsO2 in water were applied in the same manner, where the 

base of the sugarcane received first application. Sugarcane was grown in a linear fashion 

with runnels for irrigation between rows of sugarcane. The original sprayings (and 

therefore potential present day high concentration areas) may have mirrored this spatial 

distribution.  The cane was sprayed 4-5 times before it was too overgrown to access and 

no longer accessible for spraying (Olaa Sugar Company, 1931; Hanson, 1962; Niemeyer, 

personal communication, 2011). The application of NaAsO2 in water was conducted by 

plantation workers carrying knapsacks, with 150–200 knapsacks applied day-1 (Olaa 

Sugar Company, 1931; Fig. 1.3). Anecdotal evidence suggested that airplanes were flown 

above the sugarcane lands and As distributed aerially. As a result of the application of As 

via plane and knapsack, large amounts of As possibly either sorbed to the soils, or 

transported via leaching or overland flow.  Unfortunately, more accurate data of 
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application rates were not available due to the lack of documentation at the time. By 

1962 CADE and it derivatives were applied to approximately 2023 km2 of land each year 

in Hawai’i (Hanson, 1962).  

 

Figure 1.3. Arsenical herbicide application at Olaa Sugar Company plantation, 

1914 (Larsen, 1914). 

1.2 Potential health effects of arsenic 

During the 1970s a series of tube wells were installed by the United Nations 

Children’s Fund (UNICEF) and the Department of Public Health Engineering to provide 

primarily remote villages with clean drinking water from aquifers. In the 1990s, many 

cases of various forms of human cancers were reported in India and Bangladesh in the 

types of cancers reported including bladder, liver, kidney, intestine, prostate, and skin 

cancer (Smith et al., 2000; US Environmental Protection Agency, 2000; Fig. 1.4). The 

probable cause of these cancers was found to have been long term exposure of naturally 

occurring inorganic As dissolved in aquifer drinking water. This was reported as the 

largest mass poisoning of human kind in history (Smith et al., 2000). In a concentration 
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of 600 μg kg-1 of body mass day-1, inorganic As can cause death (US Environmental 

Protection Agency, 2000).  

 

Figure 1.4. Skin cancer as a result of long term As exposure (Smith et al., 2000). 

The world stage focused their attention on As contamination, the causes of As 

release into water, and how this affected human health. The process by which As is 

released into drinking water was thought to be a result of an anoxic environment in 

which a buried peat layer reduced Fe hydroxides in aquifer sediments. In Bangladesh 

and India, the igneous intrusive rock that are composed partially of Fe hydroxides, 

bound well to the naturally occurring As and when reduced, first the Fe and then As was 

released into water (McArthur et al., 2001; Hue, personal communication, 2011). The 

tube wells tapped into the once confining peat layer, which then mobilized the As. 

Although the elevated concentrations of As in Bangladesh and India were naturally 

occurring, and the As in Hawai’i was of anthropogenic origin on the igneous extrusive 

rock, the mechanisms and environments that govern As transport are universal.  
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As the mechanisms governing As transport were investigated, the reported 

carcinogen cases in Bangladesh and India continued to rise, therefore, water standards 

within various countries began to take shape. Many health and environmental 

organizations in the USA, such as the Environmental Protection Agency (EPA) and the 

Hazard Evaluation and Emergency Response (HEER), an arm of The Department of 

Health (DOH), began compiling guidelines for sampling, testing, and remediation of 

plants, soils, water, and organisms that contained As. The As standards in drinking water 

for the U.S. EPA and World Health Organization (WHO) are currently set to 10 μg L-1 (US 

Environmental Protection Agency, 2011). In addition, soil standards within various 

countries began to take shape. The probable effects concentration for As on average was 

found to be 33.0 mg kg-1 (MacDonald et al., 2000). Any person ingesting As in higher 

concentrations is expected to have adverse effects more often than not. Background 

levels on non-agricultural lands for As in soils around the world was found to range from 

1-40 mg kg-1 (Robinson & Ayuso, 2004). Niemeyer & Robotham (2010) found that the 

background levels on non-agricultural for As in Hawaiian Andisols surface horizon ranged 

from 7.4 ± 3.7 (standard deviations) mg kg-1. Agricultural soils in which As was applied as 

a herbicide or pesticide reported concentrations of 366-732 mg kg-1, 81 mg kg-1, and 20-

50 mg kg-1, generally much higher than background levels (Ure & Barrow, 1982; Renshaw 

et al., 2006; Cadwalader et al., 2011). As concentrations in Hilo Bay soils were found to 

be 251 ± 25.7 (standard error) mg kg-1 by Hallacher et al., (1985) and Cutler (2011) found 

628 mg kg-1 As in Kee’au soils (Fig. 1.5.). The elevated levels of As were much higher than 

the background levels, even 60+ years after the last sprayings. 
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Figure 1.5. Comparison of As concentrations 

 

1.3 Chemical and physical properties of arsenic 

Arsenic occurs naturally in rocks, soil, water, air, plants, and animals (US 

Environmental Protection Agency, 2011). Arsenic is commonly grey in color, a metalloid, 

has an atomic number 33, atomic mass 74.92 amu, density of 5.72 g/cm3, and has five 

oxidation states (5,3,2,1-3). It is odorless and tasteless, making it difficult to detect in 

drinking water. Arsenite (AsO2
-) and arsenate (AsO4

3-) are the most common compounds 

of As. Arsenite is composed of As3+ ion and arsenate is composed of the As5+ ion. At the 

surface of the earth, As is non-volatile. Cutler (2011) investigated the speciation of As in 

Hawaiian soils and determined the phase of As. Typic Hydrudands of the Kee’au region 

on the Island of Hawai’i were analyzed by Cutler (2011) because they were located on 

previous sugarcane plantation land with easy access and little permitting issues. The 

speciation was determined by using X-Ray Adsorption Near-Edge Structure Spectroscopy 

(XANES). Cutler (2011) found that inorganic and oxidized As5+, the immobile phase, was 

the most prevalent form of As. Meharg & Hartley-Whitaker (2002) have shown that 
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AsO4
3- (As5+) was the prevalent form of As under oxidizing conditions and AsO2

- (As3+) 

under reducing conditions. Most likely, the sodium arsenite (NaAsO2) herbicide that was 

used oxidized and dissolved to sodium arsenate over time, hence the majority of As now 

in the form of arsenate (AsO4
3-). Renshaw et al., (2006) found that lead arsenate 

(PbHAs04), used as a pesticide on an orchard during the first half of the 20th century, was 

no longer in its original mineral phase. They found that 70–80 % of the total As 

measured by X-ray diffraction (XRD) and scanning electron microscope (SEM) was bound 

to clay and silt sized amorphous oxides and 15–30 % complexed to organic matter (OM). 

They suggested that the mechanism for this transformation was dissolution. Similarly, an 

arsenic salt, such as sodium arsenite (NaAsO2), may have dissolved in solution and 

oxidized, forming arsenate (AsO4
3), which then bound to fine fraction amorphous oxides 

and OM. 

1.4 Soils 

1.4.1 Geology 

The Hawaiian Islands are a relatively young island chain, with the oldest (Kaua’i) 

dated at 3.8–5.6 My and the youngest, The island of Hawai’i, is still currently erupting. 

The Hawaiian Islands are situated along a hot spot, which is an area of volcanic 

eruptions and high heat flow above a mantle plume (Plummer et al., 2003). The hot spot 

is considered somewhat stationary as the Pacific Plate moves over it towards the 

northwest, forming an Island chain. In addition, rejuvenation stage volcanism was a 

recent discovery and was thought to have occurred after a long period of volcanic 

dormancy that allowed for erosion (Rowland & Garcia, 2013). Although the mechanism 

behind rejuvenation stage eruptions was not well understood, isotope dating has shown 

this to occur. Hawaiian eruptions tended to be effusive rather than explosive, which 

resulted in shield volcanoes with gentle slopes. However, if a large buildup of gas 

occurred, or there was interaction of the magma with the water table, explosive 
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eruptions can and do occur (Patrick et al., 2011). Effusive eruptions do not produce large 

amounts of ash, and the ash that is produced is not transported far from the source. The 

ash is thought to have blown out radially from Mauna Kea and carried back towards the 

south west by the trade winds, explaining the areas of deposition on the Island of 

Hawai’i (Niemeyer, personal communication, 2011).  The parent material of Andisols of 

the Hamakua Coast are composed of the ash, and therefore the result of explosive, 

rather than effusive eruptions (U.S. Geological Survey, 2009). This ash is called the 

Pahala ash and was dated to 16,000-31,000 yrs. old and is a mixture of altered glass, 

glassy shards, Pele’s hair, pumice, and olivine crystals (U.S. Geological Survey, 2009). 

Near Hilo, the Pahala ash extended up to a depth of 4 m (U.S. Geological Survey, 1995). 

Each eruption produced lava that had a slightly different composition of parent material. 

Parent material is one of the five soil forming factors, and therefore the percent Fe oxide 

of parent material, in addition to the percent Fe oxide of soils as a result of weathering, 

were considered when considering As sorption onto soils.  

1.4.2 Soil Order 

The soils in this study belong to the soil order Andisol. The parent material of 

Andisols is iron rich volcanic ash, glass, pumice, and cinders. Andisols are primarily 

defined by their content of ash consisting of volcanic glass (U.S. Department of 

Agriculture, 2012a). Volcanic glass is poorly crystalline, short-range order material that 

consists of Fe oxyhydroxides, aluminosilicates (allophane, imogolite, and their gels) that 

form by transformation in place (Buol et al., 2003; Uehara & Gillman, 1981). The 

particles of Andisols are coated with an amorphous gel-like material, crystalline Fe & Al 

oxyhydroxides, and possibly OM, all of which act as potential binding agents for As 

(Uehara & Gillman, 1981; Cutler, 2011; Fig. 1.6; Fig. 1.7). Andisols have andic soil 

properties, which contain less that 25% organic carbon by mass, amorphous Al & Fe, a 

low bulk density, and have P retention of 85 % or more (Buol et al., 2003). Furthermore, 

tropical Anisols are unique because they have a high anion exchange capacity (AEC), 
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which differs from most soils around the world that have cation exchange capacities 

(CEC). The high AEC allows for the binding of anions, such as the arsenate or arsenite 

anions.  

Andisols of the Hamakua Coast were deposited during the Pleistocene epoch 

(Wolfe & Morris, 1996; Fig. 1.8). The study area consists of Andisols on a gentle slope of 

the northeast flank of Mauna Kea, the coastal areas are canyons with steep and deep 

walls. This topography is a result of high rainfall that produced powerful rivers, and often 

flash floods, that eroded the land into deep canyons (Fig. 1.9). The high rainfall created a 

humid climate which contributed to the variety and large amount of organisms that may 

have been found within the soils. The combination of the non-crystalline structure of 

Andisols, topography, and large amount of organisms resulted in an environment in 

which the soils were easily eroded. One barrier to erosion may have been a result of the 

addition of P rich fertilizer to the soils. When P-fixing occurred, the P acted as a binding 

agent for grains and/or smaller aggregates, which resulted in tightly bound larger 

aggregates, therefore resisting weathering. Due to the similar behavior of P and As, the 

process by which P-fixing assists in the aggregates resisting weathering may also extend 

to As. The ability of Andisols to fix P (and possibly As) is one of the unique characteristics 

of Andisols, in addition to their high sorption and water holding capacities (Buol et al., 

2003). 
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Figure 1.6.. Gel coating image taken with TEM (Culter, 2011). 

 

 

Figure 1.7. Chemical structure of the binding of As to Fe oxyhydroxides (Hue, 

2013). 
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Figure 1.8  Soil Orders of the Island of Hawai’i (Deenik, 2012). 
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Figure 1.9. Steep canyons along the Hamakua Coast. 

1.4.3 Soil Series 

There are 7 suborders of Andisols that are defined by soil moisture, temperature, 

and/or water retention characteristics. They are aquands, cryands, torrands, xerands, 

vitrands, ustands, and udands. The soils of this study included Hydrudands (of the 

suborder udand) and Endoaquands (of the suborder aquands). Udands have an udic soil 

moisture regime which requires that the soils remain wet for at least 90 cumulative days 

in a normal year, have a temperature regime warmer than that of cryic, and high water 

retention that makes water unavailable to plants (U.S. Department of Agriculture, 

2012a). The Udands are dark colored volcanic soils with low bulk density, high amounts 

of Fe and Al amorphous organic and inorganic compounds, and a high P (and possibly 

As) sorption capacity (Buol et al., 2003; Fig. 1.10). Aquands have aquic conditions for at 

least 30 days (soils with a reducing regime that is free of dissolved oxygen) at 40–50 cm 

depth below the mineral soil surface or from the top of an organic layer (Fig. 1.11). (U.S. 

Department of Agriculture, 1975; U.S. Department of Agriculture, 2012a).  
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Figure 1.10. A depth profile (inches) of  an Udand (Akaka) 

 

Figure 1.11. A depth profile (inches) of an Aquand (Onomea) 
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1.5 Spatial distribution of As 

The spatial distribution of As may be primarily governed by the sorption 

capacities of the soils and the erosive processes that the soils undergo. The chemical 

sorption capacities of the soils may indicate how well or poorly As may be bound to the 

soils, therefore contributing to the spatial distribution of As. Physical erosive processes 

aid in breaking down and transporting As, therefore also aiding in the spatial 

distribution. What follows is an investigation into these two processes.  

1.5.1 Sorption properties 

1.5.1.1 Gel and amorphous material association of As 

Gel coatings were first seen by Jones & Uehara (1973) on Hawaiian soils and later 

by Jones & Fox (1978) on Hydrudands. These gel coatings, in addition to Fe and Al 

oxyhydroxides, and possibly OM, bind the soil aggregates together. The most dominant 

form of Fe oxyhydroxides in Hawaiian soils of this study was ferrihydrite (Cutler, 2011). 

Hossain et al. (2008) found that the majority of As (36 %) was associated with poorly 

crystalline Fe-oxides. The As was perhaps mainly adsorbed to the oxide surfaces as 

binuclear bidentate surface complexes (Fendorf et al., 1997; Garcia-Sanchez et al., 2002; 

Sherman & Randall, 2003). The Fe & Al oxyhydroxides had a high specific sorption 

capacity for oxyanions like phosphate and arsenite/arsenate (Cutler, 2011). Other factors 

that affected As sorption were OM abundance, microbial activity, pH, redox potential, 

and co-occurring ions (Wang & Mulligan, 2006). According to Elkhatib et al. (1984) the 

pH, redox conditions, and Fe-oxide content in soil were the most important features 

controlling arsenate adsorption. In tropical areas, the clay sized fraction of soils is largely 

made up of Fe and Al oxides, and the clay and silt fraction contains the majority of As 

that bound to the Fe and Al oxides (Uehara & Gillman, 1981; Cadwalader et al., 2011). A 

physical property that may contribute to As sorption is grain size and therefore surface 
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area. As the particle size decreases and surface area increases, As sorption may increase 

by increasing the number of surface binding sites.   

1.5.1.2 Tropical soil behavior 

Tropical soils of volcanic origin, especially Andisols, have variable surface charge, 

high liquid limits, field moisture contents of 100s of percent, and low bulk densities 

(Uehara & Gillman, 1981). Tropical Andisols are largely composed of ash, which have a 

low bulk density, maintain a high anion exchange capacity (AEC), and aggregate well as a 

result of their high Fe & Al oxyhydroxide content (El-Swaify & Emerson, 1975; Rodriquez 

et al., 2002). Because Andisols contain small ash particles with a high surface area, they 

contain a large surface area of gel coatings and amorphous material onto which As may 

bind. Furthermore, the small particles that aggregate allow for large pore spaces, and 

therefore they have high liquid limits and moisture contents. In addition, these soils do 

not erode easily since their high Fe & Al content result in well aggregated soils, which are 

the most important soil properties governing soil erodibility (Bryan, 1968). Once these 

soils are dried, their chemical and physical properties are altered, a characteristic unique 

to tropical soils of the suborders Udands and Aquands. The gel fraction of these soils, 

particularly prevalent in Hydrudands, is altered when dried and does not return to its 

original state upon rehydration. As a result of the drying process the gels are 

transformed, the AEC decreases, the pH changes, the surface area decreases, and the 

bulk density decreases. The soils tend to aggregate more upon drying as a result of the 

gels transforming, leaving behind a thin layer of amorphous material that act as a 

binding agent between particles (Uehara & Gillman, 1981). 

1.5.1.3 Phosphorus 

Leaching of As was observed to have been controlled by OM, pH, redox, texture 

of the soils, and P (Wang & Mulligan, 2006). Phosphorus has been shown to be a 

competing anion of As, and when added to a system, contributed to As leaching and 
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mobility (Peryea & Kammereck, 1995). This was relevant in locations where phosphate 

fertilizers were added to soils. The high sorption capacity of P on Andisols has been well 

documented (Fox & Kamprath, 1970; Wada, 1985; Auxtero et al., 2008; Fig. 1.12). 

Furthermore, Fig. 1.13 demonstrates the high sorption capacities of P to Hawaiian soils, 

particularly the typic hydrandepts. When these sorption curves are compared to the As 

sorption curves, particularly the As sorption curve for the Keeau Haplustand produced 

by Hue (2013), the sorption properties for both P and As are very similar which suggests 

the mechanisms  and soil properties for As sorption are similar (Fig. 1.14.) 

When P fertilizers were added to soils, the P competed with the As ions for 

sorption sites on the Fe and Al oxyhydroxides. The P bound more strongly than As to 

these sites and as a result As desorbed and leached into the subsoil (Peryea & 

Kammereck, 1995). The process through which desorption of As occured may be a result 

of the chemical similarities of As and P, and also may be a result of mass action (Peryea 

& Kammereck, 1995). In contrast, Auxtero et al. (2008) found that As retention in soil 

was high when phosphate was added, therefore As was not readily exchangeable with P. 

These contrasting results emphasized the point that As behavior is dynamic and highly 

dependent on the chemical and physical properties of both soil and solution. 
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Figure 1.12. Phosphate sorption curves (Buol et al., 2003) 



      

 

20 

 

 

Figure 1.13. . Phosphorous sorption curves (Nicholaides & Swindale, 1978) 

 

 

Figure 1.14. Arsenic sorption curves  (Hue, 2013). 
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As a result of the ability of As to bind tightly to gels and amorphous material, 

leaching of As is difficult unless there is  appropriate microbes and OM content, increase 

in pH, decrease in redox, soil eroded or added to change to overall texture, or P added to 

the system. Most likely, the primary cause of As leaching along the Hamakua Coast was 

phosphate fertilizer addition since it was largely an agricultural area and has a known 

history of P fertilizer use (Fox & Kamprath, 1970). 

1.5.2 Erosive processes 

1.5.2.1 Sheet erosion - splash, interrill, and rill (including overland flow) 

Sheet erosion is defined as the detachment of particles as a result of raindrop 

impact on soils or sediment and the subsequent transport these particles undergo. 

Sheet erosion can be divided into two categories: rill and interrill erosion. Rill erosion 

occurs where water flows downhill, and interrill erosion occurs between the waterways. 

Splash erosion occurs when raindrops impact the surface of the soil and break down the 

binding agents, such as OM or gels, which results in smaller aggregates or particles and 

the resultant sediment is than available for transport (Fig. 1.15). The majority of 

sediment transport occurs during fallow periods when the soil is infiltrated and water is 

transported over the surface of the soil (Fig. 1.16). 

There are two types of detachment forces: rain splash and overland flow. The 

dominant detachment force is rain splash with overland flow also contributing minimally 

to detachment. As the slope increases, the detachment of particles also increases as a 

result of overland flow and detachment decreases as a result of rain splash. Therefore, 

soil is eroded as a result of primarily rain splash (Fig.1.17). The sediment is then readily 

available for sediment transport via overland flow (Quanash, 1985).  

 The majority of TC, N, and pesticides (and most likely As) have been found on the 

outer layers of soil aggregates (Ghadiri & Rose, 1991). Most of the TC is located at the 
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soil surface because this is where the majority of biological activity occurs and where 

there is a source of TC from plants (Schiettecatte et al., 2008). Most As that has been 

found on former agricultural land is within the top horizons (Cutler, 2011; Renshaw et 

al., 2006). Therefore, when the top layers that contain the majority of TC and As of soil 

are eroded, enrichment of TC and As down slope generally occurs (Schiettecatte et al., 

2008). This enrichment process of OC (and most likely As) in suspended sediment occurs 

with the transport of clay sized particles, therefore, the enrichment mechanism is most 

likely overland flow (Sharpley, 1985; Weigand et al., 1998). 

 

 

Figure 1.15. Conceptual diagram of rain splash and overland flow in addition to photos 

of rain splash 
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Figure 1.16. Overland flow when infiltration occurs 

 

Figure 1.17. Soil detachment mechanisms for clay soil (Quanash, 1985) 
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1.5.2.2 As in depressions 

Cadwalader et al. (2011) observed that the majority of As was transported via 

overland flow during intense rainfall events (> 1 cm h-1) and not leached through a soil 

profile. They found that the majority of the As was transported on the surfaces of clay 

and silt sized particles. The particles were then deposited onto gentle slopes, 

depressions, rivers, and eventually the ocean (Robinson et al., 1995; Cooper et al., 1999; 

Cadwalader et al., 2011). Anecdotal evidence suggested that one location of sediment 

deposition were in areas of depressions along the Hamakua Coast (Niemeyer, personal 

communication, 2011). Evidence suggested that soil was eroded into depressions, 

forming the Onomea series. This evidence includes a buried O horizon which contained 

100 mg kg-1 As at a depth of 45-138 cm (USDA, 2012b). This horizon was originally 

exposed to the sun and dried, creating aggregates of the soil particles, i.e. the 

irreversibly dried gels (Niemeyer, personal communication, 2011). The Onomea, Akaka, 

and Kaiwiki series are partially defined by their location along a topographic profile of 

small scale and associated with either eroding soil of deposited sediment (Fig. 1.18). 

Hirai & Associates, Inc. (1982) reported that the Hilo Coast Processing plant produced 

1100-1200 tones of sediment in cane-wash daily; therefore, the potential for soil erosion 

into depressions is great.  

Clay, silt, and sand sized particles aggregate well in tropical soils as a result of the 

gel coatings, which contain the Fe & Al oxyhydroxides, the strong binding agent for As 

(Renshaw et al., 2006; Cutler, 2011). The aggregates were either partially or fully eroded 

into their component particles as a result of physical erosion due to raindrop impact, 

tilling, bulldozing, or deforestation, and transported via overland flow into rivers, 

streams, wetlands, and the Ocean (El-Swaify & Dangler, 1975; Lo et al., 1985; Robinson 

et al., 1995; Shresta, 1997; Wolz et al., 2003; Renshaw et al., 2006; Cadwalader et al., 

2011). During the plantation days, one such type of anthropogenic activity that may 

have contributed to erosion included long tunnels and ditches that were dug to 
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distribute irrigation water, and by the year 1907 on the Island of Hawai’i, 24 km of 

coastal fields were irrigated in this manner (Dorrance & Morgan, 2000; Fig. 1.19). These 

water ways were built at various times throughout the sugarcane era that thereby 

changed the topography of the land, possibly created depressions or low lying areas 

where arsenic-laden soil aggregates and particles may have been deposited. 

Furthermore, these tunnels and ditches may have acted as a vector for transport of As-

laden sediment. High erosion rates of the Hamakua Coast were predicted by El-Swaify 

(1982) to be 17,995 Mg ha-1, Li (1988) predicted 48.6 Mg ha-1, and Aguilar (1991) 

predicted 1,728-8,128 Mg ha-1, which most likely resulted in changing topography over 

time. As a result, the current day spatial distribution of As may not be the same spatial 

distribution as during the sugarcane days. For example, tunnels and ditches may have 

functioned similar to a river, transporting As into the rivers and eventually the Ocean. 

There may also have been surface layers in the past that received applications of As and 

then later were buried with soil transported and deposited via tunnels and ditches, as 

may be the case with the Onomea series. One method used in the determination of soils 

that are unaltered or anthropogenically altered includes a vertical profile of As vs depth. 

The As is uniform in concentration in the upper horizons and diminish quickly with depth 

(De Carlo & Anthony, 2002; Peryea & Kammereck. 1995; Fig. 1.20). Anthropogenically 

altered soils have more potential to erode. The result was an increased suspended 

sediment load which contained high upper horizon As that may have been available for 

uptake by biota (Wolman & Schick, 1967; Hallacher et al., 1985; Robinson et al., 1995; 

Renshaw et al., 2006). The redistribution of As as a result of rainfall may explain why As 

was found off former sugarcane lands. It has been well documented that the majority of 

P was also transported during large rainfall events via overland flow (Sharply et al., 

2001). Extensive research has been done on P, and due to the similarity in behavior of As 

to P, this large body of research was used to elucidate and guide research questions 

pertaining to As. 
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Figure 1.18. Topographic profile of eroding and depositional areas along a slope and the 

associated soil series. 
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Figure 1.19.  Irrigation Ditch (Dorrance & Morgan, 2000) 
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Figure 1.20 Vertical profile of As in tilled vs. untilled soil (Renshaw et al., 2006) 

High magnitude rainfall events may have been one mechanism of transport for 

As rich sediment, and leaching may have been another mechanism. Heavy metals have 

been observed on the surface of colloids, and therefore it was thought that As, a 

metalloid, may also be transported in colloidal form (Ranville et al., 2005; Slowey et al., 

2007). However, studies have shown that water samples taken from overland flow and 

from rivers indicated low levels of dissolved As (Robinson et al., 1995; Cooper et al., 

1999; De Carlo & Anthony, 2002; Cadwalader et al., 2011). In addition, the average 

depth at which anthropogenic As was found in soils is approximately 25 cm with an 

estimated vertical movement of 0.2 cm yr-1 (Renshaw et al., 2006). This rate may be 

even slower in Hawaiian soils due to their exceptionally strong binding affinity for As. 

Both the low levels of dissolved As in surface water and slow rate of vertical movement 

suggested that leaching was not the primary vector of transport for As under normal 

oxidized conditions.  
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1.5.2.3 Arsenic and distance from source 

Soil or sediment detachment primarily occurs as a result of rain splash and the 

resulting particles are transported via overland flow downhill. This also applies to OC, N, 

and pesticides such as As (Ghadiri & Rose, 1991). As enrichment may therefore increase 

down slope and a conceptual model for how this may occur can be seen on Fig. 1.21.  

 

Figure 1.21. Potential sites of As accumulation from upslope to down slope along 

the Hamakua Coast. 

Although As may increase from upslope to down slope, it is interesting to note 

that Robinson et al. (1995) found no correlation between As concentration and distance 

from the source of a geothermal plant in river sediments (no reason was given for this 

finding), but did find a negative correlation between As concentration in organisms and 

distance from source of contamination (De Carlo & Anthony, 2002). Renshaw et al.  

(2006) further strengthened the argument that there was no correlation between As 
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concentration and distance from source, reporting that there was no relationship 

between metal mass and distance downstream from source. However, in contrast to the 

Robinson et al.  (1995) study, Renshaw et al.  (2006) found low levels of As in wetland 

macroinvertebrates, i.e. an increase of As concentration in organisms with a distance 

from source. Furthermore, Emerman (2005) found that As decreased with distance from 

a shallow tube-well (STW) in Bangladesh. This discrepancy may have been a result of the 

different uptake rates of As of different organisms. No wetland sediment samples were 

taken by Renshaw et al. (2006), which may have helped to elucidate the whereabouts of 

As if not found in the macroinvertebrates. Another interesting point was that Renshaw 

et al., (2006) found that the majority of As was associated with amorphous surfaces and 

not OM. Therefore, there is contradictory information regarding the increase or 

decrease of As with distance from source, although it is clear that As is transported from 

land to ocean. 

1.5.2.4 USLE, RUSLE1 & 2 

Both the USLE and RUSLE2 were designed to predict the annual average soil loss 

from rill and interrill erosion by rainfall and runoff and the equation is as follows:  

A = RKLSCP [6] 

This equation determined the amount of sediment transported in tons acre-1yr-1, 

which was represented by A. The inputs were R – the rainfall-runoff erosivity factor, K – 

soil erodibility factor, L – slope length factor, S – slope steepness factor (often combined 

as the LS factor), C – cover management factor, and P – support practice factor. RUSLE2 

took into account slope steepness, S, which usually worked together with slope length, 

L. It also took into account the energy and intensity of rainstorms, R, which detach 

particles from aggregates. The K factor took into account the soil type and how erodible 

it was. The factor, C, was important to this study because cover crop of sugarcane fields 

has varied with time. During plantation era, the cover crop of fields ranged from bare 
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soil to full cover when cane was fully grown (U.S. Department of Agriculture NRCS, 2004; 

U.S. Department of Agriculture Staff, 2013; Fig. 1.22 & Fig. 1.23). Currently, much of the 

land in this study is used for agriculture and is covered with grasses that decrease 

detachment of the soil and reduce infiltration as a result of the intricate root system that 

can hold water near the surface (Podwojewski et al., 2011). This observation had 

implications into the years that As was transported. From time to time, the sugarcane 

fields were fallow and later they were converted to high grass agricultural lands. Because 

sediment transport, and therefore As transport, occurred more in fallow fields than in 

grasslands, most As was transported during the fallow periods of the pre-grass days.    

 

Figure 1.22 Cleared sugarcane (Dorrance & Morgan, 2000) 



      

 

32 

 

 

Figure 1.23. Fully grown sugarcane (Dorrance & Morgan, 2000) 

The USLE model was designed by the USDA in the 1930s (revised in the 1990s to 

RUSLE1 and in the 2000s to RUSLE2) and was designed to predict soil erosion in the 

Midwest (Mutchler et al., 1985; Cooley & Williams, 1985). It was designed to estimate 

the rates of rill and interrill erosion caused by rainfall and overland flow. The USLE data 

were averaged over generally a 20 year period and limited to areas where this data was 

available (USDA NRCS, 2004; USADA Research Services, 2010; Morgan & Nearing, 2011). 
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Experiments were performed on field plots using a 22.1 m length plot, 9 % slope, 

continuous tillage, with specified vegetation, and specified management. This was 

known as the “unit plot” and represented the worst case scenario in soil erosion values. 

Data from a variety of plots were adjusted to the unit plot and this formed many of the 

fundamental relationships in the USLE and RUSLE equations (Morgan & Nearing, 2011).  

RUSLE1 was introduced in 1997 as an upgrade from USLE. Process-based 

relationships were introduced rather than relying on the purely empirical data needed 

for USLE. Empirical data for many locations were either unavailable or inadequate, 

therefore the upgrade to a processed-based model allowed for the modeling of a wider 

breathe of areas with less field data, making RUSLE1 more user friendly than its 

predecessor (USDA NRCS, 2004). Further revising the RUSLE1 model, the RUSLE2 was 

implemented in 2003. The main difference between RUSLE2 and its predecessors was 

that RUSLE2 was land use independent (i.e., RUSLE2 employed  the concept that erosion 

is directly related to the forces applied to the soil by erosive agents in relation to the 

soil’s resisting agents, regardless of land use). The mathematics of RUSLE2 was on a daily 

basis, which was a finer temporal resolution than its predecessors. The process based 

equations of RUSLE2 described plant yield, vegetative canopy and rooting patterns, 

surface roughness, mechanical soil disturbance, amount of biomass on the soil surface 

and in the upper layer of soil, and related factors that affected rill and interrill erosion. It 

included new relationships for handling residue, including resurfacing of residue by 

implements like field cultivators. The USLE equation was not able to include impact 

(either deposition or erosion) of concentrated flow channels that form at the bottom of 

hillslopes, or address gullying processes that often occured at steep boundaries such as 

headcuts and sidewalls. RUSLE2 included equations to address these issues and these 

equations considered sediment characteristics and how deposition changed these 

characteristics. Furthermore, RUSLE2 also included a graphical user interface (GUI) in 
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addition to improvements to the C factor. (USDA NRCS; USDA NRCS, 2004; USDA 

Research Services, 2010; Morgan & Nearing, 2011). 

1.5.2.4.1 R – Erosivity  

The R factor depended on both the total kinetic energy (E) of rain event and the 

maximum 30 minute intensity (I) of the rain event. The R factor included rainstorms of 

over 12 mm or with more than 6.5 mm falling in 15 minutes and then taking the average 

of those annual values over all years on record (Morgan & Neering, 2011). During the 

rainfall events on the Hamakua Coast, the combination of the energy (E) and the 

intensity (I) contributed to the physical erosion and redistribution of the soils. Soils were 

physically eroded by the impact of the raindrops or overland flow; however, soils were 

also be eroded as a result of anthropogenic disturbance such as tillage, bulldozing, 

roads, and deforestation (Cooley & Williams, 1985; Renshaw et al., 2006). In addition, 

natural events such as monsoons and rapid tectonic uplift also assisted in soil erosion 

(Shrestha, 1997; Clift et al., 2008). At the Hamakua Coast, the rainfall and land use 

change may have worked together to weather and erode the soils. If the rainfall events 

contained enough energy and intensity, they may have been able to transport the silt 

and clay-sized particles that contain As.  Lo et al. (1985), complied data from erosive 

storms in Hawai’i and concluded that it was suitable to use the R factor (EI30) for 

Hawaiian soils based on strong linear relationships between sand splash, soil loss, and 

the EI30 index.  The Hamakua Coast receives 3,401 – 6,000 mm of rain annually and the 

energetic and intense rainfall events produced an increase of stream flow by a factor of 

60 in only 20 minutes and therefore could contribute greatly to erosion (Sahoo et al., 

2006; Giambelluca et al., 2011). The rainfall events, in addition to high intensity events, 

were also high energy events. This was demonstrated by anecdotal evidence of the 

ocean containing a visible layer of brown sediment, and predicted maximum erosion 

rates of 17,995 Mg ha-1, 48.6 Mg ha-1, 1,728-8,128 Mg ha-1 by El-Swaify et al, (1982), Li 

(1988), and Aguilar (1991), respectively. 
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1.5.2.4.2 K – Soil Erodibility  

The K factor depended on susceptibility of soil erosion and the rate of runoff. It 

represented the effect of soil properties and soil profile characteristics on soil loss. Most 

of the K values have been derived in Midwestern cropping areas and all were done on a 

unit plot, questioning the applicability of these data to Hawaiian soils and on a larger 

scale, such as a watershed scale (U.S. Department of Agriculture Staff, 2001). Andisols 

could be easily eroded and had high runoff rates as a result of their high clay contents 

(Buol et al., 2003). El-Swaify & Dangler (1975) found K factors from two volcanic ash 

derived soils, and they varied from 0.08 (very low erodibility) to 0.60 (very high 

erodibility) demonstrating the range of K values for Andisols. The Hilo series soil (silty 

clay loam) was investigated in the El-Swaify & Dangler (1975) study and found to have 

very low K values of 0.07 – 0.08. The Kukaiau series, the other silty clay loam from the 

Island of Hawai’i investigated in the El-Swaify & Dangler (1975) study had a comparably 

low K value of 0.12-0.22.  Hawaiian soils tended to behave differently in response to 

erosion as a result of the gels that bound the particles, which may have caused the 

aggregates to stay intact during transport (Jones & Uehara, 1973). Rodriguez et al. 

(2002) reported that large aggregates of Andosols can be broken down by raindrops. 

They observed that raindrops broke down aggregates into smaller particles. The smaller 

particles were then washed away with overland flow, and the large particles remained to 

be broken down by raindrops again. Therefore, the soil properties that governed the 

erodibility of Andisols depended partially on the aggregate size and the binding gels.  

1.5.2.4.3 L – Slope Length 

Slope length, L, was a factor that helped to predict amount of soil erosion over 

time and was often combined with slope steepness, which resulted in the dimensionless 

LS (Morgan & Neering, 2011). Wischmeier & Smith (1978) defined the L factor as “the 

distance from the point of origin of overland flow to the point where either the slope 
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gradient decreases enough that deposition begins or the runoff water enters a well-

defined channel that may be part of a drainage network or a constructed channel”. 

Wischmeier & Smith (1978) suggested that the length and slope (LS) values can be 

defined as: 

    
 

    
 
 
                              [7] 

Where 

Λ = slope length in feet 

Ø = angle of slope 

m = 0.5 if slope is greater than 5 % 

Equation [7] was derived from data obtained on cropland, under natural rainfall, 

on slopes from 3–18 % steepness, and about 30-300 ft in length (Wischmeier & Smith, 

1978). The soil loss per unit area increased with length as a result of runoff 

accumulation, which increased detachment and transport capacities (Wischmeier & 

Smith, 1978). The LS topographic factor raised the most questions and concerns in 

comparison to any other factor in USLE and RUSLE2, which was a result of user 

differences in defining L (Morgan & Nearing, 2011).  

1.5.2.4.4 S – Slope Steepness 

The S factor was the slope steepness, which was more sensitive to soil loss than 

the L factor. The greater the slope steepness, the more erosion occurred. One 

consideration for users of USLE was that it did not take slopes of less than 3 % into 

account. Mutchler et al., (1985) conducted research on slopes that were less than 3 % 

and found that the erosion on these slopes was significant. However, the RUSLE model 

did work well for slopes from 3–25 % and has been used extensively for slopes in this 
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range (Liu et al., 1994). Aguilera (1991) found that the USLE outputs were much larger 

than actual erosion rates, primarily a result of the LS factor.  Below are various equations 

that may be used under specific conditions: 

03.0sin8.10  S  S < 9%  [8] 

5.0sin8.16  S  S > 9%  [9] 

56.0)(sin0.3 8.0  S    L < 4.6 m   [10] 

1.5.2.4.5 C – Cover-Management Factor 

The C factor reflected the effect of cropping and management practices on 

erosion rates. It may have been the most important factor in the USLE equation because 

it was the easiest way for land managers to reduce erosion (Morgan & Nearing; 2011). 

The major change from USLE to RUSLE2 included the de-emphasis of the USLE factors 

and the organization of information into ‘objects’ based on process based relationships 

derived from fundamental erosion science and professional judgment (Morgan & 

Nearing; 2011). For example, whether a plant was used to control erosion or for 

production purposes was irrelevant. RUSLE2 used canopy cover, standing residue, 

surface residue, surface roughness, ridge height, dead biomass, and the depth 

distribution of buried residue and soil biomass and the processes that combined these 

factors to derive a C value (Morgan & Nearing; 2011). A C factor of 0.25, for example, 

meant that erosion would be reduced to 25 % of what it would be under a unit plot.  

1.5.2.4.6 P – The Support Practice Factor 

The P factor was the ratio of soil loss with contouring and/or strip cropping to 

that with straight row farming up and down slope. It was similar to the C factor because 

both investigated management practices on erosion. The P factor specifically looked at 

how the direction, speed, and amount of runoff were controlled.  
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1.5.3 Other factors controlling As transport 

Other important factors that affect As leaching include natural organic matter 

(NOM), pH, and EH (Wang & Mulligan, 2006). Hawaiian Andisols were found to contain 

10 % organic C and 25 % of total As was associated with OM, which was consistent with 

the findings of Renshaw et al., (2006), who found that 15–30 % of the As was complexed 

with OM. In Andisols, only 0.5 % of the total As was exchangeable, suggesting that a 

process of desorption and resorption was taking place to sorb As to OM. This process 

was bacterially mediated by oxidizing OM and converting it to CO2. The bacteria then 

transformed the sodium arsenite to arsenate, which then resorbed onto the soil surface, 

25 % of which sorbed to the OM surfaces. Microbes can not only oxidize As but can also 

reduce it by methylating inorganic As to organic As, for example (Ning, 2002).    Fig. 1.24 

illustrates 3 possible mechanisms by which reduction occurrs, either by iron-reducing 

bacteria that released As5+, dissimilatory arsenate spiring prokaryotes (DARP) that 

reduced adsorbed As5+ to As3+, or reductive release of both Fe3+ and As5+. Other 

organisms that could reduce As were fungi by reducing arsenate to volatile 

methylarsines. Marine algae reduced arsenate into non-volatile methlyated As 

compounds such as methylarsionic acid and dimethylarsinic acid in seawater (Escobar et 

al., 2005). Although the arsenic of Hawaiian Andisols were primarily oxidized from As3+ 

to As5+, these examples were important because they provided an explanation for a 

mechanism of transformation (oxidation or reduction) of As, which was most likely then 

dissolved into solution or resorbed onto mainly the soil surface OM. Furthermore, 

organisms such as fungi may have played an important role in the desorption process of 

As in soils of the Hamakua Coast where a variety of fungi may be found (Su et al., 2010).  
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Fiure 1.24. Microbially mediated As transformations (Oremland & Stolz, 2005) 

Other factors that affected As sorption were soil pH and redox. At low pH values 

and high redox values, As bound more tightly to oxyhydroxides and was also less soluble 

in water due to the increase in the number of positively charged sorption sites on the 

soils (Emerman, 2005; Masschelyn et al., 1991; Fig. 1.25; Fig. 1.26; Fig. 1.27). pH 

measurements were taken for a location of the Onomea series and were lower than 

expected, however, no exact value was given (Niemeyer, personal communication, 

2011). Although the pH or EH of these soils were not measured in this study, most likely 

the pH and redox are low as indicted by the high sorption capacity of a hydrudands (Fig. 

1.14). 
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Figure 1.25. Proton surface charge vs. pH (Kim, 2010). 

 

Figure 1.26. EH-pH diagram for As species under saturated conditions (Fetter, 

1993). 
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Figure 1.27. As desorption curve (Oregon.usgs.gov) 

Due to the low concentrations of As dissolved in water from overland flow and 

rivers, the slow vertical movement of As through a soil profile, Arsenic’s strong binding 

affinity to amorphous surfaces and gels in the presence of OM, and the suspected low 

pH, it was unlikely that leaching was the primary transport mechanism for As into rivers 

and wetland sediments. 
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1.6 Information gaps  

Based on a review of the existing literature elevated levels of As may be located 

in natural depressions of poor drainage or low slopes where overland flow occurs. 

Depressions and low slope areas are most likely areas of sediment deposition, and 

therefore As deposition, transported via overland flow during high I and E rainfall events. 

Arsenic has a strong binding affinity to gels, OM, and amorphous oxides, all 

characteristics which help to define Andisols (particularly Hydrudands). Furthermore, 

the large surface area of clay and silt sized particles allows for a large amount of sorption 

sites for As. When the Hydrudands are exposed to large and intermittent rainfall events, 

such as those on the Hamakua Coast, the potential for sediment transport is great. As a 

result, the As-laden sediment may be transported from the forest to the ocean, 

depositing in depressions and low slope areas along the overland flow path. 

Furthermore, as the distance and slope increases from forest to ocean, more sediment 

and therefore more As may be transported (Foster et al., 2003). Little work has been 

done into the investigation of As accumulation in depression and As accumulation in 

depressions a distance from source.  

In addition, phosphorus sorption capacities of these soils have been well 

understood, and one study tested the As sorption capacities of Hydrudands and other 

Andisols (Fox & Kamprath, 1970 ; Hue, 2013). Hue (2013) found that sorption capacitiy 

of a Hydrudand for As was 2,000 mg kg-1. Little work has been done on Endoaquands. 

Overall, little work has been done on the sorption capacities for As of these soils.  

An investigation into the erosive processes and sorption capacities of these 

tropical soils may help to determine areas of elevated As concentrations. This in turn 

may aid landowners and organizations, such as the DOH, in the decision making process 

regarding the fate of the land.  
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1.7 Hypotheses 

The hypotheses of this study were: 

1. Arsenic accumulated in depressions (primarily the Onomea series) or in 

areas of low slopes along an overland flow path. 

2. Arsenic increased in concentration, from the forest to the ocean, within 

depressions (primarily the Onomea series) or low slope areas along an 

overland flow path.   

3. Both Hydrudands and the Endoaquand have high sorption capacities. 
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1.8 Objectives 

The objectives of this study were to: 

1. Provide a predictive tool for determining areas of high As concentration 

by investigating sorption properties and erosional processes. 

2. Provide the community with scientific information regarding As applied to 

sugarcane.  
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Chapter 2. Materials and Methods 

2.1 Soil Collection 

A clay auger and sharp shooter were used to take samples from depths of 0–15, 

15–30, and 40–60 cm. Equipment was scrubbed and rinsed between samples to prevent 

cross contamination of samples.  A composite from three holes was made within a 

maximum radius of approximately 2 m. Another composite was made from soils 

approximately 2 m away within the same soil series. Two composites were taken to 

account for the spatial variability of soils over small distances. Samples were taken along 

the Hamakua Coast. At least 3 samples of the same series were taken at similar 

elevations. Samples were taken in the forest and were used as background levels of As. 

Transects from forest to ocean comprised of soils from the Kaiwiki, Akaka, and Onomea 

series at higher elevations and at lower elevations, the Hilo and O’okala series. Fig. 2.1. 

displays a sample location where each “x” represents a hole and the yellow and red 

colors differentiate between composites.  

 

Figure 2.1. Soil collection locations where “x” represents a hole and the yellow and red 
colors differentiate between composites. Sampling along a soil profile. 
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2.2 Site Description 

All samples were taken along the Hamakua Coast and thought to be located on 

former sugarcane lands (Fig. 2.2). They were located on private land and the exact 

locations remaine confidential. The samples at higher elevations (Kaiwiki, Akaka, and 

Onomea series) were taken from above 390 m, received up to 6,000 mm of rainfall 

annually, and were mostly ranchland with grasses, ferns, and forest. The samples at 

lower elevations (Hilo and O’okala series) were taken at elevations from approximately 

sea level to 150 m, received approximately 2540–3680 mm of rainfall annually, and were 

residential properties (Fig. 2.3). In this study there were a total of 6 locations that were 

sampled, defined as locations A through F. Location A contained the Hilo series, locations 

B through E contained the Kaiwiki, Akaka, and Onomea series, and Location F contained 

the O’okala series.  
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Figure 2.2. the Island of Hawai’i, former sugarcane lands and current study site 
(red box) 

 

 

Study site along the Hamakua Coast 
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Figure 2.3. Rainfall of Hawai’i (Giambelluca et al., 2012) 

 

2.3 Soil type and sit characteristics 

The Kaiwiki, Akaka, O’okala, and Hilo series are Hydrudands and the Onomea 

series is an Endoquand.  The Kaiwiki, Akaka, and Onomea series are largely defined by 

their location along a transect of a hill slope. The Kaiwiki series is located at the crest and 

hillslope position. The Akaka series is located at the footslope and toeslope. The 

Onomea series is located at the toe slopes and depressions. The Kawiki, Akaka, and 

Onomea series are located at elevations greater than 300 m. The O’okala and Hilo series 

soils were lower elevation soils. 

The Kaiwiki series are Hydrous, ferrihydritic, isothermic Acrudoxic Hydrudands. 

The Kaiwiki are highly organic hydrous silty clay loam. They consist of deep, well drained 

soils, slow runoff, and rapid permeability. The soils are primarily used for sugarcane. The 

natural vegetation was ohia lehua (Metrosideros polymorpha), treefern (Cibotium 

chammisoi), hilograss (Paspalum conjugatum) and guava (Psidium guajave). The Kaiwiki 

series cover 81 km2. Kaiwiki soils were located from 240–460 m, have slopes for 
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approximately 15 %, an average annual rainfall of 5080–6310 mm, and the average 

annual air temperature is approximately 22oC (U.S. Department of Agriculture, 2012b). 

Kaiwiki is located at the top of a hill slope. The Kaiwiki soil corresponded to locations B 

through E.  

The Akaka series are hydrous, ferrihydritic, isothermic Acrudoxic Hydrudands. 

The Akaka ware highly organic silty clay loam. They consist of deep and very deep, 

moderately well drained soils, with low runoff. The soils are primarily used for 

forestland, livestock grazing, wildlife habitat, and orchard crops. The vegetation is ohia 

lehua (Metrosideros polymorpha), hapuu or treefern (Cibotium chammisoi), uluhe fern 

or false staghorn fern (Dicranopteris linearis), or strawberry guava (Psidium 

cattleianum). The Akaka series covers 101 km2. Akaka soils were located from 335–1615 

m, has slopes of 0–10 %, annual rainfall ranges from 5000–6000 mm, and the average 

annual air temperature is 15oC–21oC (U.S. Department of Agriculture, 2012b). Akaka is 

located at the toe slope of a hill. The Akaka  soil corresponded to locations B through E. 

The Onomea series are hydrous, amorphic, nonacid, isothermic Histic 

Endoaquand. The Onomea series were formed in organic matter and were muck. They 

consist of deep and very deep, very poorly drained soils, very slow runoff, and 

permeability was very slow to moderately slow. The soils are primarily used for forest, 

livestock grazing, and wildlife habitat. Common vegetation is sphagnum (Sphagnum), 

uluhe fern or false staghorn fern (Dicranopteris linearis), or strawberry guava (Psidium 

cattleianum), sedges (Cyperaceae) and grasses (Poaceae). The Onomea series cover a 

small area of about 34 km2. Onomea series soils are located from 335–1615 m, have 

slopes of 0–6 %, rainfall ranges from 5000–6100 mm, and the annual air temperature 

was 15oC–21oC. (U.S. Department of Agriculture, 2012b). The Onomea series have bulk 

densities of 0.47–0.59 g cm-3 at 33 kPa and oven dry bulk densities ranging from 0.176-

0.320 g cm-3, and have water contents in the hundreds of a percent, which indicate that 

they contained small grains with high surface area, and they aggregate well to hold the 
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water in place. They also sorbed both As and P well (U.S. Natural Resource Conservation 

Service, 2012). The Onomea series are located in the depressions and bottom of a hill 

slope. The Onomea soil corresponded to locations B through E. 

The O’okala series are hydrous, ferrihydritic, isohyperthermic Typic Hydrudands. 

The O’okala are medial silty clay loam. They consist of deep, well drained soils, slow 

runoff, and moderately rapid permeability. The soils were primarily used for sugarcane 

and the natural vegetation was hilograss (Paspalum conjugatum) and guava (Psidium 

guajave). The O’okala series covers 101 km2.  O’okala soils are located from sea level to 

305 m, had slopes of 6–35 %, an average annual rainfall of 2540 mm, and the average 

annual air temperature was approximately 220C (U.S. Department of Agriculture, 

2012b). The O’okala soil corresponded to location F. 

The Hilo series are hydrous, ferrihydritic, isohyperthermic Acrudoxic Hydrudands. 

The Hilo series are medial silty clay loam. They consist of deep, well drained soils, slow 

runoff, and high saturated hydraulic conductivity in the surface. The soils are primarily 

used for forest, wildlife habitat, building site development, recreation, orchard crops, 

agroforestry, and livestock grazing. Common vegetation is hilograss (Paspalum 

conjugatum), guinea grass (Panicum maximum), California grass (Brachiaria mutica) and 

strawberry guava (Psidium cattleianum). The Hilo series covers over 101 km2. Hilo soils 

are located from 15–305 m, had slopes of 0–35 %, an average annual rainfall of 3680 

mm, and the average annual air temperature was approximately 22oC (U.S. Department 

of Agriculture, 2012b). The Hilo soil corresponded to location A. 

2.4 Climate 

The Hamakua Coast is situated on the northeast coast of the Island of Hawaii and 

is the first of the Hawaiian Islands to have received the trade winds that trended 

southwest. Upon contact with the slopes of Mauna Kea and Mauna Loa, the trade winds 

that contain high moisture contents result in heavy orographic rainfall. The result of this 
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process is rainfall amounts as high as 10,271 mm annually (Giambelluca et al.,2012). The 

area generally remains humid. Temperatures on Mauna Kea and Mauna Loa have 

dropped below freezing, with snow on the peaks in the winter months. At sea level, the 

temperatures are often in the 20–30oC range.   

2.5 Topography 

Mauna Kea and Mauna Loa are known as shield volcanoes with gentle slopes. 

However, the Hamakua Coast consisted of slopes that formed deep valleys and steep 

canyons. The large rainfall amounts created many waterfalls that ran down these slopes 

and flash floods were a common occurrence. The steep slopes near sea level were up to 

90o. Sugarcane was grown from these higher elevations down to nearly sea level, on all 

slopes that were accessible to humans. 

2.6 Analytical Methods: 

After air-drying for 2 weeks samples were sieved with a 2-mm sieve and total As 

and kinetic sorption isotherms were determined. Soils prepared for total C were ground 

with a mortar and pestle to run though the LECO TrueSpec CN Analyzer. Kinetic sorption 

isotherms for As were not as common, as few papers have published results from As 

sorption isotherms, particularly for tropical soils (Hue, 2013; Hossain et al. 2005). Total C 

was a common lab method in disciplines ranging from oceanography to archeology 

(Peng et al., 1998; Craig et al, 2004). 

2.6.1 Total As 

A modified version of the EPA method 3050b was used to determine total soil As 

concentrations. The adjustments included heating the samples slowly to eliminate 

spattering. The air dried soils were sieved to <2 mm and reacted with concentrated nitric 

and hydrochloric acid on a hot plate. The samples were heated to approximately 95oC 

and were not allowed to boil, which eliminated spattering. Hydrogen peroxide was also 
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used to digest the As that was bound to OM. The supernatant was filtered using #42 

Whatman filter paper, centrifuged, and analyzed by inductively coupled plasma optical 

emission spectrometry ICP-OES at the Agricultural Diagnostics Service Center at The 

University of Hawai’i at Manoa. The error in the output is thought to be ± 20 mg kg-1 As.  

2.6.2 Kinetic sorption Isotherms 

Sorption tests were conducted by following methods similar to Fox & Kamprath 

(1970). This method was used by Cutler (2011) for As sorption isotherms. Air dried soils 

were sieved to <2 mm and 3 g of soil were combined with 30 mL of 0.01 M Ca(NO3)2 

solution containing dissolved sodium arsenate heptahydrate. The solution was allowed 

to equilibrate for 7 days in a rotating water bath and centrifuged for 10 min at 2000 g 

and then filtered using 0.45μm filter paper. Arsenic solution concentrations varied from 

1–156 mg L-1 measured by ICP mass spectroscopy (ICP-MS). The As loss in solution was 

calculated as equivalent to the As sorbed on soil. A Varian 820-ICPMS was used for all 

elemental analysis measurements.  The source had a MicroMist nebulizer, max flow rate 

of 0.4 mL/min, for sample introduction into the plasma.  Standard plasma conditions 

(Power 1.4 kW, plasma flow 18.00 L/min, auxiliary flow 1.80 L/min, sheath gas flow 0.18 

L/min, sampling depth 7.5 mm) were used.   All solutions were prepared using 18 mega 

ohm de-ionized water (lab supply) and trace metal grade nitric acid (Thermo Fisher 

Scientific Inc.).  Instrument conditions were optimized using the auto-optimization 

feature of this instrument.  Samples were introduced while setting the peristaltic pump 

at 3 rpm.  The spray chamber was cooled to 3oC.  Standards were prepared using ICP 

standards purchased from Inorganic Ventures, Christiansburg, VA.  In all measurements, 

a 5 ppb solution of Indium was used as internal standard and mixed online with each 

sample through a tee.  

Indium ion 115In (internal standard) and 75As were monitored in a peak hopping 

mode, using 50000 micro seconds as dwell time, and measuring 5 replicates of an 
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average of 20 data points. The standard curve included at least 7 concentration levels in 

the quantification range. The standard data set was fitted to a linear curve.    The 

coefficient of correlation (r2) was 0.99.  Percent errors in calculated concentrations were 

15% or lower. The samples were analyzed at the Mass Spectrometry Lab at Chapel Hill 

University.  

2.6.3 Total Carbon 

Air dried soils were sieved to <2 mm and then ground with a mortar and pestle. 

Total combustion was performed using a LECO TrueSpec CN Analyzer and CO2 levels 

measured at Agricultural Diagnostics Service Center at The University of Hawai’i at 

Manoa. The internal standard consisted of 41.04% carbon, which had little drift 

throughout the procedure.   

2.7 Geospatial Analysis, Statistical Analysis, and USLE 

2.7.1 Overview  

ArcGIS and Google Earth were used as image developing and viewing tools. The 

3D view on Google Earth was used in to identify potential sampling sites pre-fieldwork 

and to develop a general understanding of the topography of the field sites. Infrared 

images in ArcGIS were used to determine areas of saturation. Some of these saturated 

areas corresponded to depressions where the Onomea series soils were found. Minitab 

and SAS were used for the statistical analysis.   

2.7.2 Visual tools – ArcGIS 

2.7.2.1 Terrain  & water analysis  

A digital terrain model (DTM) was used for terrain analysis. This layer was created 

by data gathered by the Geo-Eye1 satellite. Layers that were derived from this DTM 

included elevation, slope, flow accumulation, compound topographic index (CTI), and 
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water flow path lines. Geo-Eye1 is equipped with an interferometric synthetic aperture 

radar (IfSAR) that produces DTMs with a 4.53 m resolution. IfSAR uses the time 

difference between 2 radar signals to determine an elevation.  

The root mean square error (RMSE) was calculated for the Trimble elevations vs. 

the DTM elevations. The RMSE = 0.712 suggested that the Trimble elevations and DTM 

elevations are similar. Because the Trimble elevations were differentially corrected to a 

nearby station, they may be more accurate than the DTM elevations therefore the 

Trimble elevations were used for analysis.  

A layer of rainfall data was also incorporated into the analysis. The rainfall layer 

was developed by Giambelluca et al. (2012).  These data were collected from 1978 

through 2007 from over 1067 rain gauge stations.  The data used for this analysis 

included the mean annual rainfall over this 30 year period.  The primary source of these 

data were the rain gauge stations and the secondary sources are PRISM rainfall analysis 

(Daly et al., 2006), NEXRAD radar rainfall observations, MM5 mezzo scale meteorological 

model simulations, and vegetation patterns.  The secondary sources of data were used 

to compare values to the primary data source and resolve the uncertainties.  The 

secondary data that yielded the least amount of uncertainty was used and a mosaic was 

compiled to yield a map with the most accurate spatial distribution of rainfall, in 

addition to maps of the uncertainty associated with the rainfall values of an area. All 

layers had a 250 m resolution.  

The calculate slope function was derived from the 4.53 m DTM to identify areas 

of low slope or zero slope (possibly depressions). The slope layer was combined with the 

As and TC layers to view any spatial relationships. Slope was a variable in the statistical 

analysis.  

The flow accumulation function in ArcArcGIS (version 10.1), derived from the 

flow direction function using a 4.53 m DTM, was utilized. The flow accumulation 
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function may have identified areas of water accumulation. The output was the number 

of upslope cells that flowed into each cell (Wieczorek, 2012). The output was then 

multiplied by 4.53 m by 4.53 m to get the total area (m2) that could potentially 

contribute to the down slope accumulation. The As concentration layer was overlain on 

the flow accumulation layer to view any spatial relationships. The flow accumulation 

layer was also used to delineate water flow path lines with a threshold set to 100, which 

is a commonly used number for delineating these lines. The water flow path layer and 

the sample locations layer were superimposed in top of each other. This determined 

which samples were located on the water flow path lines. The slope of the samples 

located on the water flow path lines were then compared to the soil series. This 

determined if a relationship existed between the water flow path (potential transport 

mechanism of As) and low slope areas (potential depositional areas) within a soil series.  

The CTI is a wetness index that is based on slope and runoff.  A 4.53 m DTM was 

used in this analysis in ArcGIS. It was found by dividing two layers using: 

       
                       

                 
   [11] 

A low CTI value indicated small catchments, steep slopes, or hills; and a high CTI 

value represented large catchments, gentle slopes, depressions, or plains. This ArcGIS 

layer indicated areas of potential water accumulation that may have been areas of 

sediment accumulation. The CTI function defined a depression as an area in which there 

was no outlet for water. The CTI results were used in the statistical analysis as another 

variable in addition to rainfall, slope, flow accumulation, total carbon, and elevation. 

The results of the three approaches (As and CTI, As and slope function, As and 

flow accumulation function) were compared by overlaying each map and viewing any 

differences or similarities between the approaches and the statistics preformed.  
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2.7.2.2 Total As & TC 

Arsenic and TC was overlain onto the imagery taken with the World-View 2 

satellite. At nadir, these images have a resolution of 0.41 m and detect 8 bands, 

including near infrared.  

2.7.3 Statistical tools – Minitab and SAS 

Statistical analysis aided in determining if there was a statistically significant 

difference in As concentrations and TC concentrations between soil series. Minitab 

version 14 and SAS version 9.3 was used for the statistical analysis. The data were 

analyzed using the non-parametric  Kruskal-Wallis method due to the lack of normality 

of the histogram and the Normal Quantile-Quantile (NQQ) plots.  

Error in the As concentration measurements from the ICP-OES were found to be 

approximately ± 20 mg kg-1. Therefore, 20 mg kg-1 was added to each ICP-OES output 

and again subtracted from the same output. These values were considered the range of 

As concentrations that incorporated error. The sample size was as follows: Akaka n=10, 

Onomea n=10, Hilo n=6, and the O’okala n=8.  The data were bootstrapped with N=2000 

to create a more robust dataset. The code used to bootstrap the data was created by Dr. 

Andrew Taylor of the University of Hawai’i at Manoa and entitled “meanciboot” 

(http://www2.hawaii.edu/~taylor/mtbmacros.htm). The output was minimum and 

maximum As concentrations for each soil series based on the minimum and maximum 

As concentrations found as a result of error. We then calculated the mean absolute 

deviation (MAD) for each soil series twice, once for the minimum As concentrations as a 

result of error, and again for the maximum As concentrations as a result of error. The 

MAD was calculated by subtracting the mean of the bootstrapped data from each 

bootstrapped data point, and then the absolute value was taken to determine the 

deviation. The mean of this deviation was the MAD. The MAD was selected as an 

alternative to the standard deviation because the MAD was able to determine the error 

http://www2.hawaii.edu/~taylor/mtbmacros.htm
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around a median as opposed to the standard deviation which determined the error 

around a mean. The lack of normailty in the data required the use of non-parametric 

methods which determined medians, hence the calculation of the MAD. The Kruskal-

Wallis method was then used to determine the P-values between soil series for the 

minimum error and the minimum MAD, the minimum  error and the maximum MAD, 

the maximum error and the minimum MAD, and lastly for the maximum error and the 

maximum MAD.  

The TC concentration was analyzed in a similar manner to the As concentrations. 

However, because the standards during the analysis did not change throughout the 

analysis, we do not consider the initial error and along include the MAD. The data were 

first bootstrapped and then the MAD was calculated and applied to the bootstrapped 

data. The range of TC concentration was found for each soil series. The Kruskal-Wallis 

method was then used to determine if there was a statistically significant TC 

CONCENTRATIONS between soil series for the minimum TC concentration values and 

then the maximum TC concentration values.  

The Spearman’s rank correlation coefficient (ρ) was then used to determine if any 

relationships existed between As and slope (%), rainfall (mm yr-1), flow accumulation, 

average TC concentration, elevation (m), and the Compound Topographic Index (CTI). 

The ρ was used instead of the Pearson’s correlation coefficient (r) because of the strong 

outliers and lack of normality of the data. These results provided a quantitative analysis, 

and when combined with spatial analysis tools in ArcGIS, provided evidence to test the 

hypotheses. 

2.7.4 Stratified simple random sampling 

Stratified simple random sampling (SSRS) is a design-based sampling method that 

was used in this study. Each stratum was defined by soil series, and random locations 

within the series were sampled in 2011. The number of locations for each soil series 
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were as follows: 1 Kaiwiki, 5 Akaka, 6 Onomea, 4 O’okala, and 4 Hilo. One Kawiki, Akaka, 

and Onomea sample were removed from the analysis because they were located in the 

forest and used to determine approximate background levels of As and TC. The 

hypothesis tested the increase of As concentration both in depressions and in 

depressions with distance from forest to ocean. Because the Kaiwiki, Akaka, and 

Onomea series were defined by their different locations along a topographic profile, by 

classifying each soil series as a stratum, we were also stratifying by topographic location 

along a profile. The Kaiwiki, Akaka, and Onomea series represented the upslope, 

downslope, and depression portion of a soil profile at elevations above 300 m, 

respectively (U.S. Department of Agriculture, 2012b). Investigation of a soil profile 

containing these series allowed us to observe if As concentrations were higher or lower 

in depressions relative to the surrounding area, which tested one of the hypotheses. The 

Hilo and O’okala series were located near sea level. When compared to the As 

concentrations of the high elevation soil series, we were able to test the hypothesis that 

As is transported from higher to lower elevations and accumulated at a distance from 

forest. The Kruskal-Wallis method was used to determine the variation within and 

between soil series to test both hypotheses at a 95 % confidence interval. If the variation 

between the soil series was greater than the variation within, we concluded that the 

difference in As concentrations between soil series was statistically significant.   

In the design of this experiment, hypothesis driven research methods were used 

in which there were null hypotheses (no difference in the As concentrations in 

comparison to background levels and between soil series) and an alternative hypotheses 

(a difference in As concentrations in comparison to background levels and between soil 

series) in order to reduce confirmation bias (Platt, J.R., 1964). 
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2.7.5 USLE & RUSLE2 

USLE and RUSLE2 were used to estimate the amount of sediment eroded from 

1913-1945, a 32 year period, and a corresponding depth value was found. The depth 

was found by using a bulk density of 0.4 g/ (cm3), an average bulk density for Andisols 

(Buol et al., 2003).  Both USLE and RUSLE2 were used because it was difficult to 

determine which a more accurate model is without comparing the outputs to actual soil 

loss measurements (Scharff, 2005). The outputs of both USLE and RUSLE2 were then 

compared to denudation rates found on the Island of Hawai’i by Li (1988), El-Swaify et 

al, (1982), and Aguilar, (1991).  
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Chapter 3. Results 

3.1 Vertical profiles of Arsenic 

Vertical profiles of As concentrations were plotted for the Akaka and the Onomea 

soil series. Each value includes an error of 20 mg kg-1. We found the highest 

concentrations of As in the Akaka soil series to be 181 mg kg-1 at the 0-15 cm depth (Fig. 

3.1). Onomea also contained high concentrations of As at 91 mg kg-1 at a 40-60 cm depth 

(Fig. 3.2). Elevated levels of As at depth were thought to have been associated with the 

buried O horizon (USDA, 2012b). The TC concentration did not increase from the 15-30 

to the 40-60 cm depth, therefore the buried O horizon was not apparent. However, the 

As may have been applied at the surface at a time where the O horizon was already 

eroded away during the fallow periods, leaving behind a layer of soil that was buried 

without the O horizon.  

Except for elevated As concentration at depth in the Onomea series, these As 

signatures were consistent with the anthropogenically applied As by displaying high As 

concentrations in the upper horizons and diminish quickly with depth (Peryea & 

Kammereck. 1995; De Carlo & Anthony, 2002). Once again, Location A contained the Hilo 

series, locations B through E contained the Kaiwiki, Akaka, and Onomea series, and 

Location F contained the O’okala series. 



      

 

61 

 

 

Figure 3.1. As depth profile of the Akaka soil  

 

Figure 3.2. As depth profile of the Onomea soil 
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3.2 Kinetic Sorption Isotherm 

We investigated the sorption properties of these soils in order to have 

determined any difference between As concentrations that may have existed as a result 

of the different chemical properties of each soil series. A kinetic sorption isotherm was 

dwvwloped for the Hilo series. Applications of up to 157 mg L-1 As to the Hilo series 

yielded a soil solution concentration of 0.08 mg L-1. The Hilo, Akaka, Kaiwiki, Onomea, 

and O’okala all received an application of 58 mg L-1 As. The amount of As left in solution 

was as follows:  Hilo (0.04 mg L-1 As), Akaka (0.08 mg L-1 As), Onomea (0.09 mg L-1 As), 

O’okala (0.32 mg L-1 As), and Kaiwiki (0.49 mg L-1 As) (Fig. 3.3.). Because the 15 % error is 

negligible and the error bars are not visible, they were omitted from the graph. This also 

represented the order of soil series from highest sorption capacity to lowest. However, 

considering that a large amount of As was applied to these soils (58 mg L-1), and the 

range of As in soil solution was as little as 0.04-0.49 mg L-1 As, all of the soil series in this 

study had similarly high sorption properties, even with large concentrations of applied 

As. Therefore, we would have expected that all of the field samples processed with the 

ICP-OES to have contained high levels of As if it were applied as an herbicide for 32 years 

from 1913-1945. Clearly, other processes were at play.  

One again, we investigated the sorption capacities of these soils in order to 

determine why differences existed in As within each soil series sampled from the field. 

Unfortunately, there was little differences between sorption capacities.  
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Figure 3.3. Sorption properties for Andisols of this study  

3.3 Statistics 

The data analysis was performed on total As concentrations from 0-30 cm depth 

and average TC content from 0-30 cm depth at a 95% confidence interval. Because the 

O’okala series contained As concentrations below detection limits of the ICP-OES, which 

was 20 mg kg-1 As, it was omitted from the analysis. Each output of As mg kg-1 from the 

ICP-OES was subtracted by 20 mg kg-1 (Minimum) and added by 20 mg kg-1(Maximum). 

The data were then bootstrapped with n=2000 to create a more robust dataset. The 

MADs were then calculated for each soil series twice, once for the minimum As 

concentrations as a result of error, and again for the maximum As concentrations as a 

result of error comparing four categories: the minimum error and the minimum MAD, 

the minimum error and the maximum MAD, the maximum error and the minimum 

MAD, and lastly for the maximum error and the maximum MAD. The Kruskal-Wallis 

method was then applied to the dataset. The results were as follows for the median As 
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concentration values including the machine error and MAD: Akaka (57.1-130 mg kg-1), 

Onomea (41.5-96.3 mg kg-1), and Hilo (27.2-69.6mg kg-1). Table 3.1 indicates that, even 

with machine error and MAD, the results were highly statistically significant with high H 

values and low P-values. Therefore, there was a statistically significant difference in As 

concentrations between soil series with Akaka containing the highest As concentrations, 

followed by the Onomea and then the Hilo. 

Table 3.1. Kruskal-Wallis results of As concentration data including error and 

MAD 

Soil series 

Minimum error Maximum error 

Minimum 
MAD 

Maximum 
MAD 

Minimum 
MAD 

Maximum 
MAD 

Akaka, Hilo, Onomea 
H=3421.51 

P=0.0005 
H=5088.32 
P=0.0005 

H=3428.15 
P=0.0005 

H=5085.13 
P=0.0005 

Akaka As median (mg kg-1) 57.13 91.23 96.55 130.51 

Onomea As median (mg 
kg-1) 41.54 56.07 81.73 96.29 

Hilo As median (mg kg-1) 27.21 29.60 67.22 69.59 

TC concentrations were investigated because the combustion of carbon 

containing soils is a cheap and easy method used in determining the relative length 

sediment was transported as a result of sediment enrichment occurring over distance. 

High concentrations of TC may also indicate an increase in time the sediment was insitu 

and disentangled the two confounding variables is difficult.  

The TC data were bootstrapped in the same manner as the As data. The MAD 

was calculated for the bootstrapped data and minimum and maximum TC concentration 
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values for each soil series were determined. The histograms and NQQ plots for the 

maximum and minimum values for each data series indicated the data were not 

normally distributed; therefore the Kruskal-Wallis method was employed to determine 

statistically significant differences in TC concentrations between soil series. The results 

are located on Table. 3.2. and were as follows for the median TC concentrations values 

including MAD: O’okala (9.771-10.479  g C/100 g soil), Onomea (9.307-10.893 g C/100 g 

soil), Akaka (8.792-8.320 g C/100 g soil), and Hilo (7.680-9.808 g C/100 g soil). The 

relevant results include the maximum TC because we were able to determine a 

statistically significant difference in TC concentrations assuming the maximum amount 

of TC concentrations. Therefore, the Onomea series contained a statistically significantly 

higher TC concentration than the other soil series. The Onomea is partially defined by its 

vegetation, which are primarily grasses. These grasses break down and contribute to the 

high TC concentration within this series. Therefore, it is most likely that TC observed in 

the Onomea series accumulated as a result of both length of transport and insitu 

accumulation of the decomposition of the dense mat of grasses in these depressions.  
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Table 3.2. Kruskal-Wallis results of TC  concentration data including MAD 

Series name Minimum TC Maximum TC 

O’okala, Onomea, Akaka, Hilo 
H = 5061.13 

P=0.0005 
H = 5444.43 

P=0.0005 

O’okala median (g C/100 g soil) 9.771 10.479 

Onomea median (g C/100 g soil) 9.307 10.893 

Akaka median (g C/100 g soil) 8.792 8.320 

Hilo median (g C/100 g soil) 7.680 9.808 

 

3.4 ArcGIS 

ArcGIS was used partially as an image development tool. A topographic analysis 

was also incorporated by using the location coordinates in conjunction with the As 

concentrations, TC concentrations, rainfall layer, DTM elevation, slope, flow 

accumulation, and CTI data.  

3.5 Relationships between As and TC, rainfall, elevation, slope, flow 

accumulation, CTI, and water flow path lines.  

As concentrations from the 0-30 cm depth were plotted against TC, elevation, 

slope, flow accumulation, CTI and rainfall to observe any relationships between As 

concentration and other variables that were thought to affect the spatial distribution of 

As. A smoother was added to the data to determine if the Pearson’s correlation 

coefficient (r), or the Spearman’s correlation coefficient (ρ) should have been used. The 

Lowess smoothing parameter was set to a degree of 0.5 and 2 steps. Because of the 
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strong outliers in the data and a lack of linearity between variables, the Spearman’s 

correlation coefficient (ρ) was used to determine if any relationships existed between As 

concentration and the aforementioned variables. The analysis was then carried out again 

for each individual soil series versus the aforementioned variables. The results are 

displayed on Table 3.3. Once again, the flow accumulation output was the upslope area 

that potentially contributes to down slope deposition of sediment and water, and the 

CTI was a measure of both the slope and runoff.  
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Table 3.3– ρ values for total As concentrations (0-30 cm depth) vs. variables that 

may contribute to As accumulation. 

ρ 
Slope 
(%) 

Rainfall 
(mm yr-1) 

Flow 
accumulation 

(m2) 

Average 
TC (TC 
mg/kg) 

Elevation  
(m) 

CTI 

Hilo, Akaka, 
and 

Onomea(total 
As 0-30 
depth) 

0.128 0.459 0.316 0.232 0.439 0.325 

Hilo (total As 
0-30 depth) 

 
0.848 

 

One 
value for 
rainfall 

0.606 
 

0.203 
 

-0.597 -0.242 

Akaka (total 
As 0-30 
depth) 

 
-0.432 

 
0.213 -0.164 0.0778 0.28 0.381 

Onomea 
(total As 0-30 

depth) 

0.146 0.312 0.638 0.433 0.255 0.621 
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These results indicated that there was a strong relationship within the Hilo series 

between As and flow accumulation (m2), elevation (m) and slope (%). A strong 

relationship existed between As and slope, which was contrary to the concept that As 

increased in lower slopes. However, all slopes were between 0-4o and on average 2o, all 

very small slopes where deposition may have occurred. Therefore, because the slopes 

were overall very low, all areas where As was sampled and found on these low slopes 

may be considered areas of As deposition. The relationship between a change in slope 

and a change in As concentration was not considered.  

Higher As occurred with high values of flow accumulation.  Likely as water, 

sediment, and As were transported along the overland flow path, they were deposited in 

areas where the slope decreased or depressions occurred. The Hilo series of this study 

were not in depressions but in low slope areas. Therefore, the areas of sediment, water, 

and As deposition corresponded to areas that were of lower slope than the surrounding 

area. Furthermore, anecdotal evidence suggested that the Hilo soils sampled were in 

areas of sediment and water accumulation, validating the aforementioned analysis.  

There was a somewhat strong negative relationship detected between As and 

elevation, which indicated that a decrease in elevation was related to an increase in As 

concentration. The higher elevation sample contained 43.74 ± 20 mg kg-1 As, and the 

lower elevation site contained 51.60 ± 20 mg kg-1 As. Assuming these samples are not 

within error of each other, the lower elevation site contained the majority of the As 

possibly a result of As enrichment with distance as a result of rain splash that eroded the 

As contained on aggregates and transported the As via overland flow down slope where 

it was deposited.  

These results also indicated that a somewhat strong relationship was detected 

within the Onomea series between As and flow accumulation (m2) and CTI. The 

relationship between the As and flow accumulation indicated that the depressions, and 
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therefore the Onomea series, were likely areas of As deposition. Furthermore, the 

relationship between As and CTI indicated that the depressions of the Onomea series 

contained higher levels of As than the crests of ridges, which contained lower 

concentrations of As.  

Water flow path lines were also analyzed to investigate if a relationship existed 

within each soil series between areas of As accumulation and the overland flow path. 

These relationships indicated that the sediment that was transported via overland flow 

may have been deposited more in some soil series than others.  The water flow path 

lines revealed that only 7 locations of a total of 32 were situated along these lines. Of 

these 7 locations, 4 were of the Onomea series, 2 of the Akaka series, and 1 from the 

O’okala series. This suggested a potential weak relationship between the flow path of 

water over the Onomea series. The average slope from all locations was 5o based on 

slope values derived from the DTM. The Onomea series samples, which were along the 

water flow path, had a slope of 3o, the Akaka 8-9o, and the O’okala 20o. The Onomea 

series samples therefore are the only samples with a slope less than the average slope. 

Furthermore, the Onomea samples along the water flow path lines contained an average 

As concentration of 104 mg kg-1, which was higher when compared to the average As 

concentration of all the samples from the Onomea series, which was 48 mg kg-1. The 

Akaka samples along the water flow path lines contained an average As concentration of 

59 mg kg-1, in comparison to the average As concentration of all the samples from the 

Akaka series, which was 80 mg kg-1. The O’okala series contained no As. These results 

may have indicated that the water flow path lines (which potentially transport As), may 

be depositing As in the low slope areas of the Onomea series.  

It was not surprising that the Onomea series were both areas of As deposition 

and water transport. These highly aggregated soils, which contain large pore spaces 

between the aggregates, allowed for high liquid limits and moisture contents. The pore 
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space allowed water to be transported through the aggregates and particles while at the 

same time the topography allowed for deposition of As to have occurred.   

In conclusion, the Hilo series contained higher levels of As that are associated 

with areas of water and sediment accumulation along low slopes. Furthermore, a 

localized process of sediment enrichment from higher to lower elevation may have been 

occurring. The Onomea series was most likely a ‘sink’ for As as indicated by the 

relationship between As and flow accumulation and As and CTI. Furthermore, the water 

flow path lines revealed that the Onomea series were also areas where water flowed. 

Therefore, the Onomea series are both areas of As accumulation and water transport.  

3.6 USLE & RUSLE 2 

Table 3.4 predictions include the inputs for the USLE equation for bare soil for 32 

years, from 1913-1945, the time during which As was applied. The USLE equation also 

considered sugarcane that was 16-20 ft in length, 2 years since last tilled. This was based 

on the 2 year growing season of sugarcane on these fields. Table 3.5 includes maximum 

predicted erosion and its associated depth.  Figure 3.4 includes a comparison between 

the USLE output for maximum predicted erosion and elevation.  

Once again, location A contains the Hilo series soil, locations B through E contain 

the Kaiwiki, Akaka, and Onomea series, and location F contains the O’okala series. The 

dominant soil series in all locations except locations A and F is the Akaka. Both locations 

A and F were found to have no As. The upper most elevations correspond to locations B 

and D, which also corresponded to the low predicted erosion rates. The mid-elevation 

locations corresponded to locations C and E, which corresponded to the highest 

predicted erosion rates. The lower elevation location A corresponds to the lowest 

predicted erosion rate. The other lower location, location F, corresponds to a predicted 

erosion rate close to the highest values. Two factors varied in the USLE equation 

between locations: rainfall and slope. Analysis was first performed for a uniform slope of 
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6 % for all locations. The 6 % value was based on the average slope from the highest 

elevation to the lowest elevation sample. The analysis was then redone with slopes that 

better model their individual locations based on the latest NRCS soil descriptions in 

addition to the local elevation change of each location. The refining of the value for 

slope resulted in drastically different values than originally found with a uniform 6 % 

slope for all locations, i.e. more variation in erosion values between the locations. 

Steeper slopes had the most predicted erosion as was seen at locations C, E, and F. 

Gentler slopes had less predicted erosion as was seen at locations A, B, and D.  Any other 

differences were attributed to rainfall amounts where the higher the rainfall, the greater 

the erosion. For example, location F receives more rainfall than location A and therefore 

greater predicted erosion. These findings were consistent with the literature of USLE 

which stated that slope was a factor in the equation that greatly influenced erosion.  

The C factor for USLE had nine subfactors. Dissmeyer & Foster (1980) suggested 

that soil with OM greater than 4 % should be assigned 0.5 for the OM subfactor. Because 

the soil series in this study had varying OM contents from about 10 % for the Akaka and 

14 % for the Onomea, a more accurate input for this C subfactor may have helped to 

derive more accurate results. Furthermore, the onsite storage factor appears to be quite 

subjective and varied with time; therefore, this input may have been better refined. A C 

value of 0.05 may have seemed quite low, however, Cooley & Williams (1985) suggested 

that a lower than ‘normal’ C value in Hawai’i was consistent with their findings. 

Table 3.6, table 3.7 and figure 3.5 display the RUSLE2 data. Locations A, B, and D 

had slopes of 0-10 %; location C and E had slopes of 10-20 %, and location F had a slope 

of 20-30 %. The outputs of RUSLE2 display similar trends to the USLE output where the 

lower slopes had less predicted erosion. However, the outputs of RUSLE2 have more 

variation than the USLE outputs as a result of RULSE2 being a somewhat process-based 

model that took into account both the soil characteristics and differences in rainfall and 
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how these factors affected erosion rates. The most predicted erosion occurred at 

location F where only the O’okala series is found, most likely a result of slope.  

Some of the highest predicted erosion rates were located at locations C, E, and F. 

Location F contained no As concentrations which was possibly a result of the high 

erosion rates. Locations C and E also had high erosion rates, however, less As was found 

at these sites than at the less eroded sites of locations A, B, and D. Therefore, localized 

inputs such as rainfall or erodibility most likely play a role in determining erosion, 

however, slope steepness is the dominant force. Most of the residue of As sprayed from 

the sugarcane era are likely located in depressions or topographic lows. This is consistent 

with the geomorphic concept that sediment is transported from higher elevations to 

lower ones (Yalin, 1972; Foster et al., 2003; Beem, 2013). 

Furthermore, As concentrations decrease from uphill to downhill, from forest to 

ocean, which is contrary to our original hypothesis that As would increase from forest to 

ocean. Once again, this may emphasize that localized processes are more important to 

investigate than that of the watershed scale in determining areas of high As 

concentration.  

The output of USLE was comparable to that of RUSLE2 except for the highest 

slope sites, where the predictions of USLE were much higher than that of RUSLE2. El-

Swaify (1982) predicted a worst case erosion value of 17,995 Mg ha-1 for the Hamakua 

Coast and Li (1988) predicated a value of 48.6 Mg ha-1 for the Island of Hawai’i. 1,728-

8,128 Mg ha-1 was the erosion rates predicted along the Hamakua Coast by Aguilar 

(1991) using the USLE model. Erosion rates were over a 32 year period, which may 

partially explain the extremely high values. The values by Li (1988) were most likely 

lower as a result of incorporating erosion rates from drier areas that were not located 

along the Hamakua Coast. The El-Swaify (1982) estimate was much closer to the USLE 

values predicted for the steeper slopes. However, the USLE and RUSLE2 value spanned 
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the range between the El-Swaify (1982) and the Li (1988) predictions. The Aguilar (1991) 

USLE results most closely resembled the RUSLE2 results that were found in this study.  

Furthermore, Aguilar (1991) estimated a potential soil loss of 0.7-6.6 cm yr-1 which 

corresponded to 0.22-2.11 m over a 32 year period, which also more closely resembled 

the depth of erosion estimated by RUSLE2 in this study. However, Aguilar (1991) 

cautioned that these estimates that were on the higher end of erosion rates and 

therefore depth of erosion would also be overestimated. Furthermore, the study also 

investigated slopes from 17-32 %, greater than any slopes of this study, which most likely 

resulted in higher erosion rates when compared to erosion rates of this study.  

Therefore, the RUSLE2 model is this case may have been the more accurate model, even 

though the outputs were higher than expected.  
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Table 3.4.Potential worst case factors for USLE from 1913-1945 

Factor 
Value for Hamakua Coast 
(units) Source       

R   
   

  

Location A 1352(N h-1) 
Lo et al.(1985); Giambelluca et 
al.(2012) 

Location B 2112(N h-1) 
   

  
Location C 1839(N h-1) 

   
  

Location D 2063(N h-1) 
   

  
Location E 1903(N h-1) 

   
  

Location F 1296(N h-1) 
   

  

K   
   

  
All locations 0.08 (unitless ratio) El-Swaify & Dangler (1975)   
LS   Wischmeier & Smith (1978)   
A 6 

   
  

B 6 
   

  
C 44 

   
  

D 6 
   

  
E 44 

   
  

F 44 
   

  
l 150 ft 

   
  

m 0.5 
   

  

theta 6 %(locations A,B,&D) 
   

  
theta 15 %(locations C,E,&F) 

   
  

C    
   

  
C subfactors: 0.05 Dissmeyer & Foster (1980)   
soil reconsolidation 0.75 

   
  

organic matter 0.7 
   

  

residual binding affect 
(incorporated into 

groundcover) 
   

  
onsite depression 
storage 1 

   
  

contour tillage 1 
   

  
groundcover 0.46 

   
  

canopy 1 
   

  
fine roots 0.22 

   
  

steps 1 
   

  
P (incorporated into C) 
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Table 3.5.  Potential worst case USLE output and associated erosion depth 

estimates from 1913-1945 

location A (Mg ha-1) erosion depth (m) 

Location A 2263 0.57 
Location B 3536 0.88 
Location C 24192 6.05 
Location D 3454 0.86 
Location E 25033 6.26 
Location F 17053 4.26 

 

Figure 3.4. Potential worst case comparison of the USLE output of soil erosion from 

1913-1945 to erosion. 
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Table 3.6. Potential worst case factors for RUSLE2 from 1913-1945 

Factor Value for Hamakua Coast (units) Source 

L 150 ft   
S 6 %(locations A,B,&D)   
  15 %(locations C,E,&F)   
R     
Location A 140-160(inches) Giambelluca et al.(2012) 
Location B 220-240(inches)   
Location C 180-200(inches)   
Location D 220-240(inches)   
Location E 200-220(inches)   

Location F 140-160(inches)   

Soil Series     
Location A 0-10% slope   
Location B 0-10 % slope   
Location C 10-20% slope   
Location D 0-10% slope   
Location E 10-20 %slope   
Location F 12-20%slope   
Management bare ground, rough surface   
Contouring rows up and down hill   

 

Table 3.7. Potential worst case RUSLE2 outputs and associated erosion depth 

estimates from 1913-1945 

location A (Mg ha-1) erosion depth (m) 
Location A 2228 0.56 
Location B 3243 0.81 
Location C 8649 2.16 
Location D 3243 0.81 
Location E 5065 1.27 
Location F 14786 3.70 
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Figure 3.5. Potential worst case comparison of the RUSLE2 output of soil erosion from 

1913-1945 to erosion. 

3.7 Other 

Location F was located on the former Laupahoehoe Sugar plantation and 

contained background levels of As. Anecdotal evidence suggested that at least one 

flume was located nearby the sampled sites, which may have contributed to the 

transport of As off these lands (site F landowner, personal communication). In addition, 

in 1922 the main flume on the Laupahoehoe Sugar plantation carried 30 tons of cane 

hour-1 to the mill. The Laupahoehoe Sugar plantation was the first plantation in Hawai’i 

to lift water for fluming higher than 228 m, much higher in elevation than any sample 

locations of this study (Hawaiian Sugar Planters’ Association, 1988). A flume system that 

was capable of carrying large amounts of cane, in addition to one that reached above 

the sampled area, may have contributed to the transport of As off location F. This may 

have also applied to other sites, including location A.  
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3.8 USLE & RUSLE flaws 

In conclusion, caution was taken when determining the values of variables for 

these models.  The data from a unit plot, in many cases, were poor data because they 

did not accurately represent the field conditions. This was particularly a difficult 

challenge where little data was available for Hawaiian soils. In these cases, generic 

parameters were often used that did not properly model the system well. For example, 

there was very little data published on either the R parameter or the K parameter for the 

soils in this study.  

Other problems encountered when applying these models to Hawaiian soils 

included the challenge of defining grain size, which was incorporated into the K 

parameter, and the application of an O’ahu derived equation for the R factor to describe 

R on the Island of Hawai’i. The K parameter in these models was based on the grain size 

and due to the highly aggregating nature and lack of a good method to predict grain size 

for these soils; the observed grain size differed from the true grain size. These methods 

primarily did not work well in the soils of this study as a result of the gels that assisted in 

the aggregation of the soils (Morgan & Nearing, 2011). In addition, the R factor for these 

models was partially derived from Lo et al. (1985) data which were based on an 

empirical equation derived on O’ahu that may not represent the Hamakua Coast well. 

Another challenge commonly faced by users of these models, and also faced in 

this study, included the difficulty in defining a representative length for a study area. A 

length in excess of 0.3 km mostly overestimated soil loss because the gradient was more 

likely to become less uniform with distance from origin and therefore encounter areas of 

deposition. These models overestimated soil loss because the process of deposition was 

not considered, even with the adjustments of RUSLE2 to account for this deposition. 

Therefore, the application of these models was limited to short lengths of less than 0.3 

km, which was not very useful in determining erosion rates along the Hamakua Coast.  
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Confounding variables often tended to overestimate soil loss. For example, 

factors R and K both considered rainfall. The K factor was based on the ability of the soil 

to erode, and an erosive agent is rainfall, therefore these variables were confounded. In 

addition, the R factor took into account rainfall energy, which was defined by force over 

unit length and therefore confounded with the variable L. The L factor was also 

confounded with variables of slope steepness, soil type, and management impacts, 

variables that were incorporated again in other parts of the equation. The slope 

steepness factor, S, also presented problems because the slope steepness factor was 

confounded with other factors, including surface conditions and soil properties, and one 

of these soil properties were taken into account in the K factor in USLE (Wischmeier & 

Smith, 1978). USLE and its derivatives often overestimated soil loss as a result of these 

confounding variables that were multiplied together. 

Furthermore, these models did not include mass movement events, yet these 

models did not distinguish between erosion and mass movement. Therefore, if a mass 

movement event occurred it would be considered a result of rill or interril erosion, which 

was incorrect. Individual large rainfall flash flood events in which the majority of silt and 

clay particles with As may have been transported were also not distinguished in these 

models as the model averaged the rainfall over approximately a 2 year period (Cooley & 

Williams, 1985; Calhoun & Fletcher, 1999). Flash flood events on the Hamakua Coast 

were frequent and presented the most potential for sediment transport (Scott & Street, 

1976).  

Another potential problem was that the climate varies greatly in Hawai’i over 

small distances and therefore so too did the inputs. This made it difficult to obtain data 

that represented the environment accurately. As a result of the factors not being 

uniform in the field, the A values may not have been representative of actual values, 

even with the introduction of process-based relationships in the USLE upgrades.  
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Chapter 4. Discussion  

During the sugarcane plantation days, the fields were fallow for extended periods 

of time, particularly when the cane was young as it provided little protection from the 

intense rainfall events of the Hamakua Coast. Physical erosion in the form of either 

natural erosion or anthropogenic erosion may have occurred at this time. Natural 

erosion may have been a result of primarily slope steepness, as this factor in the USLE 

and RUSLE2 models resulted in the most erosion under fallow field conditions. 

Anthropogenic erosion may have been in the form of tractors, bulldozers, or tillage 

breaking down the soil structure. Tractors may have physically moved the soils from one 

location to another. The soils may have been subsequently transported by flumes or 

cane wash. The sediments were deposited into depressions or low slope areas where 

elevated levels of residual As were found. The concentration of this residual As was 

found to be a maximum of 216 ± 20 mg kg-1, much higher than the background levels of 

7.4 ± 3.7 (standard deviations) mg kg-1 (Niemeyer & Robotham, 2010). With the 

cessation of sugarcane came the onset of residential farmlands where grasses, ferns, 

and trees became the dominant vegetation type. As a result, the soils were held tightly 

in place by the vegetation and therefore little or no As transport is expected to have 

occurred during the post-sugarcane era.   

Evidence for sediment erosion on the Island of Hawai’i included the estimates for 

erosion over a 32 year sugarcane period, which were between 2,228 -25,033 Mg h-1 

along the Hamakua Coast found in this study, 17,995 Mg ha-1 for the Hamakua Coast (El-

Swaify, 1982), 1,728-8,128 Mg ha-1 for the Hamakua Coast (Aguilar, 1991), and 48.6 Mg 

ha-1 for the Island of Hawai’i (Li, 1988). Off former sugarcane land, anecdotal evidence 

suggested that approximately a 1 m depth of eroded sediment was observed and the 

source believed to be soil from former sugarcane land. In addition, anecdotal evidence 

suggested that, during some rainfall events along the Hamakua Coast, large amounts of 
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brown sediment was observed in the ocean, indicating that large amounts of sediment 

was transport from sugarcane plantations to the ocean.    

As was applied to these soils and the As was bound tightly to the surface of the 

soil particles or aggregates containing large amounts of surface gels, OM, and Fe 

oxyhydroxides. This study found that the Kaiwiki, Akaka, Onomea, Hilo, and O’okala all 

have very high and very similar sorption properties such that when 58 mg L-1 As was 

added to these soils in laboratory experiments, <0.5 mg L-1 remained in solution after 

equilibrium. Therefore, the majority of the As applied most likely was bound tightly to 

the surface of the soil and little was left in soil solution. After the application of As, rain 

splash then eroded the soils into sediment and the clay and silt sized As-laden sediment 

was transported via overland flow. Little erosion may have occurred as a result of 

overland flow, with the primary erosive force being rain splash. The surface As, gels, OM, 

and Fe oxyhydroxides were likely eroded by rain splash and transported via overland 

flow primarily during the fallow period.   

Evidence for As deposition along the Hamakua Coast included the Onomea series 

which contained 94 ± 20 mg kg-1 As at 40-60 cm depth, elevated concentrations of As in 

depressions, the relationship between elevated As concentrations with depressions, and 

the relationship between elevated As concentrations and low slope areas.  

We expected to find an increase of As with a decrease in elevation (i.e. with an 

increase of distance from forest to ocean), yet we found a decrease of As with a 

decrease in elevation. This may have been a result of the application of P fertilizer in the 

lower elevation areas that are populated residential neighborhoods. The higher 

elevation areas are generally grassy ranchlands where most likely there was no P 

application post sugarcane. The P may have displaced the As so that the As dissolved 

into the water of overland flow and deposited down slope or downstream. Furthermore, 

activities such as bulldozing, tilling, or construction in these populated areas broke down 
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the soil structure and prepared it for transport via overland flow into rivers and 

eventually the ocean. Alternatively, the soils may have been physically removed by 

people to make way for residential neighborhoods, possibly explaining the lower As 

concentrations at lower slopes.  

There was a discrepancy between the As concentrations at the lower elevation 

locations F (O’okala) and location A (Hilo), which may have been a result of slope 

steepness. The RUSLE2 model indicated a very high potential for sediment transport at 

location F, primarily due to the steep slope. Therefore, it is possible that natural 

processes eroded the sediment and As down slope from location F. During the 

plantation era on the steep slopes when the fields were fallow, rill and interrill erosion 

and overland flow may have occurred to erode and transport the As off these lands, 

therefore leaving little As behind. Later, these lands were covered primarily with a thick 

mat of grasses, which may have held the remaining soil intact. The TC concentration of 

the O’okala was found to be the second highest, after the Onomea, which may have 

been a result of insitu decomposition of grasses.   

The Spearman’s correlation ρ of both the Onomea and the Hilo revealed a 

relationship existed between As and flow accumulation, with ρ=0.64 and 0.61, 

respectively. The Onomea soils are located in depressions where elevated levels of As 

were found (94 ± 20 mg kg-1). The Hilo soils are located on low slope areas where 

elevated levels of As were also found (52 ± 20 mg kg-1). In both cases, As may have been 

eroded from higher elevations as a result of rain splash and transported via overland 

flow on smaller clay and silt sized aggregates which were then deposited in depressions 

or low slopes of the Onomea and Hilo, hence the relationship between As and flow 

accumulation within these soil series. The Hilo contained statistically significantly less As 

concentration than the Onomea. This may have been a result of the physical process of 

sediment spreading out over a larger area on the low, unconfined slopes of the Hilo in 

comparison to the confined depressions of the Onomea. Therefore, the mg As/kg soil 
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may be less per unit mass of soil in the Hilo than in the Onomea. Furthermore, the Hilo 

series may be more erodible than the Onomea, bulldozing and other anthropogenic 

sediment transport processes may have been at play, or P fertilizer may have been 

applied to the Hilo series, all potential reasons why less As was observed in the Hilo than 

the Onomea although both series are characterized by high flow accumulation and 

elevated As concentrations.   

Many of the Onomea samples were located along the water flow path lines. A 

combination of water flow path lines over the Onomea, high As concentrations, low 

slopes, a relationship between As and flow accumulation, and a relationship between As 

and CTI (ρ=0.62) may indicate that the Onomea soils may characterized by both water 

transport and sediment deposition where As accumulates. Sediment may have been 

transported into depressions and settled to the bottom as water continued to flow out 

of the depressions. 

Assuming that equal amounts of As was sprayed on all the soil series, and 

erosion was occurring, we expected to find the highest As concentrations in the 

Onomea. However, we found the highest As concentrations in the Akaka (216 ± 20 mg 

kg-1), and the next highest As concentrations in the Onomea (94 ± 20 mg kg-1). In 

addition, we found that the Akaka contained a statistically higher As concentration than 

the other soil series. The decrease of As concentration from Akaka to Onomea may be 

explained by the difference in the redox conditions where Akaka is in an oxidizing regime 

and Onomea in a reducing regime, thereby allowing for the reductive dissolution of As in 

the Onomea. Because the As may have been desorbed from the Onomea soils, less As 

was found on the Onomea than expected.  

Although the Onomea is partially defined by its reducing regime and the Hilo by 

its oxidizing status, the relationship between As and flow accumulation in the Hilo series, 

in addition to anecdotal evidence that large amounts of water often pool over the 
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locations where the Hilo was sampled, suggested that the area where the Hilo was 

sampled may also, from time to time, have a reducing regime. Therefore, because of the 

reducing regime in the Onomea and the reducing regime that may exist in the Hilo, we 

observed less As than was expected if the soils were in an oxidizing regime. 

Furthermore, if a relationship between As concentration and flow accumulation is found 

within depressions, these depressions may be used to discover even higher As 

concentrations at the toe slope of the depressions.  

The sorption experiment revealed that the differences between the sorption 

properties of the Kaiwiki, Akaka, Onomea, Hilo, and O’okala soils are minimal. These soil 

series contained extremely low levels of As in soil solution after As spiked solutions were 

added to soils. Therefore, although this experiment did not help to explain differences in 

As concentrations observed in the field between soil series, it did aid in understanding 

that the these soils sorb As well, even when high concentrations of As are added to the 

soils.  
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Chapter 5. Conclusion 

Elevated concentrations of As remain on and off the Hamakua Coast 60+years 

after As was last applied. Both erosive processes and sorption properties of soils were 

investigated to determine the present day spatial distribution of As. 

Most elevated levels of As were found in depressions with flow accumulation in 

the Onomea (94 ± 20 mg kg-1), or low slope areas with flow accumulation of the Hilo (52 

± 20 mg kg-1). However, the highest statistically significant levels of As were found in the 

Akaka (216 ± 20 mg kg-1) at the toe slope of a topographic soil profile, not in the 

depressions of the Onomea as anticipated. This may have been a result of reductive 

dissolution of As in the Onomea series and not in the Akaka due to the different redox 

conditions of these soil series. Therefore, topographic depressions that accumulate flow 

and the soils around the toe slope of these areas may be As ‘hotspots’. These ‘hotspots’ 

may also be found in areas of low slope where there is flow accumulation.  

We also expected to observe an increase of As from forest to ocean, which would 

have been consistent with the concept of As enrichment with distance from source. This 

relationship was not observed, and concentrations of elevated As were found when 

performing localized analysis, therefore, determining locations of elevated As 

concentration may be best approached from a local rather than watershed scale.  

The sorption properties of the Kaiwiki, Akaka, Onomea, Hilo, and O’okala for As 

are similarly high. Furthermore, the high sorption properties of these soils for As 

indicate that leaching was probably not the mechanism of transport for As in these soils. 

Most likely, it was another mechanism such as overland flow. Although this study did not 

find a significant difference in sorption properties between these soil series, this 

approach may be useful for other studies where the soil chemical and physical 

properties of soil have a greater variation. 
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In order to determine the spatial distribution of As along the Hamakua Coast, 

Hawai’i, a combination of tools were used including ArcGIS for terrain and water 

analysis, Minitab 14 for statistical analysis, USLE & RUSLE2 erosion models, field 

measurements, and lab analysis. The theories behind soil chemistry, surface hydrology, 

and geomorphology were incorporated to understand the processes behind the results. 

With a combination of the aforementioned tools and theories, we were able to conclude 

that a localized investigation into areas of topographic depressions or low slope and high 

flow accumulation areas may determine locations of As ‘hotspots’, at least on the 

Hamakua Coast.  

Further research may include more sampling along the Hamakua Coast for a 

more robust dataset and Kriging may be used as a way to display the dataset. Other 

erosion models may be used. Other deposition models may be used which model flood 

events, possibly more closely representing the large rainfall events along the Hamakua 

Coast. Further investigation into the sorption properties of the soils may be considered 

in order to elucidate any differences. EH and pH measurements may be taken. 

Investigating the differences between the types of carbon found at each location to 

determine if it was transported or placed in-situ. Investigation into the exact amount of 

carbon and gel content and better refining lab techniques in order to determine As 

associated with these two phases may be explored. A better method to determine 

particle size may help to determine amount of As transported. Also, in lab empirical 

studies could be performed with these soils. The study design may also be used to 

investigate other contaminants in other types of soils. 
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Chapter 7. Appendix 

Total As 

This method was based off of EPA Method 3050b 

Reagents and standards: 

Nitric acid (concentrated, 16N) 

Hydrogen peroxide (concentrated, 30%) 

Arsenic soil standard (NIST standard Montana soil 2010a, local soil standards with As 

concentration of 1540 ± 10 mg kg-1) 

Arsenic solution standards 

Equipment: 

Heating block that holds 42 digestion tubes 

Analytical balance 

Funnel 

Graduated cylinder (50mL) 

Filter paper - 100ct #42 Whatman qualitative paper 

Procedure: 

Dry soil (1 week) 

Either:  Oven dry at 105°C or air dry until same weight attained  

Sieve soil (2 days) 
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Mix sample thoroughly 

Sieve to 2mm with #10 sieve 

Weigh out soil (1 day) 

Record 0.5g samples in 50mL digestion tubes, with a precision of 0.005 g  

Include soil standards, every 20 samples 

Digestion (1 day / 42 samples) 

Note: All steps using acids should be performed in a fume hood. 

Add 2.5mL of HNO3 (conc HNO3),  

Heat at 95°C ±5°C for 15 minutes and check for spattering 

Add another 2.5mL of conc HNO3, heat for 30 minutes and check that all brown fumes 

disappear, and that there is no spattering 

Sample should never be boiling 

Digest for 2 additional hours at 95ºC±5°C, periodically shaking the tubes. Sample should 

reduce down to approximately 5mL.  If spattering occurs rerun.  

Cool sample for at least 30 minutes 

Add 5mL of H202, diluted 2:3 with H20. If effervescence continues, add 1mL increments 

of H2O2 until does not effervesce. Digest for another 30 minutes without heat. 

Return samples to heat at 95°C ±5°C for another 2 hours. 

Add 5mL concentrated HCl and reflux for 15 minutes. 
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Dilute to 50mL with double DI water. 

Filter samples (4 hours) 

Shake sample vigorously 

Using #42 qualitative filter paper, filter into 15mL centrifuge tubes 

Run samples through ICP-OES and report raw values  

Use solution standards at beginning and end 

Clean digestion tubes and return promptly.  

May require acid wash.  

As Sorption Isotherms 

Dilute Nitric Acid Solution 

Purpose: To make up a dilute nitric acid solution so that the 0.01M calcium nitrate 

solution contains 1 mL conc HNO3/1 L of As stock soln. This is so the As salt dissolves 

completely in the stock soln. I have already tested for the efficiency of the 1 mL conc 

nitric acid soln by adding it to my first, uniform, As stock soln.  

To make 110 mL total dilute nitric acid: 

Equipment: 

125 mL Erlynmeyer flask 

100 mL volumetric flask 

Pipette for 2x DeI water 
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Pipette tips for DeI water 

2x beakers 

10 mL glass pipette 

Concentrated nitric acid 

Parafilm 

Procedure: 

Fill the 100 mL flask w. 2x DeI water to the line with pipette 

Pour into 125 ml Erlynmeyer flask 

Use 10 mL glass pipette to add 10 mL of con nitric acid from beaker 

Swirl and cover w. parafilm. 

Use this solution to add to the 0.08 M calcium nitrate stock solution.  

           

           
 

This means that a total of 88 mL total = 8 mL concentrated nitric acid.  

Calcium Nitrate Stock Solution  

Equipment: 

1 x 2L volumetric flask 

1x 1 L volumetric flask 

1x 250 mL volumetric flask 
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4x junk containers (beakers- various sizes) 

4x 1 L Nalgene plastic bottles w. lid 

Small funnel 

Dilute nitric acid solution 

Parafilm 

Kimwipes 

Weigh paper 

Scoopula 

Water bottle w. 2x DeI water 

Mettler PC 220 Scale 

Calcium nitrate tetrahydrate, 99+5 ACS reagent salt. Ca(NO3)2 * 4H2O 

Procedure to make 0.08M calcium nitrate: 

Place approximately 20 g of calcium nitrate salt onto weigh paper. Use this salt to weigh 

out 18.888 g of calcium nitrate for 0.08M solution by using another weigh paper on the 

scale so as to not contaminate the salt in the bottle. Rinse weigh paper with 2x DeI 

water into 1 L volumetric flask. 

Clean scoopula before and after with Kimwipes.  

Add approximately 88 mL of dilute nitric acid solution directly from the 125 mL 

Erlynmeyer flask. Exact amount should be determined based on how the flask is graded.   



      

 

102 

 

Fill 1 L flask to line with DeI water and use pipette to fill to line. 

Parafilm and turn upside down until salt is dissolved to make 0.08 M calcium nitrate.  

Procedure to make 0.01M calcium nitrate: 

Pour 0.08M solution into 250 mL volumetric flask using a small funnel 

When close to line, use pipette by filling some 0.08M solution into beaker and pipette 

from there.  

Pour all of the 250 mL solution into the 2L flask. 

Rinse 250 mL flask with 2x DeI water 3x to remove all the calcium nitrate from the 250 

mL flask and pour into 2L flask. Use the large funnel 

Fill 2 L flask with calcium nitrate solution and then pipette near the line. Use 2x DeI 

water pipette. 

Parafilm to rotate a few times. 

Pour into 2 x 1L Nalgene bottles 

Repeat steps 1-5. 

First round: I dropped some salt after weighing, so the final con is not 0.01 M. 

Second round: I weighed out 18.899 g, for 0.010005824M solution.   

Arsenic Stock Solution and Standards 

Equipment: 

0.125 mL pipette + tip  
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12x pipette tips 

2x DeI water beakers 

Junk beakers -> used for pipettes 

2x small funnels 

7x 500 mL Nalgene bottles 

1x 1L volumetric flask 

1x 250 mL volumetric flask 

1x 25 mL volumetric flask 

Scale 

Scoopula 

Weight paper 

Kim wipes 

Parafilm 

Sodium arsenate heptahydrate salt 

2x DeI water bottle 

0.01M calcium nitrate solution 

1x large funnel 

100 – 1000 µL Fisher brand pipette  
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5 mL Fisher brand pipette 

As Stock Solution Procedure: 

Pour about 10g of As salt on weighing paper. Scoopula salt from this pile to weighing 

paper on the scale. It should be 8. 326215 g. Use a pipette (from beaker) with calcium 

nitrate solution to rinse salt off weigh paper into 1 L volumetric flask. This makes 2000 

ppm As stock solution.  

Use large funnel to fill 1 L volumetric flask with 0.01M calcium nitrate solution and 

pipette to fill to white line. 

Kimwipe and then parafilm flask. Rotate a few times and keep covered with a stopper.  

As Standards Procedure: 

Pour some As stock solution into a beaker for pipetting. 

Pipette 0.125 mL As stock solution into a 250 mL volumetric flask. Pour some calcium 

nitrate matrix solution into small beaker.  Fill to line of volumetric flask with calcium 

nitrate solution using pipette. Then parafilm, and rotate.  

Pour into a 500 mL Nalgene bottle.  

This makes 0.001 mg As/L solution.  
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Repeat using the following equipment to make the following concentrations: 

Equipment Volume (mL) Mg/L 

Pipette 1.25  10 

2x pipette 6.25  50 

4x pipette 15.63 125 

25 mL flask + pipette 31.25 250 

 

Protocol for OC Measurements 

A LECO TrueSpec CN Analyzer was used to combust soils and measure OC.  The lab used 

a mortar and pestle to grind the soils so they can run them on their machine.  


