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ABSTRACT 

Arsenic is a well known by-product of copper smelting. Much of this 

arsenic is released into the environment near smelters, but its dissipation under 

desert conditions is not known. Apis Mellifera L., the honey bee, has been 

described as a biologic monitor for arsenic as well as other elements. This study 

is designed, to assess the effectiveness of honey bees as a monitor for 

environmental arsenic contamination and to observe baselines and trends in 

environmental arsenic near copper smelters in southern Arizona. The results show 

that honey bees can be a sensitive indicator of sudden changes in environmental 

arsenic and may be used as a relatively simple method of arsenic monitoring 

though some problems need to be addressed by further research. 

vii 



CHAPTER I 

INTRODUCTION 

Background 

Copper. This is an important word for the economy of Arizona. Copper 

has been one of the state's major employers since the early 1900's and in 1979 

the average number of jobs in copper production was 23,700 (Arizona Mining 

Association, 1980). State and local government revenues totaled $124 million in 

1979 from the copper industry alone. Though only 2% of employed Arizonans 

work in mining, mineral production ranked third in revenues behind manufactur

ing and tourism in 1981 (Arizona Department of Economic Security, 1983). 

Table 1 lists the production of the world's leading copper producing companies; 

all have operations in Arizona. From these operations within the state come 

two-thirds of the total U.S. copper production. Total U.S. production accounted 

for 16.5% of world copper production in 1981 but only 12.3% in 1982 (see 

Table 2). 

Arsenic Production 

Arsenic is a known byproduct of copper production, particularly in 

mining and smelting operations, and it is found in copper ore in concentrations of 

less than 0.01% to greater than 3% (U.S. Environmental Protection Agency, 

1983). Smelting concentrates arsenic in flue dusts to an average concentration 

of more than 10% (Wolfe, 1983). Much of this flue dust has been collected and 

used as a concentrate for primary arsenic smelting. It is therefore important to 

review the uses, production, and disposition of arsenic and assess human exposure 

to it. 

1 
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Table 1. Copper Production of the World's Leading Mining Companies, 1982.* 

Company Copper Production (Short Tons) 

Anaconda 164,291 

ASARCO 119,615 

Inspiration Consolidated 54,699 

Kennecott Minerals 285,716 

Magma 132,374 

Phelps-Dodge 150,100 

* Metal Bulletin Handbook, 1982. 
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Table 2. Total World and U.S. Smelter Production of Copper in Metric Tons. 

World 1981 8,347,100 

1982 8,301,200 

U.S. 1981 1,377,600 

1982 1,020,800 

1983 1,004,000 

^ World Metal Statistics, 1984. 
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Arsenic is a steel gray metalloid of atomic weight 7 5 .  It was known to 

the ancient Greeks and has received attention as a poison of the rich and famous. 

In this century it has been used extensively as an economic poison in insecticides, 

fungicides, algicides, and herbicides. Arsenic is combined with copper, chrome, 

or zinc to form salts used to impregnate wood as a preservative. Phenyl 

derivatives of arsonic acid are added to the feed of poultry and swine as a 

growth stimulant. These uses account for 81% of the arsenic consumed in the 

U.S. The rest of the total use consists of arsenic additives to form metal alloys; 

salts of arsenic as pigments in paints and pottery glazes; as a stabilizer and 

colorant in glass making; and, most recently, in electronic applications as the 

semi-conductor gallium arsenide (Fitzgerald, 1983). See Table 3. 

World production of arsenic was about 30,000 tons in 1980 compared to 

77,000 tons in 1970. Most of this production is in Sweden, France, Mexico and 

the Philippines. The U.S. consumes half of the world production and produces 

about half of vhat it consumes. The only arsenic production facility in the U.S. 

is located on Puget Sound in Tacoma, Washington, and was operated by American 

Smelting and Refining Company (ASARCO) until recent closure. Approximately 

1000 tons of arsenic as trioxide were produced there each month. Due to the 

increasing use of arsenic in wood preservatives and semi-conductors, there is a 

10,000 ton worldwide shortfall of arsenic production each year (Fitzgerald, 

1983). However, this shortfall may be lessened by a recent ban by the U.S. 

Environmental Protection Agency on arsenicals used as wood preservatives. The 

greatest source of unwanted arsenic production is as a by-product through the 

smelting and refining of copper, lead, and zinc. In 1974 an estimated 5300 tons 

of arsenic were emitted to the atmosphere from copper smelter flues. An 

additional 24,000 tons of arsenic waste from copper production were placed in 
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Table 3. U.S. Markets for Arsenic Trioxide (As20.j) Estimated by ASARCO, 
1981.3 

Use Total Arsenic Consumed 

Wood preservatives 36 

Herbicides 31 

Cotton dessicants 15 

Molybdenum flotation 8 

Glass products 5 

Miscellaneous 5 

3 Fitzgerald, 1983. 
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landfills or settling ponds. Other sources or arsenic emissions include airborne 

and landfill wastes from the burning of coal, especially from coal fired power 

plants; soil contamination from arsenical pesticides; and airborne emission of 

arsenic acid from cotton ginning (Fishbein, 1981). See Table 4. The global cycle 

of arsenic has been estimated by Brimblecomb (Brimblecombe, 1979) and appears 

in Figure 1. This demonstrates the significance of man's perturbations of the 

arsenic cycle. 

Several epidemiologic studies of populations exposed to environmental 

contamination of arsenic have tried to discern potentially harmful effects. In 

general it has been difficult to separate arsenic exposure from exposure to other 

environmental pollutants (SC>2> metals, dusts, NC^, etc.) and tobacco smoking 

(Doll, 1981). Workers exposed to arsenic are at risk of developing respiratory 

cancer at a rate of 2 to 8 times the general population (Pinto, et al., 1977). 

Some are also at increased risk of developing skin cancer. While the increased 

risk of respiratory cancer in persons living near arsenic emitting smelters has not 

been clearly demonstrated, significantly higher levels of hair and urine arsenic 

are found in these persons compared to controls. The levels of arsenic in these 

biologic samples are directly related to the distance these people live from the 

pollution source (smelter). Children in the 1-5 years old age group have the 

highest levels of any age group (Baker et al., 1977 and Hartwell, et al., 1983). 

Of special interest is the lack of significant difference in urinary arsenic levels 

between smelter workers and nonoccupational^ exposed persons living near the 

smelter (Milham and Strong, 1974). 



Table 4. Summary of U.S. Arsenic Flow, Dissipation, and Emission, 1974. 

Location of Arsenic Arsenic Flow (tons) 

End products 

Dissipation 
steel slag 
pesticides 
copper leach liquor 
other 

Airborne emissions 
losses from copper smelting 
pesticides 
coal 
other 

Landfill wastes 
copper flue dusts 
copper smelting slag 
coal fly ash 
other 

26,^38 

63,030 
39.690 
11,565 
9,702 
2,073 

9,757 
5,292 
2,536 

717 
1,212 

19.691 
10,584 

3,748 
1,984 
3,375 

^ Beryland, 1980. 



Emissions 

Natural Sources Anthropogenic Sources 

Weathering 0.24 
Biologic Activity 0.16 
Volcanoes 7 
Forest Fires 0.17 
Oceanic 0.14 

Agriculture 2.12 
Metal Production 19.41 
Combustion 2.14 

Deposition 

Continental 28 Maritime 

6 9 
Figure 1. Global Cycle of Arsenic (x 10 g/yr) 
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Disposition of Arsenic in the Environment 

Because of the potential health effects of arsenic on workers and the 

general population, it is important to try to understand what happens to arsenic 

following its release into the environment. A discussion of all forms of arsenic 

released into the environment, including natural and anthropogenic sources, is 

beyond the scope of this thesis. However, the greatest source of unwanted 

arsenic production and environmental contamination is from metal production, 

copper production in particular. Therefore, the following portion of the 

introduction deals with environmental arsenic contamination as a by product of 

copper smelting. 

Most of the arsenic emitted by copper producing facilities, whether by 

stack effluent, mining tailings, or slag wastes, is found as the trivalent form 

As(III) (Webb and Carter, 1984). Numerous studies reviewed by the World Health 

Organization have evaluated the arsenic content of air, soil, and water near 

copper and other non-ferrous smelting operations. Figure 2 summarizes the soil-

air cycle of arsenic (Branman, 19S3). Fungal and bacterial action are important 

aspects of this cycle because they are capable of transforming various arsenic 

species into methylarsines which are volatile and enter the air from soil. 

Unfortunately not enough data characterizing arsenic compounds in air is 

available to adequately assess this air-soil interaction. Biological activity may 

also change the characteristic of soil and water arsenic, specifically by oxidizing 

As(III) to As(V). Conceivably this is an important determinant of the way arsenic 

moves in the environment since As(III) is 5 to 8 times more mobile in sandy soil 

than As(V) and, at higher soil pH values, As(III) is more mobile than As(V) 

regardless of soil type. Both As(III) and As(V) are transported more slowly in 

absorbing soils than sandy soils and at acidic than basic pH (Piver, 1983). In 
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Figure 2. Local Soil-Air Cycle for Arsenic (Branman, 1983). 
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water there is a tendency for oxidation to occur by both biologic and nonbiologic 

means so that the amount of As(V) exceeds that of As(III). Typical As(III)/As(V) 

ratios for sea water and fresh water range from 0.02 to 0.2 (World Health 

Organization, 1981). Therefore, the movement of arsenic in any form is heavily 

influenced by the presence of water. The movement of arsenic emitted into the 

environment from a primary arsenic smelter in Tacoma, Washington has been 

investigated showing that levels of arsenic in air, water, soil, and sediment 

diminished with increasing distance from the smelter. A substantial portion of 

the arsenic entering Puget Sound was not accounted for and was presumed to 

have left the area (World Health Organization, 1981). This is an area of frequent 

rainfall with soil containing a high level of organic material. No such study has 

been conducted around copper smelters in the Sonoran desert region of southern 

Arizona where rainfall is generally scarce and soil is very sandy with high pH; 

conditions opposite those of Tacoma. Because of uncertainties in the disposition 

of arsenic environmental contamination and the known human health effects of 

arsenic, it is important to establish a method of monitoring arsenic in the 

environment. 

Principles of Environmental Monitoring 

Six goals of environmental monitoring were established at an 

International Workshop on Monitoring Environmental Materials and Specimen 

Banking held in West Berlin, October 1978. These are 1) the establishment of 

baselines; 2) the monitoring of effects; 3) the monitoring of trends; ^) the 

elucidation of movement of materials through food chains and partitioning 

between the physical and biotic components of the ecosystem; 5) the use of 

changes in trends or movement along specific pathways to provide an early 
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warning or "red flag" that some, possibly deleterious, event has occurred in the 

environment; 6) the use of the foregoing in the regulation of use of the aquatic 

environment for agricultural, industrial and domestic purposes and for waste 

disposal (Leupke, 1979). 

The workshop also examined various models for biologic monitoring 

including soil microbes, plants, invertebrate animals, vertebrate animals, and 

aquatic ecosystems. In addition Bromenshenk (Bromenshenk, 1979) has compared 

several invertebrate animals as models for environmental monitoring and has 

shown why Apis mellifera L., the honey bee, is the best selection in this 

category. 

Bees are a good model for environmental monitoring of arsenic 

contamination from copper smelting for several reasons that satisfy selection 

criteria established by the workshop (Leupke, 1979). First, population dynamics, 

including habitat, distribution, life cycle, homogeneity, and stability, have been 

well studied. Other important well studied features are biologic and physiologic 

characteristics plus effects of toxins and pollutants including arsenic (Kovda and 

Kerzhentsev, 1980). The interest in studying A. mellifera L., stems from the 

bee's importance to man as a producer of honey and pollinator of crops. These 

invertebrate animals are found abundantly in nature facilitating effective 

passive biologic monitoring; i.e., sampling extant species in the environment, and 

easily distributed for effective active biologic monitoring; i.e., introducing 

species in the environment for future sampling. Lastly, but not of least 

importance, bees may be easily collected from a central source and the cost of 

collection and analysis is low when compared to other models. 
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Description of the Model 

The colonization of honeybees and man's interaction with thenn has been 

reviewed by Crane (Crane, 1983). Paleontologists believe honey bees lived in 

colonies and stored honey ten to twenty million years ago, bat the first clear 

evidence of man's involvement with them comes from cave paintings in Eastern 

Spain dated to around 7000 to 6000 B.C. These paintings depict the robbing of 

native colonies. Crane states "though the process of agriculture probably 

developed simultaneously in many parts of the Old World and Asia, the earliest 

certain evidence comes from Egypt around 2400 B.C. Pictographs from the sun 

temple of Neuserre at Abu Ghorab show that bee keeping was already highly 

developed. The methods depicted in these scenes are similar to those used in the 

same region even today." 

No honeybees are native to the New World though inferior honey may 

be extracted from the Meliponini or stingless bee which is indigenous to the 

Americas. A. mellifera L. was not introduced from Europe until the 1620's 

(Crane, 1983). A rich heritage of agriculture burgeoned in the late l?th and 

early 20th centuries thanks to the innovative ideas and enthusiasm of A.I. Root 

of Medina, Ohio. Root was one of the first to recognize the harmful effects of 

agricultural poisons and industrial wastes on bees. Regarding arsenic poisoning 

in particular he states: 

one-half part per million ingested with pollen, nectar, water, or other 
food may kill a bee. These bees usually die before they can return to 
the hive. Young nurse bees may be killed when the pollen is taker» from 
foragers for conversion to Royal 3elly. However, these nurse bees 
usually crawl to the front of the hive to die or leave the hive and 
therefore do not feed the queen. The queen is usually among the last to 
die in a hive contaminated with arsenic. Hives will succumb in a 
matter of days following exposure to arsenicals. The foragers vill be 
the first to go and may do so in a matter of hours (Root, 1962). 



In addition he cites two instances of bee kills directly related to copper smelting 

though the causative agent, or agents, was not known. The first occurred in 1907 

in Salt Lake City, Utah. Over the course of increasing copper smelting 

operations, an estimated 10,000 colonies of bees were lost in the vicinity of the 

smelters. The matter was settled out of court ten years later for $60,000. The 

second incident occurred in March 1924 in Pinal County, Arizona. Noxious 

material emitted from a smelter owned by Magma Copper Company allegedly 

killed all the bees in 27 colonies located 3500 feet from the smelter. The 

plaintiff was awarded $10.00 per hive in 1927 (Root, 1962). 

In the past decade honey bees have received attention as biologic 

monitors for a wide variety of environmental pollutants. Not only pesticide 

contaminants, which have been well studied, but over W elemental and 

radionuclide contaminants have been investigated using bees (Bromenshenk, 

1979). Honey has also been analyzed for many elements (Troy, et al., 1975). 

Radioactive tritium, 137-cesium, and plutonium have been monitored using bees 

located in canyons where liquid waste has been disposed from the Los Alamos 

National Laboratory (Wallwork-Barber, Ferenbaugh and Gladney, 1982). 

Bromenshenk has had extensive experience using A. mellifera L. as a biologic 

monitor for fluoride and arsenic. He studied levels of these two elements before 

and after the starting of a coal-fired electrical power plant in Colstrip, Montana, 

noting that both elements increased significantly in bees after operations had 

begun (Bromenshenk, 1980). More recently he has studied the primary arsenic 

smelter in Tacoma, Washington, using bees collected by independent beekeepers 

in the area. These results show, with the help of sophisticated statistical 

methods, a concentric increase in arsenic levels approaching the smelter from 

the periphery (Bromenshenk, et al., unpublished). 
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Honey bees demonstrate a number of environmental interactions and 

exhibit certain characteristics that cause them to accumulate pollutants, 

particularly arsenic, making them ideal biologic monitors. Each hive contains 

one queen and approximately 300 drones, 25,000 older workers (foragers), 25,000 

young workers (house bees) and 9,000 larvae requiring food; thus an abundance of 

individuals. Foraging needs little energy since it has been estimated that flight 

requires Yi mg of honey per kilometer of flight or 3 x 10^ km per liter. Producing 

1 pound of honey necessitates a total flight path of 3 circumferences around the 

earth. Foragers fly at about 21 to 24 km per hour about 1 to 8 meters above the 

ground and make an average 7 to It trips from the hives per day. During 

foraging activity a bee may visit anywhere from 50 to 1000 flowers until the 

honey sac is full. If a variety of flowers are available the bees will work within 

200 to 500 meters and may cover an area of 200 acres to 5 square miles (Crane, 

1980). Usually flight paths average 3 to 4 km but in sparse vegetation bees have 

been observed actively foraging 13.5 km from the hive (Van Frisch, 1967). These 

behaviors show frequent, intense contact with the environment over a large area. 

Because of these behaviors, bees are exposed to multiple environmental 

media; air, water, and soil. Exposure to potentially contaminated air occurs 

during foraging via the bee's body surface and its 20 respiratory passages and 

also during forced air circulation within the hive. Soil contamination and 

precipitates from air contamination on surfaces may be picked up during 

foraging while bees crawl to the nectar and pollen sources of flowers and 

sometimes when they mistake accumulations of dust as pollen sources (Tong et 

al., 1975). Any contamination in these media may be brought back to the hive by 

foragers and transferred to nurse bees and larvae at higher concentrations than 

found outside the hive. 
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This investigation involves the use of A. mellifera L. as a biological 

monitor for arsenic of three copper smelting sites and one control area. The 

study was designed to assess the effectiveness of the A. mellifera L. model, as a 

monitor for environmental arsenic, as well as to establish baselines and trends in 

environmental arsenic contamination. An attempt was made to ascertain 

baseline levels of arsenic in bees at all smelter sites and to gauge the amount of 

arsenic seen at various distances from one smelter (San Manuel). In addition, the 

opportunity arose to sample bees following severe flooding in southern Arizona, 

during early October 1983, to determine its effect on local arsenic levels. 

Finally, measurements were made of arsenic levels in bees during the time one of 

the smelters (Ajo) was not in operation and then again after production 

restarted. This would test the sensitivity of the A. mellifera L. model to detect 

sudden changes in environmental arsenic and give a relative indication of the 

increase in local arsenic levels. 



CHAPTER II 

METHODS AND MATERIALS 

Physical Description of the Areas Investigated 

The three smelter sites monitored in this study are located in southern 

Arizona within a 120 mile radius of Tucson. These sites are at Ajo, San Manuel, 

and Winkelman (or Hayden). In general the area consists of Sonoran Desert 

interspersed with mountains up to 9,700 feet elevation. All of the studied sites 

are located on the desert floor in valleys and range in elevation from 1,600 feet 

at Ajo to 3,200 feet at San Manuel. Topography consists of sandy loam topsoil, 

pH 7.5 to 8.4, covered by Sonoran Desert vegetation. This vegetation principally 

consists of several varieties of cactus including saguaro, prickly pear, barrel, and 

cholla. Mesquite and palo verde trees account for most of the density of 

vegetation on the desert floor except along rivers and washes where Cottonwood 

trees and crop-lands predominate. Most nectar and pollen gathering by A. 

mellifera L. occurs on flowering brush such as mesquite, palo verde, and salt 

cedar trees; cat claw, bottle brush and other scattered desert flowers; and only 

on a few cacti such as the saguaro. Water sources for A. mellifera L. in these 

areas include continuous and intermittent rivers and washes, livestock ponds, and 

smelter tailing ponds. 

Two of the monitored sites, Hayden and San Manuel, are located along 

the San Pedro River. San Manuel is approximately 30 miles up river from 

Hayden. In addition, located at the head waters of the San Pedro approximately 

17 
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115 miles south southeast of San Manuel is a large copper smelter at Cananea, 

Sonora, Mexico. Smelter stack emissions from the Cananea smelter and from 

the Phelps-Dodge smelter located at Douglas, Arizona can be seen on some days 

moving down the San Pedro Valley toward San Manuel. The control area, located 

on the San Xavier Indian Reservation, is approximately lft miles southeast of the 

San Xavier del Bac Mission located southwest of Tucson. Though there are open 

pit mining operations 7 miles south of this location, the closest smelter is at San 

Manuel over 60 miles away on the opposite side of the Santa Catalina mountains. 

See Figures 3 through 7 for the location of the areas studied and the location of 

apiaries sampled. 

Sample Collection Methods 

Honey bees sampled in the study were obtained either from private 

apiaries or from hives loaned by the U.S. Department of Agriculture, Carl 

Hayden Bee Research Laboratory in Tucson. 

Owners of private apiaries were contacted through registration records 

filed with the Arizona State Department of Agriculture and Horticulture in 

Phoenix. These records show the location of apiaries by section, range and 

township. Each apiary owner was initially contacted by telephone and a meeting 

was arranged at the apiary for sampling. No apiaries were found in reasonable 

proximity to the smelter at Ajo so hives were borrowed from the Hayden Bee 

Research Lab and transported to an area north of the smelter on federal land 

managed by the Bureau of Land Management. For the first sampling at Ajo in 

the fall of 1983 (A), 10 hives belonging to the Bee Research Lab and kept at the 

University of Arizona Agricultural Experimental Station in Tucson were loaded 

onto a flatbed truck and transported to the Ajo site where they were left two 



weeks prior to sampling. Immediately following collection, these hives were 

transported back to Tucson. The same procedure was followed for the second 

sampling in the spring of 1984 (2A) except that the hives were left at the site 

one month prior to sampling and samples were collected on the same day the 

smelter restarted. These same hives were sampled again one month later (3A). 

Therefore, sample 2A is considered to reflect preoperating conditions at the 

smelter and sample 3A is considered to reflect postoperating conditions. For the 

first set of collections in the fall of 1983 at Hayden (W), hives were also obtained 

from the Bee Research Lab and transported to private land south of the smelter. 

These hives were left for two weeks prior to sampling. For the second sampling 

at Hayden in the spring of 1984 (2W), a private apiary at a different location was 

used. Samples from San Manuel, north Mammoth and south Mammoth were 

collected from private apiaries. See Table 5 for the dates of sample collection. 

The same sampling procedure was used for all collections. A two inch 

by fifteen inch light gauge aluminum mesh screen was folded lengthwise and 

gently tucked into the hive entrance with a steel hive tool in order to completely 

block the entrance of the hive to bees. As forager bees returned to the hive and 

wandered over the blocked entrance, they were vacuuumed into bags using the 

device schematically shown in Figure 8. A vacuum tip of high impact plastic was 

wedged into a flexible reinforced Tygon tube. This was attached to a specially 

constructed vacuum sump built for the Bee Research Lab. It consisted of a 

copper tube covered with an outer sleeve of steel pipe. The outer sleeve was 

connected, via a perpendicular side port, to the portable vacuum. A thin 

perforated steel plate on one end served as a grate separating the inside of the 

copper tube and the inside of the steel sleeve. There was no other air flow 

communication between the inner tube and the outer sleeve. Vacuumed air (and 
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Table 5. Dates of Sample Collection. 

Sample Date Collected 

1. SX 11/01/83 

2. SM 11/05/83 

3. A FALL 1983 11/08/83 

4. W 11/15/83 

5. 2A 05/18/83 

6. 2SM 06/01/84 

7. M 06/03/84 

8. 2W SPRING 1984 06/09/84 

9. 2M 06/16/84 

10. 2SX 06/18/84 

11. 3A 06/21/84 

< 
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bees was drawn into the suction tip and hose, into the copper tube, and down into 

R a Whirl-Pak bag fitted snuggly over the grate end of the device. The bag was 

held open by steel wire arches crossing over the grate end and bees were 

deposited here since they could not pass the grate into the steel sleeve. When 

bags were about half filled with bees (approximately 200 - 300) they were quickly 

removed from the sump; gently pressed to expel air, but not bees, by holding the 

top of the bag together; then sealed by rolling the wire at the top of the bag over 

on itself and folding back the tabs over the rolled portion. The samples were 

immediately placed on dry ice in a portable container to be kept frozen until 

analysis. The portable vacuum used was a 12 volt Sears model 6510 powered by a 

12 volt Battery Factory automobile battery transported in a specially built 

carrying box with handle. 

At each sampling site, 10 hives were sampled. If there were more than 

10 hives in the apiary, the hives sampled were selected based on good foraging 

activity. An attempt was made not to sample adjacent hives in the apiary 

except when foraging activity was slow. This happened in the late spring after a 

dry winter in southern Arizona. In order to obtain 10 samples from each site, 

screens were placed into the entrance of 2 adjacent hives and bees were 

vacuumed alternately from each hive until a sufficient quantity was obtained. 

This was counted as one sample. Between sites the collecting apparatus was 

rinsed with 1:1 reagent grade nitric acidrdistilled deionized water three times 

then rinsed three times with distilled deionized water alone and allowed to air 

dry. 

In preparation for analysis, the frozen bees were placed in polyethylene 

beakers. These beakers had been previously washed in hot soapy water and 

rinsed with distilled water, rinsed with concentrated reagent grade nitric acid, 
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and finally rinsed with distilled deionized water. Samples from each hive were 
d 

transferred from Whirl-Pak bags to individual beakers and placed in a drying 

oven set at 50 - 55°C. The samples were loosely covered with aluminum foil and 

allowed to dry for at least 72 hours. After drying the samples were transferred 

to new Whirl-Pak bags and stored. While in the bags the dried bees were 

crushed by hand into course body fragments to facilitate accurate weighing and 

aid in dissolution during further preparation. 

Analytical Methods Compared 

Three analytical methods were compared for consistency and accuracy. 

Each method is summarized below. For these comparisons, young house bees 

were collected from the frames of a top super of a single hive located at the Bee 

Research Lab in Tucson and frozen and dried as described above. These dried 

R bees were gently crushed in Whirl-Pak bags, weighed, and placed in the 

appropriate containers for the digests. Four known concentrations of arsenic 

trioxide (AS2O^) in deionized water were added to separate aliquots of bees. 

One aliquot for each procedure was treated as a blank and no arsenic was added. 

Each aliquot was then digested according to one of the following procedures. All 

glassware was cleaned and rinsed as described previously. 

The first procedure is described by Uthus, et al (Uthus, et al., 1981) 

and is fundamentally a dry ashing technique. One half gram of dried crushed 

bees was placed into a 16 x 150 mm culture tube made from borosilicate glass. 

One half gram of alpha cellulose was added to the sample to prevent foaming. A 

volume of 2 ml of magnesium nitrate, MgCNO^* was added and the sample 

mixed by vortex mixer. Samples were placed in an aluminum block heater and 

brought to 200°C slowly over 2 to 3 hours then to 280°C for at least 30 minutes 



to ensure dryness. At 150 to 160°C a brownish orange smoke was rapidly 

liberated from the tubes over 30 to 60 seconds. If the temperature rose too 

rapidly in this range, samples could be forcefully expelled from the tubes. The 

samples were then cooled and placed in a steel test tube rack which was put in a 

cold muffle furnace to be heated to 600°C for 16 hours then allowed to cool for 

24 hours. A volume of 5 ml of 5N hydrochloric acid was added to each ashed 

sample. Then this was transferred to a 10 ml volumetric flask and brought to 

volume with distilled deionized water. A volume of 2 ml of this sample solution 

was added to the reaction flask for arsine generation along with 8 ml of distilled 

deionized water and 10 ml of 6N hydrochloric acid. The flask was closed and a 

solid pellet containing 98 per cent sodium borohydride, NaBH^, was dropped into 

the solution reacting with arsenic in the solution to become arsine gas which was 

eluted directly into the air-hydrogen flame of the spectrophotometer for 

quantitation. This last step using the borohydride pellet instead of a 10 per cent 

borohydride solution was a modification made for adaptation to the arsine 

generator used in this lab. 

The next sample digestion procedure, described by Fujii (Fujii, 1980) is 

an acid dissolution method. One gram of dried sample was placed in a 125 ml 

Ehrlenmeyer flask followed by 30 ml of a 3:2 (v/v) solution of concentrated nitric 

acid to concentrated perchloric acid. This solution was allowed to stand 

overnight then slowly heated to dissolve any solids and reduced to one-half 

volume. After cooling 10 ml of a 1:1 solution of concentrated nitric acid to 

concentrated sulfuric acid was added and the mixture slowly heated until 

perchlorate fumes evolved. At this point the temperature was increased to 

210°C and sulfate fumes were emitted. Heating was continued until the volume 

was reduced to approximately 5 ml. After cooling this liquor was transferred to 
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a 50 ml volumetric capped tube containing 15 ml concentrated HC1, 10 ml 

and 1 ml of 1% (w/v) potassium iodide and left to stand for 1 hour. A 20 ml 

aliquot of sample was placed into the reaction flask and 5 ml of 5% (w/v) sodium 

borohydrate was added through a side port of the flask to generate arsine gas 

which was carried into the air-hydrogen flame of the spectrophotometer. 

The third sample digestion method compared is described by Webb 

(Webb and Carter, 1984). One gram of dried sample was placed in a 25 ml 

Ehrlenmeyer flask. A volume of 2 ml of concentrated nitric acid was added 

followed by 30 mg of potassium dichromate, and 3 ml of concentrated 

nitric acid added slowly. A boiling stone was added and the flasks were placed 

on a hot plate preheated to 120°C. The samples were heated until the volume 

was reduced to 1 to 2 ml then cooled. A volume of 3 ml of concentrated sulfuric 

acid was added to the sample and it was placed back on the hot plate to be 

heated to 240°C to 260°C until sulfate fumes were observed then heated 30 

minutes more. If charring occurred the flasks were removed from the hot plate, 

cooled, and 3 ml of concentrated nitric acid added before the sample was 

returned to the hot plate. The sample was then transferred, after cooling, to a 

50 ml volumetric tube which contained 1 ml of 20% (w/v) sodium iodide and 

brought to volume using distilled deionized water. The tubes were placed into a 

50°C oven for 30 minutes. A 2 ml aliquot of this sample was placed into the 

reaction flask along with 8 ml distilled deionized water and 10 ml of 6N 

hydrochloric acid. A sodium borohydride pellet was dropped into the sealed 

reaction flask and the arsine gas generated was carried into the air-hydrogen 

flame of the spectrophotometer. 

Standards were made for each digest using either arsenic trioxide, as 

arsenic(III), or sodium arsenate, as arsenic(V). The procedure described by Uthus, 

et al oxidized all arsenic in the samples to arsenic(V) and arsenic(V) standards 
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were used whereas the procedures described by Fujii and Webb reduced all 

arsenic in the samples to arsenic(lll), therefore arsenic(III) standards were used. 

Reagents, Source, and Lot Number 

The following list contains all chemicals used in the comparison of 

sample digestion methods and all sample analyses. 

Acids: 

Hydrochloric - 'Baker Analyzed', J.T. Baker Chemical Co., 

Phillipsburg, N.J. Lot No. 242039. 

Nitric - 'Baker Instra-analyzed', J.T. Baker Chemical Co., Lot No. 339048. 

Perchloric - 70%. Mallinckrodt Chemical Works, St. Louis, MO. 

Lot. No. 2766. 

Sulfuric - 'Baker Instra-analyzed', J.T. Baker Chemical Co., Lot. No. 336042. 

Arsenic Compounds: 

Arsenic trioxide (As2©^) - 914 g/As(III)/ml in deionized water. Alpha 

Products, Danvers, MA. Lot No. 061781. 

Sodium arsenate (Na^HAsO^ . 7- Pfaltz and Bauer Chemical Co., 

Stamford, CT. Lot No. S04145. Used to prepare 1000 g As(V)/ml in 

deionized water with 5% (v/v) I-^SO^). 

Miscellaneous Compounds: 

-cellulose fiber - Sigma Chemical Co., St. Louis, MO. Lot No. 92F-0243. 

Magnesium nitrate MgtNO^ • 61^0 , Matheson, Coleman, and Bell 

Manufacturing Chemists, Los Angeles, CA. Lot No. MX60 CB 488. 

Potassium dichromate (K2Cr207) - Mallinckrodt, Inc., Paris, KY. 

Lot No. KJMG. 

Potassium iodide (KI) - J.T. Baker Chemical Co., Lot No. 41554. 
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Sodium iodide (Nal) - Fisher Scientific, Fairlawn, NJ. Lot No. 705703. 

Sodium tetrahydroborate (NaBH^) 98% - Alpha Products, Lot No. 2-92. 

Instrumentation 

The atomic absorption spectrophotometer used for all samples was an 

Instrumentation Laboratories model number IL151 using a 3 slot burner with a 

nitrogen enriched air-hydrogen flame. Instrument settings were as follows: 

Wavelength: 193.7 nm generated by an arsenic hollow 

cathode lamp at 7 mA 

N2 carrier gas flow rate: 9 liters per minute 

H2 flow rate: 5 liters per minute 

Thirty minutes was allowed for instrument warm up and another fifteen minutes 

allowed for adjustment with the flame on. The signal generated by the 

spectrophotometer was received by a Hewlett-Packard strip chart recorder 

model number 7127A set at 10, 20, or 50 mV with chart speeds of either 0.25 or 1 

inch per minute. 

Figure 9 depicts the arrangement of the reaction flask in which arsine 

was generated and its connection to the spectrophotometer. The 100 ml round 

bottom flask was suspended from a steel frame using pinch clamps. The center 

neck was fitted with a two-holed rubber stopper which permitted a continuously 

flowing line of nitrogen into the flask and a gas output line which carried arsine 

to a water trap then on to the burner. One side neck of the flask was equipped 

with a glass plunger tightly fitted inside a rubber stopper. A sodium borohydride 

pellet could be inserted into the bottom of the stopper and released into the 

closed flask when the plunger was depressed. The pellet dissolved rapidly in the 
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acidic samples reacting with any arsenic present to form arsine gas which was 

carried by nitrogen out of the reaction flask through a water trap into the air-

hydrogen flame of the spectrophotometer. 

Calculations 

Arsenic in each sample was quantitated by measurements of peaks 

appearing on the strip chart recorder. In the methods described by Fujii and 

Webb peak height was measured from an established baseline. This value was 

found on the standard curve plot of arsenic(III) and gave the number of micro

grams found in the sample placed in the reaction flask. The amount found in the 

original, undigested sample was determined by multiplying by the appropriate 

dilution factor. The same steps were used for the method described by Uthus, et 

al except that peak area was measured and compared with a standard curve 

made by using arsenic(V). 

Descriptive statistics and 2-sample t-tests were calculated on the final 

results of the smelter site and control site samples using "Stats Plus", a general 

statistics package for the Apple lie personal computer. Significance is defined 

as p < .05. 
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CHAPTER III 

RESULTS 

Table 6 shows the results of the three sample digestion procedures 

measuring aliquots of bees with a known concentration of arsenic(III) added. 

Examining the results from the method described by Fujii (Fujii, 1980) it appears 

that the aliquots containing lower concentrations of arsenic, specifically the 

blank and 0.05 Vg/g aliquots, were underestimated but the aliquots of higher 

concentration, 0.5 and 1.0 vg/g, were overestimated. These results suggest that 

the sensitivity of the method is inadequate for this investigation. The opposite 

problem occurred using the procedure described by Webb (Webb and Carter, 

1984); small concentrations of arsenic were overestimated and the greatest 

concentration tested, 2.0 ug/g, underestimated. It appears this method is 

insensitive at higher concentrations. The best results were obtained using the 

method described by Uthus, et al. (Uthus, 1981). Though the method tends to 

slightly underestimate values when the amount of arsenic found in the blank is 

substracted, accuracy was not appreciably compromised. In addition this method 

proved to be the most simple, least time consuming, and provided the most 

concentrated aliquot for analysis; 10 ml per gram of sample as opposed to 30 ml 

for each of the other methods. 

To further test the accuracy of this method described by Uthus, et al 

(Uthus, 1981), samples of known arsenic concentration were analyzed. Bovine 

liver from the National Bureau of Standards (Standard Reference 
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Table 6. Results of Sample Digestion Methods Comparison 

Observed Values( yg/g) 
Amount of As(III) 
Added (y g/g) Uthus Fujii Webb 

Blank (0) 0.010 0 0.040 

0.05 0.050 0.018 0.070 

0.10 0.105 0.154 0.144 

0.50 0.500 0.546 0.600 

1.00 0.980 1.515 

2.00 - -- 1.300 
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Material 1577) as well as honey bee samples from Dr. Bromenshenk's laboratory 

at the University of Montana were digested for analysis using the Uthus 

procedure. Results can be found in Table 7. This method overestimates the 

levels at low concentrations. In addition, at the time these standards were 

analyzed, the atomic absorption spectrophotometer was sharing an electrical 

circuit with two other analytical instruments causing a high degree of baseline 

interference and this subsequently reduced the sensitivity of low arsenic 

concentrations. 

Using the Uthus method to analyze samples obtained from smelter and 

control sites during the Fall of 1983, the results appearing in Table 8 were 

obtained. On inspection there appears to be a substantial difference between 

bees obtained from smelter sites and bees from the control area, San Xavier 

Indian Reservation. This apparent difference is substantiated statistically as 

seen in Table 9. Perhaps the most unexpected finding in these results is the high 

levels of arsenic at the Ajo smelter which had been closed over 18 months prior 

to these collections. Table 10 shows T-test comparisons between Ajo and the 

other smelter sites. 

Table 11 shows results of collections completed in the Spring of 1984. 

The results of samples from the control area were unusually high compared to 

samples of the control area in the Fall of 1983. Upon further inquiry it was 

learned that samples 1 through 4 were from hives that had remained in San 

Xavier for several months but samples 5 through 10 were from hives that had 

been in onion fields in Yuma, Arizona for several weeks and returned to San 

Xavier just 3 days prior to sampling. If these two groups, samples 1 through 4 

and 5 through 10, are compared by t-test, there is a significant difference of 
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Table 7. Results of Arsenic Standards Analysis Using Uthus Sample Digestion 
Method. 

Standard Observed 
Arsenic Concentration Concentration 

Item (yg/g) ( yg/g) 

National Bureau of 
Standards, Bovine 
Liver (No. 1577) 0.055+0.005 0.075 

University of Montana 
Standards: 

KL 3.80 + 0.37 3.72 

GF 0.10 + 0.02 0.16 
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Table 8. Results of Arsenic Analysis from Hives Sampled - Fall 1983. 
Values in ug/g. 

CONTROL 
San Xavier Winkelman San Manuel Ajo 

Sample No. (SX) (W) (SM) (A) 

1 0.285 0.280 0.535 0.535 

2 0.205 0.380 0.785 0.550 

3 0.210 0.585 0.380 0.525 

4 0.155 0.415 0.410 0.700 

5 0.190 0.330 0.265 0.350 

6 0.150 0.375 0.315 0.450 

7 0.210 0.210 0.320 0.565 

8 0.150 0.310 0.290 0.640 

9 0.150 0.350 0.330 0.465 

10 0.220 0.300 0.480 

Mean + S.D. 0.193 + 0.043 0.354 + 0.10 0.403 + 0.164 0.526 + 0.099 
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Table 9. Results of 2-Sample t-tests Comparing Control Samples (SX) with 
Smelter Site Samples - Fall 1983. 

Smelter Site Sample Significance 

San Manuel (SM) p < .001 

Winkelman (W) p < .001 

Ajo (A) p < .001 



Table 10. Results of 2-Sample t-tests Comparing Smelter Site Samples - Fail 
1983. 

Comparison Significance 

San Manuel (SM) - Winkelman (W) N.S. 

San Manuel (SM) - Ajo (A) N.S. 

Winkelman (W) - Ajo (A) p = .001 
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Table 11. Results of Arsenic Analysis from Hives Sampled - Spring 1984. 
Values in ug/g. 

Site 

San Xavier Winkelman San Manuel 
Sample No. (2SX) (2W) (2SM) 

1 0.493 1.120 0.420 

2 0.580 0.822 0.380 

3 0.540 1.000 0.432 

4 0.606 0.624 0.465 

5 0.387 0.368 0.644 

6 0.440 0.544 0.505 

7 0.404 0.704 0.480 

S 0.568 — 0.640 

9 0.384 0.712 0.432 

10 0.420 0.752 0.380 

i + S.D. 0.482 + 0.086 0.738 + 0.227 0.478 + 0.095 
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Table 11. Continued. 

Site 

South North 
Sample No. Ajo (2A) Ajo (3A) Mammoth Mammoth 

(2M) (2M) 

1 " 0.432 1.580 0.700 0.516 

2 0.528 1.260 0.530 0.396 

3 0.348 1.310 0.600 0.432 

4 0.452 1.500 0.893 0.368 

5 0.516 2.140 0.553 0.580 

6 0.400 1.670 — 0.296 

7 0.316 1.660 — 0.568 

8 0.408 1.660 ~ 0.456 

9 0.640 1.920 ~ 0.496 

10 0.360 2.080 — 0.472 

Mean + S.D. 0.440 + 0.098 1.678 + 0.295 0.655 + 0.148 0.458 + 0.089 



p = .0165 but the values are higher in 1 through 4 (mean = 0.555 + .049 y g/g) 

than 5 through 10 (mean = .434 _+ 0.069 y g/g)* Though there is a significant 

difference between these two groups both groups are over twice as high in 

arsenic than the control area samples from Fall 1983. Both areas are far from 

smelting activity and there is no mining activity near Yuma. Consequently all 

sampled hives at San Xavier (samples 1 through 10) were treated as one control 

group. The smelter site samples were compared to this control group by t-tests. 

There was not a significant difference between bees sampled at San Manuel or 

Ajo and the control group. In addition levels at north Mammoth were not 

significantly different from controls (see Table 12). There was an important 

significant difference between preoperational levels at Ajo (2A) and 

postoperational levels (3A) (p < .001). One unexpected finding was the high 

levels of arsenic and significant difference from controls in bees sampled at 

south Mammoth. Even when the highest value at South Mammoth of 0.893 y g/g 

is taken out, the significant difference remains. During sampling at this site, a 

strong sulfurous odor accompanied by mucous membrane irritation was observed 

and the plume from the smelter stack at San Manuel was noticed directly 

overhead. Table 13 shows t-test comparisons of samples from San Manuel, north 

Mammoth, and south Mammoth. 

Table 14 compares Fall 1983 and Spring 1984 samples at each of four 

sites. These comparisons cannot be made on simple statistical grounds alone 

since some of the apiary locations changed between Fall and Spring. At 

Winkelman the hives sampled in the Spring were 2.2 miles closer to the smelters 

than hives sampled the previous Fall. Accordingly there was a significant 

difference in arsenic levels. At San Manuel hives sampled in Fall and Spring 

were on opposite sites of the smelter but nearly equidistant from the stack and 
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Table 12. Results of 2-Sample t-tests Comparing Control Samples (2SX) with 
Smelter Site Samples - Spring 1984. 

Smelter Site Sample Significance 

Winkelman (2W) p = .004 

Ajo - Preoperational (2A) N.S. 

Ajo - Postoperational (3A) p < .001 

San Manuel (2SM) N.S. 

South Mammoth (2M) p = .012 

North Mammoth (M) N.S. 
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Table 13. Results of 2-Sample t-tests Comparing San Manuel and Mammoth 
Samples - Spring 1984. 

Comparison Significance 

San Manuel (2SM) - p = .0135 
South Mammoth (2M) 

San Manuel (2SM) - N.S. 
North Mammoth (M) 

South Mammoth (2M) 
North Mammoth (M) 

p = .006 



Table 14. Results of 2-Sample t-tests Comparing Fall 1983 and Spring 1984 
Samples. 

Comparison Significance 

San Xavier (SX - 2SX) p < .001 

Ajo (A - 2A) N.S. 

San Manual (SM - 2SM) N.S. 

Winkelman (W - 2W) p < .001 



no significant difference was observed. Hives at Ajo were placed in the same 

location in Fall and Spring and no significant difference was observed. The 

difference between Fall and Spring samples at San Xavier has already been 

mentioned. A fortuitous observation occurred during Spring sample preparations. 

Though 0.5 g of each sample was weighed out and placed in 16 x 150 mm glass 

culture tubes according to the Uthus procedure, it became readily apparent that 

the volumes were sometimes unequal. These volume differences were 

approximated and recorded. Samples 4 through 9 from Winkelman had about 

one-third less volume than samples 1, 2, 3, and 10. All samples except 2, 4, and 

6 from north Mammoth were about the same volume as Winkelman samples 1, 2, 

3, and 10. The three exceptions were about one-third less than the others. All 

of San Manuel samples were about one-half the volume of most of the north 

Mammoth samples and Winkelman samples 1, 2, 3, and 10. All samples from Ajo 

were roughly the same volume as those from San Manuel. There did not appear 

to be any relationship between these volumes and drying time, bee color or 

consistency. The relative volume differences can be listed as follows according 

to approximate height of a 0.5 g sample in a culture tube: 

1.5 - 2.0 cm Winkelman 4-9 

North Mammoth 2, 4, and 6 

San Manuel 1-10 

Ajo 1-10 

2.5 - 3.0 cm Winkelman 1, 2, 3, and 10 

North Mammoth 1, 3, 5, 7-10 
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All other samples (2M, 2SX and 3A) were approximately between 2.0 and 2.5 cm 

high in culture tubes. Further comments on this observation are made in the 

discussion section. 

Further statistical analysis of the results using simple linear regression 

to compare samples and some of the parameters in Appendix C was considered. 

However, after consultation with a statistician at the University of Arizona 

Statistical Consultation Laboratory, it was decided that not enough data points 

were available for meaningful comparisons. 

After all results were tabulated, owners of private apiaries that were 

sampled for arsenic were contacted. The results were discussed and compared in 

such a way as to maintain confidentiality. 



CHAPTER IV 

DISCUSSION 

The results show that A. mellifera L. can be an effective biological 

monitor for environmental arsenic pollution. This conclusion is supported by 

results that show higher levels of arsenic in bees around smelters than in control 

areas and increased concentrations of arsenic in bees that are closer to a 

smelter. For example, in the Fall of 1983 all samples obtained near smelters 

contained significantly higher levels of arsenic than the control area. Though 

these samples were from single apiaries at each smelter and the distance of the 

apiaries from the smelter stacks ranged from 2.5 miles at Ajo to 4.1 miles at San 

Manuel, they were all significantly higher in arsenic content than controls. At 

Winkelman in the Fall an apiary that was located 3.9 miles from the smelter 

showed higher levels of arsenic than controls, but the following Spring a second 

apiary over 2 miles closer showed substantially higher levels. This suggests 

higher levels of arsenic are found in bees that forage closer to the smelter. At 

San Manuel separate apiaries were sampled in Fall and Spring but were 

equidistant from the smelter stack and showed no significant difference from 

each other. At Ajo no difference was observed between Fall and Spring at the 

same site. All these results support the findings of a higher environmental 

burden of arsenic in a concentric fashion as one approaches a smelter from the 

periphery as demonstrated by Bromenshenk (Bromenshenk et al., unpublished and 

Bromenshenk, 1983) and others (World Health Organization, 1981). 
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The results also show that honey bees can be an effective indicator of 

trends that occur in the levels of arsenic in the environment. Because of the 

change in smelter operations at Ajo, one would expect a corresponding variation 

of environmental arsenic levels there. This was confirmed through monitoring 

with honey bees. The Fall 1983 sample (A) and the first spring, or 

preoperational, sample (2A) were not significantly different from each other and 

both were obtained while the smelter was closed. However, the samples taken 

one month following the return of smelter activity showed levels three times 

higher than the Fall samples (A) and almost four times higher than the 

preoperational samples (2A). This demonstrates the detection of sudden shifts of 

environmental arsenic by monitoring honey bees. 

It is interesting to note with regard to trends in environmental arsenic 

levels that the arsenic levels in bees at Ajo in the Fall were higher than the 

preoperational levels in the Spring. In addition, the levels found at Ajo in the 

Fall were higher than any of the other smelter sites sampled in the Fall even 

though the Ajo smelter had not been operating for 18 months prior to these 

collections. There are two plausible explanations for this. First, it is possible 

that the environmental burden at Ajo was exceedingly high during operation 

compared to other smelter areas. Appendix C shows that Ajo had the highest 

arsenic output of any of the smelters studied in 1977. According to the model of 

dissipation of arsenic in the environment described in the introduction, the levels 

were probably falling gradually during the period following shutdown but still 

remained relatively high during the Fall sample collection. This gradual 

reduction of arsenic is supported by the lower level found in the Spring compared 

to Fall though the difference is not statistically significant. Further support 

appears in the observation that after smelting operations were restarted on 



5/16/84 the levels observed at Ajo were over twice as high as the next highest 

levels observed (Winkelman). The next most plausible reason for the 

unexpectedly high levels of arsenic at Ajo centers around the tremendous rainfall 

and flooding that occurred in southern Arizona during the first week of October 

1983. This amount of rainfall is very unusual for the Sonoran desert and resulted 

in heavy damage to areas even outside the 100 year flood plain. Total rainfall 

for October 1983, most of which occurred during the first 3 days of October, 

obtained from monitoring stations near the smelters is as follows: Ajo - 1.57 

inches, Winkleman - 2.53 inches, San Manuel - 4.8 inches. Tucson International 

Airport, the closest National Weather Service monitoring station to San Xavier, 

received 4.98 inches during October. This phenomenon may explain why levels of 

arsenic at Ajo in the Fall were relatively high since substantially less rainfall 

occurred, and why levels at San Xavier and San Manuel were relatively low. The 

environment at the latter two locations probably was purged of much of the 

arsenic by the heavier rainfall compared to Ajo since arsenic should be relatively 

mobile with water due to the desert floor's low organic material content and high 

pH. 

Environmental variables may have significantly influenced the results 

obtained from the control area. Results of arsenic levels in the samples at San 

Xavier were 2.5 times higher in the Spring (2SX) than in the Fall (SX). These 

samples were taken from the same hives at the same location. However, as 

mentioned in the RESULTS section, six hives sampled in the Spring were kept at 

Yuma, Arizona, until three days prior to sampling. It is possible that an unknown 

arsenic source was added to the control area. Perhaps the dry winter and 

prevailing south surface winds picked up dust from the ore being mined south of 

San Xavier causing an increased amount of arsenic in the environment. 
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Arsenical pesticides may have also been applied somewhere near the control 

area. The arsenic levels in the hives kept at Yuma were significantly lower than 

those kept at San Xavier, suggesting that levels of environmental arsenic at 

Yuma were substantially lower and the bees from these hives were starting to 

accumulate the higher levels of arsenic at San Xavier after this transfer. On the 

other hand, it is possible that the Fall samples from the control area were 

inordinantly low following the heavy rainfall and the Spring levels reflect the 

more usual levels of arsenic. It may be too that arsenic is bioconcentrated 

differently by bees between Fall and Spring with higher levels being accumulated 

during the accelerated foraging activity of spring. If this is true, then it implies 

that the control levels are accurate and levels obtained from smelter site 

samples that are not significantly different from the controls, i.e., 2A, 2SM, and 

M, represent baseline environmental arsenic levels. Though the control site was 

selected to represent an area far from any copper smelting activity, some copper 

mining activity occurs near the control site as it does in many areas of southern 

Arizona. Ideally the control site should have been well outside this region of 

mining activity, such as in one of the Great Plains states. Even in areas far 

removed from copper mining one must be leary of environmental arsenic 

contamination by coal-fired power plant emissions. Time and travel constraints 

did not allow the incorporation of other control areas into this investigation. 

Another section of the investigation showed surprising results and may 

also have been due to unforseen environmental factors influencing arsenic levels. 

The experiment at San Manuel and Mammoth, with apiaries at 4.2, 7.2 and 10.6 

miles from the smelter, showed highest arsenic levels at the middle distance. 

Arsenic levels would be expected to fall as distance from the smelter increased. 

There are three possible explanations for this observation. First, the bees could 



have been picking up high concentrations of arsenic from the smelter plume 

which was noted to be looping down near the ground at the south Mammoth site 

during collection but not at the San Manuel or north Mammoth sites. This 

suggests that the bees would be picking up arsenic predominantly from the air. 

Next, it is possible that the bees were picking up concentrations of arsenic found 

in the river sediments at the south Mammoth site since the apiary was located 

right on the river's edge. Arsenic may be concentrated in this segment of the 

San Pedro River since any surface runoff from rainfall that fell around the 

smelter would flow directly into the San Pedro. Arsenic travelling in this runoff 

may have a tendency to bind to the organic matter in river sediments and 

thereby concentrating it relative to the desert floor levels. The San Pedro river 

runs only intermittently leaving sediments in a dry, dusty river bed. The final 

possible explanation for this unexpected phenomenon concerns the observation of 

unequal volumes of samples during preparation for analysis (see RESULTS 

section). Samples at San Manuel had substantially less volume than samples from 

south Mammoth. This may have been due to the fact that samples at San Manuel 

were collected earlier in the spring when foraging activity was greater due to 

lower temperatures and ready availability of pollen and nectar. It is conceivable 

that bees carrying greater quantities of pollen and nectar would weigh more than 

bees with less of these two natural products and subsequently show less volume 

per gram of dry weight. Furthermore nectar and pollen probably contain less 

arsenic than a bee's body, due to the bee's bioconcentrating characteristics, and 

would not contribute a proportional share of arsenic to the sample. If the results 

were measured based on volume rather than weight then the levels at San Manuel 

(and Ajo) would be substantially higher. When the results obtained from San 

Manuel are multiplied by a factor of 1.333, to compensate for the one-third less 
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volume, there is no longer any statistical difference between San Manuel and 

south Mammoth though the levels at south Mammoth are still higher on average 

(3J = 0.621 + 0.124 and 0.655 _+ 0.148 respectively). In support of this hypothesis, 

Table 5 shows that samples with lower volumes, particularly San Manuel (2SM) 

and Ajo (2A), were collected two to four weeks earlier than most of the samples 

with higher volumes. It is interesting to note if the same transformation is 

applied to the results from Ajo (2A) there is still significant difference from 

postoperational levels (3A). 

These uncertainties and speculations reflect some of the difficulties 

inherent in biologic monitoring in general and A. mellifera L. monitoring 

specifically. Though honey bees are the most well studied of the invertebrate 

biologic monitors their interaction with the environment, particularly with 

respect to metals bioconcentration, is not completely understood. Sources of 

environmental pollution cannot be pinpointed using this model, and only 

assumptions can be made about multiple media pollution content. It is not known 

to what degree arsenic contaminants of air, water, or soil are bioconcentrated by 

bees. Consideration must be given to the possibility of species tolerance to 

certain pollutants, such as toierance of honey bees to pesticides, and to the 

possibility that some species may not concentrate pollutants at the same rate at 

different environmental levels or during different seasons. Intraspecies and 

interspecies variations must be considered and may make comparisons difficult. 

For instance, what do elevated levels of arsenic in bees at Ajo mean in terms of 

human exposure? Characteristics of the pollutant may depend on environmental 

factors such as temperature, moisture, pH, organic matter content, and 

biological oxygen demand making seasonal comparisons and area comparisons 

difficult. 
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In addition there are problems which occur in the analysis of honey bees 

for arsenic. Already mentioned is a problem with variances in volume, when 

bees are sampled at different times, possibly leading to errors in comparing 

groups. Instrumentation may vary in sensitivity leading to erroneous results. 

This problem was demonstrated when the standards from the National Bureau of 

Stanards (bovine liver) and from the University of Montana (honey bees) were 

analyzed during a period of excessive baseline activity seen on the strip chart 

recorder due to electrical interference. In retrospect, bovine liver was probably 

not a good choice as a standard since biomethylation of a substantial portion of 

arsenic is presumed to occur in mammals and little if any occurs in bees though 

methylated arsenic compounds may be accumulated in bees from the soil. 

Methylated species of arsenic may not be measured by the analytical procedure 

used in this investigation. 

Instrumentation and analytical problems may also be encountered in 

conventional, nonbiologic environmental monitoring. Air monitoring around 

pollution sources requires knowledge and constant monitoring of meteorological 

variables as well as soil surface conditions (evapo-transpiration rates, pH, etc.). 

These meteorologic conditions may change dramatically at different strata thus 

influencing dispersion patterns; prevailing surface winds may have little to do 

with dispersion of emissions from a stack several hundred feet high. Seasonal 

and climatic variations may change the capacity of air to carry and disperse 

pollutants. Mathematical models for air monitoring and pollution dispersion 

exist but give results highly variable from actual measurements (Beryland, 1980). 

Similar problems exist with soil sampling and neither air nor soil monitoring give 

an adequate picture of an area unless hundreds of samples are measured. Water 

measurements are probably better indicators of metal pollutant dispersion than 
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air or soil, and sediment measurements may be the best of the nonbiologic 

monitoring schemes especially when coupled with the other models (Kovda and 

Kerzhentsev, 1980). However, all these systems can be very costly and 

cumbersome requiring numerous sampling stations tying up valuable 

instrumentation. 

When it is desirable to monitor total environmental arsenic, biologic 

monitoring using honey bees has several advantages over conventional, 

nonbiologic methods. Honey bees demonstrate a unique integration of 

environmental media over a large area, up to several square miles. Within this 

area bees are continuously exposed to ambient air either during foraging activity 

or within the hive. Arsenic in the air may occur from direct emission or from 

arsines released from soil. They collect water for evaporative cooling, and this 

water may contain arsenic from tailing ponds, as arsenical pesticide run off in 

irrigation, or occur naturally. Though bees have little direct contact with soil 

they are exposed to arsenic containing dusts and particulates, which settle on 

flowers and other vegetation, and also to arsenic containing particles that adhere 

to nectar and pollen. This contact of bees with multiple environmental media 

over a large area obviates the need to obtain many separate samples of each 

component. Teleologically speaking, the bees sample each environmental 

component and return to a central location, the apiary, for easy collection. The 

collecting equipment is relatively simple and portable, and the method of 

analysis is similar to that used in conventional monitoring. 

In conclusion, results of this thesis show A. mellifera L. may be an 

effective biologic monitor of multimedia arsenic pollution as a by-product of 

copper smelting, but there are still some unresolved problems. This model 

appears to be a sensitive indicator of sudden changes in environmental arsenic 
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contamination. Further research is needed to discern which factors have the 

greatest influence on arsenic levels in bees and what factors should be controlled 

in sampling. 



59 

APPENDIX A 

DESCRIPTION OF MONITORED SITES6 

Magma Copper Smelter, San Manuel, Arizona 

General Information 

Located in southeastern Pinal County, Arizona, on State Road 77, the 

Magma Copper Smelter at San Manual occurs just north of one of the many 

tracts of the Coronado National Forest. No other significant industrial emissions 

occur in the smelter vicinity. Land use is as follows: 

1 mile radius: 80% urban/industrial 

20% range 

5 mile radius: 3% urban/industrial 

10% agriculture (pasture) 

87% range 

10 mile radius: 5% urban/industrial 

10% agriculture (pasture) 

85% range 

Magma's mine is within the 10 mile region. 

Agricultural Resources 

The limited crops in the vicinity of the smelter are forage crops, 

consisting mostly of alfalfa and small grains. 

6 U.S. Environmental Protection Agency, 1983 
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Range/Pasture Resources 

Beef cattle production occurs at a stocking rate of 7-40 head/acre on 

irrigated pasture and 120-150 acres/cow year on open range. Principal forage 

species are: sideoats grama (Bouteloua curtipendula), canebeard grass 

(Andropogon sp.), bush muhly (Muhlenbergia porteri), Arizona cottontop 

(Trichachne californii) and roth rock grama (Bouteloua rothrockii). Livestock 

damage due to heavy metals occurred 3 years ago when livestock utilized water 

and pasture irrigated by water which had been run through tailing areas 

(Lamoreaux, 1975). Water levels were low at that time, so contaminants were 

undoubtedly concentrated as evapotranspiration occurred. Tailing water was not 

from the Magma operation, but from a smaller operation which has since closed. 

Aquatic Fishery Resources 

The San Pedro River runs directly east (within one-half mile) of the 

smelter and is intermittent—being dry for approximately 6 months out of the 

year. There are a few small springs in the area which dry out within a few miles 

of their sources. 

Geohydrology 

The area is one of rolling grasslands with steep breaks (canyons 5-100 

feet deep) which lead into the San Pedro River. Elevation of San Manuel is 3200 

feet; this rises to 5000 feet by Oracle to the west, rising again to the east after 

the river is crossed. A very gradual decrease occurs in overall elevation as one 

moves north. Potable water is obtained from wells at depths of less than 100 

feet. 
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Climate 

Precipitation is 10 inches annually, occurring from November to 

September. Winds are from the southwest, and are typically strong or 

nonexistent. Observations indicate that inversions are infrequent and that the 

smelter plume usually rises well. 
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DESCRIPTION OF MONITORED SITES 

Phelps Dodge Copper Smelter, Ajo, Arizona 

General Information 

Ajo is located in Southwest Arizona (Pima County), and is traversed by 

State Highway 85. The Phelps Dodge smelter and mine comprises the only 

industry in the area. Lands to the north and west of the town are part of an Air 

Force gunnery range; whereas lands to the south are controlled by the Bureau of 

Land Management. Land use within a one, five and 10 mile radius of the smelter 

is as follows: 

1 mile radius: 20% open pit mine 

25% rock refuse 

25% dust/sand tailings 

30% residential 

5 mile radius: 25% residential 

75% open range 

10 mile radius: 15% residential 

85% open range 

Agricultural Resources 

There are no agricultural lands within a 10 mile radius of the smelter 

site. No damage has been noticed on natural vegetation due to the SO2 or heavy 

metals (Voget, 1975). 

7 U.S. Environmental Protection Agency, 1983 
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Range/Pasture Resources 

No irrigated pastures occur within the 10 mile radius, however, natural 

rangeland is the dominant land type surrounding Ajo. Rangelands to the north 

are not utilized, since this area is used as a gunnery range. Beef cattle are the 

only non-wild stock on the range and they occur primarily to the south on lands 

controlled by the Bureau of Land Management. Stocking levels are low, with 

much of this area being in the Lower Sonoran Life Zone. Forage grasses are 

generally uncommon, with Tobosa grass (Hiliaria mutica) and Galleta (Hilaria 

jamesii) being the only significant species. No adverse effects upon livestock 

have been observed due to smelter emissions (Voget, 1975). Production of 

mesquite honey occurs to the south and west of Ajo. Hives are not located to 

the north or east because the honey tends to pick up a sulfur flavor. 

Wildlife Resources 

Important game species in decreasing order of importance (as rated 

according to annual man-hours spent hunting) are mourning dove, Gambel's quail, 

and mule deer. 

Aquatic/Fishery Resources 

There are no aquatic/fishery resources in the Ajo area. 

Geohydrology 

The elevation of Ajo is 1775 feet, and within a 10 mile radius elevations 

vary from 900 to 2500 feet. Both extremes in elevation are located 

west/northwest of the smelter, where sharp desert mountains rise steeply out of 

the surrounding flatlands. Creosote flats occur to the northeast, east and south 
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of the smelter at elevations of 1400 to 1800 feet. Potable water for Ajo is 

obtained from deep wells sunk by Phelps Dodge approximately eight miles north 

of the town. Depth to the water table is 250 to 500 feet. 

Climate 

Precipitation at Ajo averages nine inches per year. This figure remains 

the same 10 miles east of the town, but decreases to three inches per year 10 

miles west. Rain occurs in the form of thunderstorms from July to September. 

Prevailing winds are from the south/southwest, occasionally coming from the 

southeast or west. 
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Kennecott/Ascaro Copper Smelters, Hayden, Arizona 

General Information 

Hayden is located in Southeastern Arizona (Pinal County) near the 

intersection of State Highways 76, 77, and 177. The two smelters occur in close 

proximity to each other. Land use in the smelter area is as follows: 

1 mile radius: 20% agricultural 

50% residential 

30% range 

5 mile radius: 20% residential 

80% range 

10 mile radius: 10% residential 

90% range 

Important emission sources other than these two smelters do not occur 

in the Hayden area. 

Agricultural Resources 

A small amount of agricultural land occurs along the Gila River. Major 

crops are cotton, alfalfa, wheat, barley, and milo. No damage to crops or 

natural vegetation has been noted in relation to smelter emissions (Hale, 1975). 

g 
U.S. Environmental Protection Agency, 1983 
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Range/Pasture Resources 

Beef cattle are raised on open range at a stocking rate of about one 

cow/640 acres. Pleasure and work horses may also be found in the area. 

Important forage species are Lehmann lovegrass (Eragrostis lehmannii), sideoats 

grama (Bouteloua curtipendula), various annuals, and buckbrush. The range may 

be generally described as the desert shrub type. 

Aquatic/Fishery Resources 

The Gila River (perennial) and San Pedro River (intermittent) converge 

approximately one mile southwest of the smelters. Some minor catfishing may 

occur in the Gila River. 

Geohydrology 

The smelters are located at the foot of a mountainous area, and are 

specifically located in the bottom of an abrupt canyon which is less than one 

mile wide. Elevations range from 2500 to 3000 feet. Potable water is obtained 

from wells at depths of about 1200 feet. 

Climate 

Summer rains account for most of the annual precipitation of 12 inches. 

Prevailing winds average 15 mph, and are out of the southwest. Small thermal 

inversions occur in the wintertme, usually breaking up by midday. Plumes from 

smelter stacks disperse well when there are winds, and tend to drop back into the 

canyon when the air is still. 



APPENDIX B 

ARSENIC BALANCE FOR SMELTERS STUDIED9 

ASARCO (Hayden) 

Arsenic input 
375 LB/HR 

Arsenic output (LB/HR): 
Stack 0.2 
Slag to dump 219 
Blister copper kk 
Acid plant effluents 17 
Dust to lead plant 95 

KENNECOTT (Hayden) 

Arsenic input 
17.7 LB/HR 

Arsenic output (LB/HR): 
Stack 7 
Slag to dump 9A 
Blister copper 0.2 
Acid plant stack 0.01 

MAGMA (San Manuel) 

Arsenic input 
4.39 LB/HR 

Arsenic output (LB/HR): 
Stack 2.79 
Slag to dump 0.81 
Blister copper 0.13 
Acid plant waste 0.66 

PHELPS-DODGE (Ajo) 

Arsenic input 
103 LB/HR 

Arsenic output (LB/HR): 
Stack 8.2 
Slag to dump 22.2 
Blister copper 2 
Acid plant waste 70.9 

U.S. Environmental Protection Agency, 1983 
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APPENDIX C 

SAMPLING PARAMETERS OF SMELTERS STUDIED 

Parameter 
Phelps-Dodge 

Ajo 
ASARCO 

Winkelman 
Kennecott 
Winkelman 

Magma 
San Manuel 

Starting Date 1950 1912 1958 1956 

Stopping Date 4/17/82 — 5/1/82 ~ 

As Emissions (Kg/yr)^ 33,000 29,000 28,000 11,000 

As in Ambierit^ 
Air (ug/m ) 1982 0.09 0.122 0.122 0.031 

Distance of Apiary 
from Smelter Stack 
Fall 83 (miles) 2.5 3.9 3.9 4.1 

Distance of Apiary 
from Smelter Stack 
Spring 84 (miles) 2.5 1.7 1.8 4.2 

U.S. Environmental Protection Agency, 1983. 

Arizona Department of Health Services, 1983. 
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