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FOREWORD 

This study is a part of a broad investigation of the importance of cadmium toxicity in biology 

and medicine being ~ndertaken by, and supported totally or in part by the Medical Services 

Department of the Lawrence Berkeley Laboratory. Earlier work in this investigation includes 

the following: 

• Trace-element detection in human tissues by neutron activation analysis without chemical 

separation (Budinger et al. , 1972a). 

• Quantitative .neutron activation analysis of human tissues (Budinger et al., 1972b). 

• Epidemiology study of c'ancer andhum~nkl.dneytissue cadrriiurnlevels (Kolonel, Ph.D.thesis,1972). 
' - ; . . ·. ' ~ . - ' 

• Employee occupational cadmium exposure by correla"tion to hal.r, urine, blood levels, and 

air-filter levels in a cadmium refining plant (Lee, Ph. D. thesis, to be published). 

• Biological half-life of cadmium-109 in man and the beagle, and organ distribution over time . . 
• Investigation of cadmium levels in foods; 

• Investigation of the chemistry of cadmium elution from tissues by formalin. 
. . ' :. ,. ' ' 

• Monitoring selected employees of this laboratory for possible exp.osure to cadmium and other 

metals. 
( , ... 

" 
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CADMIUM LEVELS IN THE SHORELINE 
SEDIMENTS OF SAN FRANCISCO BAY 

ABSTRACT 

Cadmium levels in the low-tide shoreline sediments of San Francisco Bay were investigated 

at 68 locations. Sample cores of 5. 5 em diameter and 10 em depth were separated into top and 

bottom fractions and analyzed for cadmium by atomic absorption spectrophotometry. A reliable 

a:::1d sensitive ion exchange/organic extraction technique was developed for analysis of cadmium to 

overcome the interference of iron and other metals that limit the usefulness of the conventional 

direct acid extraction technique. 

The mean values of cadmium content in the top and bottom fractions (in dry soil) were 

1.22±0.99 (0.06 to 4.69) f.Lg/g and 0.93±0.74 (0.14 to 3.91) respectively. The mean value for all 

the 10-cm cores of San Francisco Bay peripheral muds was 1.07±0.89 f.Lg/g. The top fractioncad­

mium content was 1.5 to 2 times more concentrated than the bottom fraction except in the northeast 

sector of the bay where the surface muds are better mixed; here the average cadmium content is 

1.5 times that of the other sectors. This higher cadmium level is associated with the proximity 

of a lead smelter and several petroleum refineries. Concentrations greater than 2 ppm suggest 

recent pollution; .13o/o of the samples were above this level. 

INTRODUCTION 

This study is part of a broad investigation of the importance of cadmium toxicity in biology 

and medicine undertaken by the Medical Services Department of the Lawrence Berkeley Laboratory. 

The biological impact of environmental cadmium must be determined by finding which cadmium 

compounds are biologically active and to what degree they are prevalent in our surroundings. Here 

we report the levels of cadmium found in the shoreline sediments of. San Francisco Bay.* We have 

chosen to measure the cadmium levels in tidal shoreline sediments because analysis for cadmium 

in air or water may often give misleading data on which to base estimates of the gross cadmium 

levels in an area. Yamagata and Shigematsu (1970) have shown that river waters polluted by 

cadmium often show low, even undetectable levels, while large concentrations will be found in 

suspended particles and bottom sediments, especially in waters of neutral or alkaline pH. 

Piscator found a 4 ppb level in waters downstream from a cadmium plant, but the bottom sediments 

recorded 80 ppm or a 20,000-fold increase in concentration (Friberg et al., 1971). Thus area 

pollution assessments can be very much in error unless deposition in soils, dusts and sediments 

are taken into account. 

Our purpose for investigating the San· Francisco Bay Area .sediments is twofold: (1) to 

establish background levels to set a base for future environmental monitoring, and (2) to identify 

the gross soil and environmental characteristics of suspected hot spots. To ensure accurate 

baseline values for the bay, we developed a separation scheme for cadmium from major soil 

components and used an atomic absorption analytical technique th.at provided increased sensitivity 

over conventional methods used for soils. 

*we include San F'a.blo Bay as part of San Francisco 'Bay in this study. 
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Description of San Francisco Bay 

The shores of San Francisco Bay have several properties that make them of interest for en­

vironmental monitoring. About 40% of California's land mass is drained via the rivers that flow 

into San Francisco Bay. The southern part of San Francisco Bay on the other hand has a com­

paratively limited influx of fresh water and thus a potentially more serious pollutant accumula­

tion and disposal problem. (Lager and Tchobanoglous, 19 68). Sediment ac;:cretion has been con­

tinuous and in recent times about one third of the original bay has been taken up by refuse dumping 

or sanitary land fill. 

The generalized rate of estuary sediment accretion of 15 em per 100 yea.rs (1 to 2 mm per 

year) proposed by Rusnak (1967) therefore is distorted for the San Francisco Bay. The sediment 

accretion rate in the bay was accelerated between the later half of the 19th century to about 1920 

by extensive. hydraulic mining. Assuming a maximum accretion of 2 mm per year with no 

equilibration by tidal washout of the sediment, the naturally accrued level of sediment since 1920 

. s,ho.uld be around 10 em . 

. . The bay, with an area of some 400 square miles, occupies a depression formed by tectonic 

processes (Pritchard, 1967). Most of it is less than 30 feet deep, with the exception of naviga­

tion channels dredged to depths of 70 feet. The deeper waters are for the most part found where 

the scouring action of the heavy tidal currents has prevented deposition. The deepest waters 

(340 feet) are at the Golden Gate, the 1-2 mile wide strait that forms the only connection between 

the bay and the Pacific Ocean. Much of the silt that is scoured from .the bay ends up on the San 

Francisco Bar some 10 miles off shore. But the shallow peripheral waters have low. current 

velocities, thus tending to encourage sedimentation. The average rainfall for the San Francisco 

bay area is 20-30 inches per year and occurs mostly from October through April. 

The shores of the bay are ne.,-er far from either urban concentrations, industrial plants or 

othe.r sites of heavy human usage. There are numerous petroleum refineries, military and civil 

airports, shipyards,· dock areas, foundries and manufacturing plants, in addition to an urbanized 

population that is expected to reac1~ six million by 1980. 

San Francisco bay mud samples as examined by Pearson et al. (1970) have a wide range in 

properties. The cation exchange capacity for. many northbay samples was a low of 2.3 meq/100 g, 

while the south bay had a high of 66 meq/100 g. The water of the bay is alkaline (pH 7.2-8.1), and 

approximately 11 tons per day of gross heavy metals are dumped into the entire bay. Total sulfide 

levels in the muds range from 0.0 to 2.02 mg S/g dry weight. Lead levels in the bay muds are 

approximately 20 to 30 f.Lg/g while zinc and iron are generally 14-1800 f.Lg/g and 10,000 f.Lg/g re­

spectively. Levels for cadmium have not. been reported. 

GEOCHEMISTRY OF CADMIUM 

Before inferences of pollution can be made, it is necessary to explore the natural geochemistry 

of cadmium and determine the background level of the metal. Both Mookerjee (1962) and 

Greene (1959) g~ve the crustal abundance of cadmium at 0.15 ppm. It seems that natural cadmium 

concentration is highest in the zinc sulfide ore known as spharilite (Ivanov, 1961, 1964; Marowsky 

and Wedepohl, 1971; and Mogarov~kii and Rosseikin, 1961 ). The cadmium content of this ore can 
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reach as high as 4. 5% with an average of 0.3%. Cadmium follows the geochemistry of zinc, and both 

have· a high affinity for bonds with sulfur. Cadmium has the higher affinity for sulfur and is pre­

cipitated as greenochite (CdS), especially in areas of high reducing capacity such as sulfur-bearing 

muds. Hanya et al. (1963) have suggested this mechanism for mercury deposition in bottom muds 

from seawater in Japan. 

There are numerous other soil characteristics that affect adsorption and desorption of cadmium 

(John, 1971 ). Oxidate sediments such as manganese nodules adsorb significant amounts of cadmium 

with typical concentrations of 9 ppm being reported (Ahrens'· 1967). Both zinc and cadmium are 

very often considerably enriched in phosphorite deposits of organic origin (Fulkerson and Goeller, 

1963; Krauskopf, 1956; V~nogradov, 1959). Segar and Pellenburg (1973), however, found no dif­

ference in cadmium concentration in carbonate or organic rich sediments. The South Sea Islands 

have many areas of sedimentary phosphates, and cadmium levels here have been reported as 

100 g/ton (Yamagata and Shigematsu, 1970). Selenium and cadmium also have been shown to pre­

cipitate as 11 cadmoselite" into sediments (Bur'yanova, 1961 ). This knowledge is relevant to the 

possible contamination of the environment by increased use of phosphate fertilizers. (Williams 

and David, 1973) 

Environmental Levels 

Table 1 gives a worldwide distribution of cadmium for both normal and poluted areas. The 

table gives some insight into what a background level might be for cadmium. Some high pollution 
.~ . 

areas .are the Jintsu River and Annaka City in Japan and the areas near cadmium smelters in 

Canada, Kansas, and Colorado. The x-ray fluorescence study by Skei et al. (1972) had poor 

sensitivity and the accuracy of their results is questionable, though these samples were industrial 

sediments. John et al. (1972) discuss a depth distribution in an industrial area in Canada ( a 

battery smelter). Lagerwerff et al. (1972) studied soil near a smelter in Kansas and found~ 100 

ppm of cadmium. Our highest values of~ 4000 ppm were from two soil samples taken very close 

to a cadmium smelter near Denver (Moyer and Budinger, unpublished data). From Table 1 we 

conclude that nonpolluted surface soil cadmium content is below 2.0 ppm in industrial or areas 

open to the public. 

River beds and estuary sediments, however, are not undisturbed soils. They have a constant 

influx of solutes from both industrial effluents and dissolved soil components. The desposition of 

these solutes from chemical precipitation or adsorption will be greater in general than that for 

dry land soils. The dry land soils receive their cadmium almost exclusively from dustfall, 

precipitation, and fertilizers. 
Sourc.es of Cadmium 

To understand the influx of cadmium into marine and estuary environments requires an in­

vestigation of sources. Cadmium is not mined outright, but is rather extracted from zinc-lead 

ore deposits. In 1968 13.3-million pounds of cadmium were consumed in the United States alone 

(Malin, 1971 ). About one-half of the total annual consumption of cadmium.is for electroplating 

in a .wide variety of industries. The other half of the industrial use of cadmium is in pigments, 

plastics, batteries, tires, alloys, cosmetics, and other products. Cadmium has been. used as an 

anticorrosive metallic coating for protecting underwater structures (Imperial Smelting Corp. , 

Ltd., 1970). A major problem associated with cadmium control is that only about 5% of refined 

cadmium is recoverable, while the remainder is. dissipated or unacc·ountable. 

• 
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Table 1. Global cadmium levels in soils and sediments. 

Location 
Cadmium 

Concentration a Methodb 

Canada: 

Finland: 

: I• ;· 

Great Britian: 

Solway Firth 
Salton 
Allonby 

Firth of Clyde 

Severn Estuary 

·Japan: 

Yao 
Yohono. 
Shiny a 
Shiny a 

-Jintsu River 
Kurihara - gun 
Annaka City . 
Tsushima Is. 
Okudake River 
Jintsu River 
Kuriha·ra - gun 
Annaka City 
Tsushima Is. 
Okudake River 
Jintsu River· 

Rice area 

7.9 - 95.4 
0.45- 2.5 

44.25 
2.45 
0.67 
0.62 
0.39 
0.32 
0.87 
o:67 
0.64 
0.45 
0.32 
0.88 

2 -. 30 ppm ash 

n. d. - 2.4 
2.4 - 4.0 

n. d. - 4 
3 - 7 

1.6 - 4:7 

0.13 ppm ash 
1.2 ppm ash 
1.4 ppm ash 
0.44 ppm ash 

AAS 

s 

AAS 

AAS 

AAS 

s 

0.16 - 238 ppm ash 
1.6 - 17.24 ppm ash 
26 ppm ash 
1.68 - 14.6 ppm ash 
4.0 ppm ash 
0.16 - 5.0 ppm ash 
1.2 - 12.5 ppm ash 
2.6 - 11.6 ppm ash 
2.2 - 11.6 ppm ash 
1.9 -24.0 ppmash 
1 7.5 ppmash 
n. d. - 1.8 ppm ash 
2.2 7.2 ppm ash 
n. d. -trace 

Sample Description 

Cadmium battery smelter: 
15 m from battery smelter 
30 m to 300 ·m from 

the battery smelter 
Vertical distribution: 

Distance Depth 

15m 0 - 5cm 
15m 5 - 10 em 
15m 10 - 15 em· 
15m 15 20 em 
15m 20 - 25 em 
15m 25 - 30 em 
30m 0 - 5cm 
30m 5 - 10 em 
30m 10 - 15 em 
90 m 0 - 5 em 
90 m 5 - 10 em 

33 agricultural soils (mean) 

Peat bogs 

Industrial area and controls: 
58 controls 
10 industrial samples 

Industrial area and controls: 
52 controls 
27 sludge dump area samples 

Industrial area: 
7 coal and mining samples 

Cadmium endemic areas and 
controls 

Control 
Endemic area 
Water inlet 
Water outlet 
Endemic area: 
Endemic bottom mud 
Endemic bottom mud 
Endemic bottom mud 
Endemic bottom mud 
Endemic bottom mud 
Endemic soils 
Endemic soils 
Endemic soils 
Endemic soils 
Endemic soils 
Control 
Agricultural soil 
Agricultural soil 

Reference 

John,et al., 1972 

Salmi, 1950 (from: 
Yamagata and 
Shigematsu; 1970) 

Perkins et al. , 1973 

Mackay et al. ,1972 

Butterworth et al. , 
1972 

Kobayashi et al. , 
1964 
(from: Yamagata 
and Shigematsu, 
1970) 

,, 



Location 

Norway: 

Russia: 

Cadmium 
Concentration a 

16 - 850 
114 

40th meridian 0.1 - 0. 3 
0.1 
0.1 

Nepal: 

Namche Bazar 0.21 
Lukla 0. 74 
Everest 0.19 

United States: 

. '.California 

Tamalpais 0.21 
Rodeo 0.88 
Belmont 0.45 
Hayward 0.37 

Colorado 

Kansas 

Michigan 

Maryland 

3, 700 - 4,500 

102 
48 
22 

32.6 
12.2 

3.1 

26.8 
7.2 
1.2 

0.41 
0.57 
0.37 
0. 29 

0.08 - 0.65 
0.2 - 1.45 

0.12 - 0.94 

-5-

Table 1 (continued) 

Method 

XRF 

NS 

AAS 

AAS 

AAS 

AAS 

AAS 

AAS 

Sample Description 

Industrial sediments 
(Cd discharge= 30 kg/day) 
Range 
Mean of 16 samples 

Russian plains 
Plains 
Granites 
Basic igneous rocks 

Mount Everest area 

Hills around the San 
Francisco Bay 

Cadmium refinery, surface 
soil in very close proximity 
2 samples 

Smelter soil 
(N - HCl extractable) 
330 m Northeast: 
Depth 0 - 5 em 

5 - 10 em 
10 - 20 em 

1000 m Northeast: 
Depth 0 - 5 em 

5 - 10 em 
10 - 20 em 

1670 m Northeast: 
Depth 0 - 5 em 

5 - 10 em 
10 - 20 em 

Land use study 
70 residential samples 
91 agricultural samples 
86 industrial samples 

7 airport samples 

Roadside soils 
8 to 32 m from roadside 
18 ;amples of Sassafras 

sandy loam 
18 samples of Collington 

silt loam 

Reference 

Skei, et al. , 1 972 

Vinogradov,1959 

Moyer and 
Budinger, 
unpublished data 

Moyer and 
Budinger, 
unpublished data 

Moyer and 
Budinger, 
unpublished data 

Lagerwerff, et al. , 

Klein, 1972 

Lagerwerff and 
Specht, 1970a, 
1970b 



Location 

United States 
(cont.) 

Missouri 

Montana 

Ohio 

Texas 

Wisconsin 

World: 

Cadmium 
Concentrationa 

0.51 - 0.90 

0.11 - 0.56 

14 - 26 
2 - 6 

150 
41 

2 - 42 

0.3 - 1.04 
0.18-1.82 

0.1 - 1.9 
2 - 130 

o. 2 - 5. 5 

0.15 
0.5 
0.13 
0.1 

9.0 

- 0.18 
-4.5o/o 

0.12 - 0.34 

0.008-0.04 
0.015-3.3 
0.004-1.79 

0.33 -0.5 
O.Z4 -0.26 
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Table.1 (continued) 

Method 

.AAS 

AAS 

AAS 

AAS 

AAS 

AAS 

AAS 

. NS 

S andNAA. . . 

s 

NAA 

NAA 

Sample Description 

Knox silt loam 
18 samples 

Roadways 
3 samples 7 to 200 m from 

roadside 

Industrial area 
1 mi, top 4 in. 
6 to 1 0 in. depth 
0. 7 mi from stack 
Railroad tracks area 

Near smelter 
69 samJ?les within 4.5 mi 

Roadside soils and silt loam 
Roadside, 8 - 32 m 
18 samples Cincinnati silt 

loam 

Corpus Christi Bay and 
Harbor 

287 samples 
Bay range 
Harbor range 

Wisconsin lakes (10 lakes) 
0 em to 50 em depths of 

lake bottoms 

Crustal Abundanc.e 
Soil abundance 
Basic magma 
Spharelite ores 

·Manganese nodules in 
deep-sea bed 

Rocks 

Meteorites: 
7 samples of irons 
14 samples of chondrites 
6 samples of achondrites 

Terrestrial samples: 
2 theolithic basalts 
2 elogitic basalts 

' Reference 

Lagerwerff and 
Specht, 1970a 

Lagerwerff, 
1971 

Miesch and 
Huffman, 1972 

Hindawi and 
Neely, 1972 

Lagerwerff and 
Specht, 1970a, 
1970b 

Holmes, et al. , 
1974 

Iskandar and 
Keeney, 1974 

Greene, 1959 

Mookherjee, 1962 

Ahrens, 1967 

Bilefield and 
Vincent, 1961 

Schmitt et al. , 
1963 . 

aConcentrations are in terms of pp~ dry sedi~en:t or soil ~nless othervyise stated. 

bAAS, atomic absorption spectrophotometry; C, chemical; NAA, neutron a:·ctivation analysis; 
NS, not stated; XRF, X-ray fluorescence; S, spectrographic. ' 
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Figure 1 shows in simplified form the contributing sources and sinks for cadmium in the 

environmental progression to man. The role of soils is primarily as a sink and thus they can 

serve as important monitoring points for gross cadmium levels from which exposures to the 

public might be inferred. 

Beyond simple industrial effluents, common sewage plays a role in estuary pollution. Berrow 

and Webber (1972) have written an overview of this problem for cadmium and other trace elements. 

Van Loon and Lichwa (1973) have extended this to investigate fertilizers as well, since industrial 

and domestic sewage plant sludges have often been used as plant nutrients in the past (Linnman 

et al., 1973). Schroeder (1963) also found superphosphate fertilizers to be high in cadmium, and 

found vegetables grown on this type of fertilizer have excessive cadmium levels. Stones (1959) 

published a series of articles on the fate of metals during the treatment of sewage. Cadmium was 

not investigated, but .it was found that the efficiency of metal extraction processes including acti­

vated sludge treatment, chemical, biological filtration, and sedimentation resulted in a retention 

of only 60 to 70o/o of the total zinc. We can assume that cadmium extraction has a similar poor 

efficiency. However, Linstedt et al. (1971) have examined cadmium removal by such methods as 

lime precipitation and by activated carbon and found 95 and 99o/o removal, respectively. 

Local Sources of Cadmium. The San Francisco Bcay Area has no local sources of cadmium. How­

ever, the American Smelting and Refining Co. has operated a lead-slag fuming plant at Selby near 

'the Carquinez Straits for over 60 years. This plant has curtailed operations in the past few years. 

It has been shown that lead contained in the plume rise had settled in significant amounts in the 

local area. The lead dispersed from the plant was deemed responsible for the deaths of several 

horses that had grazed on contaminated grassland. All of these deaths were in the northeast 

section of the bay near Vallejo_ (downwind of the plant for the prevailing winds). 

ZINC AND LEAD 
MINING AND SMELTERS 

Industrial products and sewage 

0.5/'g/day 

SMOKER 

Fx excreted = J FECES 

RESPIRABLE AIR 
Fx excreted = J 

Fx excreted= 0.99-0.92 DBL 743-4678 

Fig. 1. The cadmium pathway to man (simplified). The diagram describes 
the various ways which cadmium can eventually reach man. The relative 
daily intake and excretion levels are incorporated. 
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Figure 1 shows that cadmium is ·fefined fro-m the tailings of zihc.-lead ores. The -refining ·of 

lead by slag fuming processes consequently refines cadmium as welL -·The fumes ffom this pro­

cess are generally retorted in a large stack to reduce emi·ssions, but significant amounts still 

escape to the ambient air. Thus higher levels of cadmium would be expected in the sediments 

of the northeastern section. The net influx of fresh water through Carquinez Straits from the 

Central Valley rivers passes near'the plant and would serve somewhat to reduce sediment -cad­

mium levels and disperse the metal into San Pablo Bay (Fig. 2). 

in this northeast section of the bay are numerous petroleum refiner'ies extending from 

Marfine·z a:"iid. 'Benl.cia to Richmond on both· sides of the slag fuming plant at Selby. Petroleum 

refinin'~ i_rit';oduce~ sulfur dioxide into the air and thus possibly indire~tiy ~ids in the: sedi~ent 
deposition ·of cadmium. Sulfur dioxide from the petroleum refineries ~ight play an important role 

iii the ·p~e~ipitation of cadmium sulfide (greenochite) from dissolved cadmium salts i~th~ bay. The 

extent 'of this process is discussed later in this paper. 

Other .pci~sib.le .contributors of cadmium to the waters of the bay might be found in numerous' 

shipbuilding and repair facilities, both civil and military, such as Mar~ Island N. s.·, San 

Francisco N. S. (Hunters Point) the commercial shipyards of Oakland and San Franciicoand 

rriunic~pal wastewater and sewage. The r.es.erve (mothball) fleet anchored just east of Benicia 

in Suisun Bay might introduce cadmium to the bay waters through simple dissolution of protective 

paints over the years. 

Ther.e are seven major pridges serving heavy automotive traffic over the bay. Lagerwerff 

and Specht (1970a) analyzed soils surrounding heavily traveled roads and demonstrated a signifi-. 

cant increase in cadmium concentration in surface soil near these roads. The automobile has 

several wearing components that contain cadmium; these include tires, brake linings, bearings, 

paints, motor fuels, and lubricants (Fulkerson and Goeller; 1973 ). The extensive highway net­

work of the bay area utilizes the bay perimeter in every quadrant making automobiles another 

major source of shoreline cadmium. 

Data on the cadmium levels of soils and sediments', the air, and the waters of' California, and 

especially of the Bay Region, are scarce. Silvey (1967) has published the occurrence of cadmium 

in the waters of California. Analysis was done on spring-waters (average Cd 8.2 f.l.g/liter), well 

water and oil field brine (4 of 82 samples: 71, 5.1, 11, and 7.1 f.l.g/liter), stream water (none de­

tected in 65 samples) and sea· wat~r (non detected in 24 samples). Air Cd levels for the Bay Area 

have been averaging 0.02 f.Lg/m
3

. Esvelt, et al.. (1972) have reported on the removal of toxic 

metals from municipal wastewater treatment facilities in the San Francisco Bay region, however, 

no data on the eventual cadmium distribution in the sediments is presented. The mean primary 

effluent cadmium concentration reported by Esvelt was 0.01 mg/liter and was r.educed 10 to 70 

percent by currently used sewage treatment methods. 

OVERVIEW OF BIOLOGICAL PROBLEM ASSOCIATED WITH CADMIUM 

Zinc-Cadmium Interaction 

Zinc and cadmium are members of the same chemica.! group of the pe.riodic table and thus 

follow similar chemical pathways. Since the crustal abundance of zinc is 500 to 100.0 times that 
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of cadmium (Mookherjee, 196Z), and the two metals have similar chemical properties and appear 

together in nature, it is said that cadmium geologically "follows" zinc. The same holds true in 

b,iological systems. Zinc however is an essential element for life, whereas cadmium is toxic 

to nearly all forms of life. 

Zinc is essential primarily for growth and reproduction in both plants and animals. The 

hum:an body contains approximately 2.3 grams of zinc with the highest percentages bein~ found 

in the prostate, bone, muscle, kidney, and liver (ICRP, 1959). Zinc serves as a catalyst for 

certain essential reactions. It is an essential component in many metal-enzyme com&lexes. 

These zinc complexes have been extensively reviewe~ by Parisi and Vallee (1969). The presence 

of cadmium can result in inhibited zinc uptake and depression of many zinc-activated or zinc­

required systems (Supplee, 1963; Petering et al., 1971). Once in the biosystem, cadmium 

· follows metabolic pathways, deposition, and excretion patterns somewhat unlike those of zinc 

(Shaikh and Lucis, 1972). 

Substitution of cadmium for zinc in zinc-enzyme systems seriously alters their functions 

(Cotzias et al. , 1961 ). Cadmium will inactivate several sulfhydral group enzymes (Simon et al. , 

1947), and is known to interfere with the citric acid cycle (Jacobs et al., 1956), to inhibit cerulo­

plasmin activity (Murthy et al. , 197Z), and to inhibit liver alcohol dehydrogenase activity (Druyan 

and Vallee, 1962). The tobacco mosaic virus (TMY) has also been shown to be inhibited by cad-
' mium (Ulrychova-Zelinkova, 1959). Presence of cadmium causes a diminution of oxygen con-

sumption in mitochondria (Hiltbran, 1971) and in ATPase activity of alveolar macrophages (Cross 

et al., 1970; Mustafa and Cross, 1971). The partial inhibition of these and other zinc related 

metabolic pathways can seriously depress or injure normal nutritional and biological balances and 

lead to metabolic disease states. 

The turnover of zinc-65 has been examined in man and animals. Schroeder (1967a) has re­

ported a biological half-life for zinc of about 315 days. But the biological half life of cadmium is 

uncertain (Friberg et al., 1971). Rahola et al. (197Z and 1973) report an estimate of the biologi-

cal half life fcir man as between a few hundred days and infinity. Their results are indefinite 

since they used very low doses of cadmium-115m which has a physical half life of only 43 days. 

Burch and Walsh (1959) reported an "exceptionally long half life" for cadmium-115m. Durbin 

et al. ·(1957) used cadmium-109 (453 day physical half life) to assess the biological half life in 

rats and report a ZOO day half life. Richmond et al. ( 19 66) found a ZOO to 300 day half life, 

using cadmium~109 in mice. The mode of administration determined the rate of elemination. The 

qualitative measurements for the half life after ingestion, biological injection, and inhalation have 

not been .determined for man. 

Accumulation and Effects in Lower Life Forms 

A high percentage of man's exposure to cadmium results from progressive a·ccumulation due 

to small quantities in food. The cadmium reaches the food chain through soil and ground water. 

Zinc is an essential element even for such low life-forms as the pondweed, Southern Naiad 

(N. quadulepensis). Cearley and Coleman (1973) exposed this plant to cadmium levels of less than 

1 ppm with the roots cut, and the plants clearly demonstrated reductions in chlorophyll, turgor, 

and stolen development compared to controls. The plants also accumulated over 5000 JJ.g/ g of 

cadmium (as measured iii the plant ash) after 21 days of exposure. Aquatic plants pass toxic 

•• 
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quantities of the metal to higher life forms such as fish and waterfowl because plants like the 

pondweed are major components of their diets. 

Trace elements in soils are reflected by levels found inplants (Goodman and Roberts, 1971;· 

Lagerwerff and Specht, 1970a, 1970b; Lagerwerff, 1971; John et al., 1972). Schroeder (1963) 

found vegetables grown with superphosphate fertilizers had excessive cadmium levels, in­

dicating that extraction from the soil is an important factor, and providing evidence for the im-

portant role fertilizers might play in the effects on man's health. Linnman et al. (1973) 

found elevated cadmium in wheat grown on .sewage sludge used as a plant nutrient. The use of 

suchmateria~ for this purpose has been suggested frequently since it is generally high in nitrogen 

compounds and other nutrients. Van Loon "and Lichwa (1973) found high cadmium content in 

fertilizers ( < 1-63 ppm) and in domestic sewage sludge samples (5-45 ppm). Berrow and Weber 

(1972) found 17% of their sewage sludge samples were over 100 ppm cadmium (dry weight basis). 
. ' 

Moritsugu and Kobayashi (1964) studied cadmium in rice grown in Japan; they found that the 

cadmium content of the rice ash increased rapidly during rice polishing, indicating that cadmium 

had accumulated in the ·pulp. 

Marine 'algae, protozoa, porifera, and coelenterates from the Irish Sea: where the cadmium· 

seawater concentration was 0.113 ·JJ.g/liter (Mullin and Riley', 1954) had concentrations between 

0.3 and 0. 9 JJ.g/g dry organism indicating a concentration enrichment relative to seawater 

of between 10
2 

and 10
4 

(Mullin and Riley, 1956); The protozoa were found to be higher at · 

2.25 JJ.g/g dry organism or an enrichment factor of 2X10
4

. Porifera and coelenterates were be­

tween 1 ·and 2 JJ.g/g dry organism (10 4 enrichment factor). Preston (19.7.3) showed concentration 

increases over sea-water for sediment of 10
3

, for plankton of 10
4

, and for seaweed of 10
2

-10
3

. 

Accumulation and Effects in Higher Life Forms 

Schroeder (1967a), Mullin and Riley (1956.), and Meranger and Somers (1968) found exception­

ally high cadmium accumulation in aquatic life forms· such as mussels, oysters, echinoderms, 

other benthic organisms, and anchovies. The soft parts of these organisms had an enrichment 

factor over seawater of between 10
4 

and 10
6

. Enrichment over seawater for. molluscs is 103 -105 , 

for crustacea is 103 , and for fish is 102 (Preston, 1973). 

Because oysters have a high metabolic demand for zinc ions (Romeril,19 71), one would 

expect a similar high biological turnover or possible concentra.tion of cadmium in them. .The 

cadmium level in oyster shells is low (Ferrell! 1973) while the cadmium content of the soft 

tissues reflects that of the environment (Pringle et al., 1968; Brooks and Rumsby, 1965, 1967; 

and Bryan, 1971). 

Bivalves such as oysters live in and on sediments and their digestive glands pass soil partic­

ulates and organisms continually. The cadmium content of the digestive gland can be as much as 

0.5% of the soft tissue ash (300,000 X that of seawater).' The hea~y accumulation in the digestive 

gland was 'not decreased even when the animals were allowed to purge the gland with filtered sea­

water (Mullin and Riley, 1956). 

Estuarian teleosts show numerous histological and hematological responses to cadmium 

(Ga~dner and Yevitch, 1970 ). Eisler (1971) examined several marine organisms ranging from the 

sand shrimp and Hermit crab to the sand worm (Nereis virens) mummichog (Fundulus hetero­

clitus). The sand shrimp LD 50 for 96-hoU:r exposure was 0.320 ppm while the Ln
50

for Nerds and 
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Fundulus were 11.0 and 55.0 ppm respectively. Salinity and temperature were important variables.Low 

salinity(5°/00 ) and higher temperatures (20.C) lowered the tolerance of these organisms. Lallier 

(1955) detected abnormal- development of the sea urchin egg when exposed to cadmium in very 

small quantities. 

Rainbow trout (Ball, 1967) and chinook salmon (Hublou et al., 1954) were found to have 

higher mortality rates when exposed to cadmium concentrations above 1.0 ppm. Sangalang and 

O'Halloran (1972) noticed a distLnct depression in androgen synthesis 1n brook trout at levels of 

only 25 ppb. Testicular damage was also recorded. 

Many and possibly all mammals have a detoxification mechanism which also seems responsible 

for the long biological half life of cadmium. Man and other animals accumulate cadmium in the 

liver and kidneys; the mechanism for this apparently being a chelation process. A sulfhydryl pro­

tein, termed metallothionein, was isolated in equine kidney cortex by Margoshes and Vallee in 

1957. Further work by Kagi and Vallee (196-0, 1961) revealed the protein to be synthesized in the 

liver and deposited in the renal cortex. The isolated protein contained as much as 3o/o cadmium 

with zinc and copper also being major components. The protein had a low molecular weight 

(10,000) and appears to be synthesized only when the organism is exposed to cadmium. The 

production of the protein does not occur immediately after exposure to cadmium, but rather ap­

pears between three and six days later (Nordberg et al. , 1971 ). This explains high renal clear­

nace of cadmium immediately after exposure, followed by diminished renal clearance and 

retention of the remaining cadmium by the organism. 

Cadmium binding proteins (Cd-BP) have been isolated from several tissues which include the 

kidney, liver, and testis (Pulido et al., 1966; Kagi and Vallee, 1961; Chen et al., 1972). Ad­

ministration of cadmium induces the synthesis of this cadmium binding protein and it has been 

P?stulated that this protein (Cd-BP) in the liver, kidney, and testis represents a biological system 

which protects the organs from the toxic effects of cadmium (Shaikh and Lucis, 1971 ). Metallo­

thionein, a cadmium binding protein isolated from human and equine renal cortex, show many 

similarities: 250 nm absorption band characteristic of cadmium mercaptide chromophores, simi­

lar rotatory dispersion, large positive Cotton effect due to the asymmetric binding of cadmium to 

multiple sulfur ligands, and relatively low molecular weights: 10,000-12,000 (Pulido et al. , 1966). 

In the testis this Cd-BP has some similarities to metallothionein found in the liver and kidney. 

The Cd-BP of the rat testis has been isolated and partially characterized using 109cd to elucidate 

the nature of the binding. This protein was isolated by Sephadex gel filtration (G-75 and G-25). 

Cadmium bound selectively to a low molecular weight protein at pH 7.0 but dissociated at pH 2.0. 

The molecular weight of this rat testis Cd-BP, determined by gel filtration, was estimated to be 

15,000. Disc gel electrophoresis showed one major and two minor bands (Singh et al. 1974). 

Health Effects on Man and Other Higher Animals 

Several reports in the literature deal with disease states of man and higher animals which 

are related to cadmium intoxication. Nillson(1970)provides a fine outline of the aspects of cad­

mium toxicity to man, especially in terms of industrial exposure. Flick et al. (1971) and 

Vigliani (1972) provide information of the more subtle effects of cadmium. Gunn, et al. (1963) 

and Reddy et al. (1973) have related cadmium withinterstitialcell tumors in the mouse and rat, 

respectively. Prostatic cancer in man might be induced by cadmium according to Winkelstein 

and Kantor (1969), but Levy et al. (1973) found no prostate changes in exposed rats. Nomiyama 
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et al. (1973) described the early signs of cadmium intoxication for the rabbit and Ferm (1971) 

has explored the teratogenic potential of cadmium for hamsters. 

The similar stress responses and disease manifestations which both man and animals ex­

hibit toward cadmium are being explored in such areas as hypertension (Schroeder, 1967b) 

proteinuria and renal damage from occupational exposure (Friberg, 1957; Lee, to be published 

Lauwerys et al., 1974),teratogenic potential (Scanlon, 1972; Chaube, et al., 1973), emphysema. 

(Lane and Campbell, 1954; Bonnell, 1955), cancer (Heath and Daniel, 1964; Haddow et al.! 

1964; Kolonel, 1972, 1972; Reddy, et al., 1973), diabetes (Wilson, et al., 1941), prostate dis­

or.ders(Kipling and Waterhouse, 1967), heart disease (Carroll, 1966) and bone disorders 

(Itokowa, et al., 1973; 1974; The Lancet, 1971; Matsue, et al., 1970). 

The underlying mechanism for disease induction is probably through disturbedenzyme sys­

tems .. However alternate mechanisms such as membrane electrophysical changes, lysosome 

damage and even chromosome changes are strong .candidates that have not yet been investigated. 

METHODS 

Sample Collection and Preparation 

Sixty. eight sample collection sites were chosen from Carquinez Straits in the north to San 

Jose at the southern tip of the bay (see Fig. 2 ). Sample cores 5.5 em indiameter and 10 em deep 

were obtained at low water. The top-most centi~eter of each core was discarded and the re­

mainder divided into top (1 to 7 em depth) and bottom (7 to 10 em depth) fractions. Centrally lo­

cated 2X2X1 em samples were removed from the top and bottom fractions and dried for 8-10 hr. 

Following drying, the samples were crushed and passed through a stainless steel screen (2-mm 

mesh) to remove large rocks and roots. Then they were again crushed and dried for another 4 hr 

at 11o•c. The samples were then cooled for 1 hr and weighed. 

· Bioexchangeable Cadmium vs Total Cadmium 

The presence of a toxi~ met.al in the geological environment does not necessarily infer an 

ability to enter into a biological system. Insoluble or biologically inert compounds of cadmium 

do exist in the soil (e. g., bound in silicate lattices). Jones (1973) reports only 60o/o of the cad­

mium in the bottom sediments of Cardigan Bay, Wales, were a:Cid soluble. Biological d.igestive 

mechanisms do not have the capability to disrupt silicate lattices and free trapped elements such 

as cadmium, thus total cadmium content measured by neutron activation of rocks (Bilefield and 

Vincent, 1961) or hydrofluoric acid digestion followed by x-ray fluorescence (Blount et al., · 

1973) is not truly representative of the fraction of cadmium that is readily exchangeable. 

The presence of cadmium in rocks arid soils during ingestion does not mean that all of the 

cadmium will enter a metabolic system. Even when food-borne cadmium is entirely in ionic, 

metallic or a soluble form, the intestinal tract absorbs only 2 to 9o/o'of it (Schroeder, 1967a; Miller 

et al., 19 68) .. Bioexchangeable cadmium is that which is in a chemical state that allows it to 

become incorporated and accumulated in the biological systems of organisms. 
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Fig. 2. Approximate locations from which the 68 core samples were taken on the 
shores of San Francisco Bay. 
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Procedures for Analysis 

Our method consisted of leaching out of the sediment all bioexchangeable cadmium, separat­

ing interfering elements, and quantitating by atomic absorption spectrometry. Major divalant 

and trivalant components such as. iron (II), iron (III) and calcium are separated from the cadmium 

by ion-exchange since preconcentration of the samples allows these components to depress the 

cadmiurri ionization in the flame. High ionic strengths also tend to introduce variable aspiration 

rates for the samples relative to standards. 

Following the ion-exchange step, the separated cadmium is chelated into an organo-cadm_ium 

complex. This complex is efficiently extracted into an organic solvent from a weakly acidic 

medium (pH = 3.0). The organa-cadmium complex organic solvent mixture is compared against 

standards by atomic absorption spectrophometry. 

The method expands on work done by Nakagawa and Harms (1968) and Ward et al. (1969), and 

incorporates separation procedures and sensitivity improvements from the works of DeVoe (1960), 

Samualson {1963);Strelow,{1960); Strelow, et al. {1971); Lehnert (1968), and Nagata, et al. {1970). 

The Acid Extraction Phase. The widely used acid extraction method of Nakagawa and Harms 

{1968) proved to be inconsistent for the reproductibility we desired. Figure 3 compares. there­

covery of added cadmium for the separation procedure presented here to the acid extraction 

procedure of Nakagawa and Harms. Our cadmium levels were recovered with a reproducible 

error of approximately ±3o/o at the 3 ppm level, while the acid extraction curve dips from the 

correct value by as much as 1 Oo/~.o 
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Fig. 3. Recovery curves for two methods of soil analy­
sis. Various levels of cadmium were added to ali­
quots of a soil sample. Recovery from the acid­
extraction technique was significantly less than the 
ion-exchange-organic extraction technique . 
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The sample (~10g) is acid-leached with 20 cc of HN03 (cone.), 15 cc HCl(conc.) and 2 cc 

H
2
so4 (cone.). A few drops of octyl alcohol is added to prevent frothing. The sample is 

stirred occasionally on low heat until viscous, then 10 cc of 3 !::!_HCl is added with continuous 

stirring. The sample is filtered using Whatman No. 1 filter paper and a Buchner funnel attached 

to a vacuum pump. The undissolved material is washed with 3,!':!" HCl until the filtrate is clear. 

The pH of the filtrate is adjusted to 1.0 with ammonium hydroxide (concentrated) keeping the 

temperature at or below zo•c. The volume is adjusted to 100 cc and the sample is ready for 

direct aspiration (error z10 to 15o/o) if desired. 

The Ion Exchange/Organic Extraction Phase. The ion exchange step is necessary to prevent 

possible supersaturation of the chelator which could lead to incomplete cadmium removal. 

Addition of the chelator before ion exchange also produces a viscous solution which is not always 

easily accommodated by the organic solvent. Complete separation of the soil components from 

the cadmium is not necessary; a simple gross separation is sufficient. The procedure is as 

follows: Remove 30 cc of the sample and adjust the aliquot to a pH of 1.3 with 8 ,!':!" KOH. ~repare 

an ion exchange column (Bio-Rad AG SOW -X8; 50-100 mesh) in a slurry with 0.2 ,!':!" HCl on a 50-cc 

buret (40 cc of resin bed). Add the sample to the column at a flow rate of approximately 2 cc/min. 

Once the column has been loaded, wash the column with 25 cc of 0.2 ,!':!" HCl. Elute the cadmium 

from the column with 0.8,!':!"HC1 (Fig. 4). Collect the first 120 cc of eluent and save. Because of 

competition for active sites on the column, the cadmium does not come off as a uniform plate 

and thus a tailing effect is noticeable. 
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Fig. 4~ Ion-exchange elution curve for 30 .. fl.g of cad­
mium in a high iron (50,000-JJ.g) "mock" soil 
sample. 
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Adjust the 120 cc of eluant to a pH of 3.0 and transfer to a separatory flask. Add 5 cc of So/, 

ammonium pyrrolidine dithiocarbamate (APDC; Fisher Scientific) and shake vigorously for 1 min. 

The efficiency of this chelator is plotted against pH in Fig. 5.- It is important to use a pH of 

2.5 or greater (a weakly acidic pH is preferable). Add to this organo-metallic complex a known 

volume of water-saturated methyl isobutyl ketone (MIBK) and shake vigorously again for 1 min. 

· Wait 3 to 5 min. before separating phases and then centrifuge the samples at ~ 5000 rpm for 5 

minutes. 
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Fig. 5. Efficiency curve for APDC (ammonium-' 
pyrrolidine dithiocarbamate) at various pH. 

The Atomic Absorption Phase. The MIBK solvent serves to increase the sensitivity for cadmium 

analysis. Figure 6 demonstrates the signal intensities of a representative soil sample and 

standards in both aqueous and organic phases. Figure 7 demonstrates the absorbance differences 

of standard curves for the aqueous and organic media. The percent error in absorbance is 

decidedly less for the organic than the aqueous (± 3o/o= organic phase;± 10o/c= aqueous phase) at 

the absorbances which the soils exhibit. 

The instrument parameters for the atomic absorption uhit are as follows: 

Lamp current: 

Slit Width: 

Wavelength: 

4mA 

0.15 mm (150 iJ.m) 

228.8 nm 

Air and acetylene gas mixture: very lean 

Single slot burner head: Jarrell Ash Model JA-82-374 

Aspirate the samples into the nebulizer burner assembly, keeping the air and acetylene mix­

ture very lean. Compare the samples against blanks standards prepared from washed and ignited 

sand ( Mallinckrodt). The sand blanks and standards are made by passing each through the entire 

separation scheme and adjusting the organic volumes- for quantitation. 
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Fig. 6. A comparison of atomic absorption signal 
strength for the aqueous and organic media. A 
representative soil sample is presented. The 
aqueous signal of the soil sample gave a percent 

• error twice as high as the MIBK (methyl isobutyl 
ketone) signal. 
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APDC-MIBK organic phase standard curve 

Aqueous phase standard curve 

0.1 ppm 0.2 ppm 0.3 ppm 

Cadmium concentration 

DBL738-S292 

Fig. -7. A standard curve showing the increased 
sensitivity of the organic extraction method 
over the aqueous technique. 

RESULTS 

The distribution of cadmium concentrations for all of the fractions analyzed is given in 

Table 2 and shown graphically in Fig. 8. The distribution in the bay sediments is Gaussian if the 

c7ntribution from samples containing >z ppm is neglected. The first and major mode is 0.6 to 

0. 79 f.l.g/g. Eighteen samples had concent-rations greater than 2. O_q.J.g/g; we suspect these repre­

sent cadmium added above background levels. 

To explore this suspicion,. we divided the bay into 'four s~ctors as: shown in Fig. 9. Table 3 

then gives the mean values for the top~ bottom, and combined-fractio!l analyses for all of the 68 

cores as well as sector values. The mean top fraction for the bay as a whole was 1.22± 0.99 

f.l.g/g and the bottom fraction mean was 0. 93 ± 0. 75 f.J.g/g. The mean value for all' the samples 

irrespective of core position was 1.07± 0.89 f.J.g/g. 

Considering top versus bottom: concentrations, approximately 17.5o/o (12 of 68) were above 

the 2.0 f.l.g/g level as opposed to only 8.9o/o (6 of 68) of the bottom fractions. Figure 9 shows the 

geographical distribution of cadmium along the bay perimeter .with plots of, the specific core con-
• . I 

centrations at each collection site relative to the meahs for the bay as a whole. The points of 

-high cadmium accumulation thus stand out relative to the mean values. 

Sector C ompari s on:s 

Table 4. describes the location of each sample, the cadmium concentrations for both the top 

and bottom frac~ions·, and a description of major sediment and local environmental characteristics. 

The table is divided into the same sectors as Fig. 9 and progresses from a northern to a southern 

area. 

Sector I: The Northwest. We collected 19 core samples in this sector ranging from a point on 

Highway 37 to Richardson Bay. The majority of samples were clay with tan to dark brown coloring. 

The northwest sector does not include any major industrial center. The samples had a mean top 
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Table 2. Concentration interval breakdown of soil samples 

Concentration 
interval No. of Percent of 

No. (ppm) samples samples 

1 0.0-0.19 12 8.8 

2 0.2-0.39 5 3.6 

3 0.4-0. 59 14 10.3 

4 0.6-0. 79 36 26.5 

5 0.8-0.99 21 15.4 

6 1.0-1.19 14 10.3 . 

7 1.2-.1.39 7 5.1 

8 1.4-1.59 3 2.2 

9 1.6-1. 79 4 2.9 

10 1. 8-1.99 1 <1 

11 2.0-2.19 0 0 

12 2.2-2.39 1 <1 

13 2.4-2. 59 2 1.4 

14 2.6-2. 79 3 2.2 

15 2.8-2.99 5 3.6 

16 3.0 -3.19 1 <1 

17 3.2 -3.39 2 1.4 

18 3.4-3.59 1 <1 

19 3.6-3. 79 2 1.4 

20 3.8-3.99 1 1 

21 4.0-4.19 0 0 

22 4.2-4.39 0 0 

23 4.4-4.59 0 0 

24 4.6-4. 79 1 <1 

25 4.'8-4.99 0 0 

fraction cadmium content of 1.15 ± 0. 87 IJ.g/g a~d a mean bottom fraction of 0. 70 ± 0.34 ~Jog/ g. Over­

all this sector was low in cadmium relative to the entire bay mean values. 

The top fractions of two cores, however, were considerably above the others while the bottom 

fractions of these same cores were strikingly low. The mean top to bottom ·ratio for these two 

samples was a·very high 8.3. These samples were taken in an intertidial area near Corte Madera 

and had a particularly foul odor. The bottom fraction of one was light colored. 
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Fig. 8. The conc-~ntration distribution of cadmium in 
the San Francisco Bay sediments. Top and ' 
bottom fraction designation was ignpred. The dia­
gram is divided into 0.2 ppm i'nte:z-vals. 
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Fig. 9. Sector division of the bay and a point by point display of the cad­
mium levels found in the top and bottom fractions of each core sam­
ple. Each sector display progresses from the northern-most sam­
ple to a southern-most sample. The bay top fraction and bottom 
fraction mean values are overlaid to allow for a point to mean com­
parison. 
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Sector II: The Northeast. An interesting characteristic or' this sector, shown in Table , is that 

the bottom fraction mean is almost twice that of the other sectors while th~ top fraction mean was 

almost equal to top fraction mean for the whole bay. The mean value for the bottom fractions was 

Table 3. Total bay and sector means with standard deviations. 

No. 
of Means and 

Sector sample Fraction standarc't deviation 

Entire bay (all sectors) 68 Top 1.22 ± 0. 99 
68 Bottom 0.93±0 .. 75 

136 Combined 1.07 ± 0. 89 

Sector I (northwest sector) 19 Top 1.14±0.87 
19 Bottom 0.7 ±0.34 
38 Combined 0.92±0.70 

Sector II(northe ast sector) 17 Top 1.25±0.86 
17 Bottom 1. 54± 1.14 
34 Combined 1.40 ± 1.02 

Sector III (southwest sector) 18 Top 1.10±0.78 
18 Bottom 0.65±0.24 
36 Combined 0.88±0.62 

Sector IV (southeast sector) 14 Top 1.43 ± 1.41 
14 Bottom 0.85±0.53 
28 Combined 1.14±1.10 

1.54±1.14 flog/g, while the top fraction mean was only 1.25±0.8 flog/g. The combined top and 

bottdm mean was the highest of all sectors at 1.40 ± 1.02 flog/g. The incidence of high cadmium 
I 

was most common in those from the Mare Island N. S. and Emeryville mud flat sites. Both of 

these areas had exceptionally high cadmium levels in the bottom fractions. Among the samples 

that were above 2 ppm in Fig. 8 (n = 18), this sector contributed 50% (n = 9). 

Sector III: The Southwest. This sector had the lowest combined top and bottom mean value of 

cadmium content at 0. 88 ± 0. 62 flog/ g. The mean top fraction was 1.10 ± 0. 7 8 flog/ g and the mean 

bottom fraction was 0.65 ± 0.24 flog/g. Compared to the other sectors shown in Fig. 9, this 

sector had the lowest incidence of cadmium. High top fraction values were found at Hunters 

Point and South San Francisco. The lowest bay sediment value was also found in this sector at 

Redwood City. 

Sector IV: The Southeast. 

content of 1.14 ± 1.10 flog/ g. 

This sector had a combined top and bottom fraction mean cadmium 

The top fractions gave a mean value of 1.43 ± 1.41flog/g, but this mean 

value is some,.;hat distorted because 2 of the 14 samples were exceptionally high. These two 

samples were from San Leandro Bay and were not significantly offset by the low values found at 

the Alameda beach sampling stations. 

The bottom fractions had a mean of 0.85±0.53 flog/g with no significantly high samples rela­

tive to top fractions. San Leandro Bay had the most consistently high top fraction values for any 

point to .point area of the bay •. The samples taken at Corte Madera (Sector I), Mare Island 

(Sector II), andHunters Point - South San Francisco (Sector III) all had at least one low fraction. 
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Table 4. Sample locations, fractions, Cd concentrations, and soil characteristics. 

Site 
No. Location 

Sample 
No .. and. 
fraction 

Sector I: Northwest (i9 samples): 

i 

2 

3 

4 

5 

6 

7 

8 

9 

iO 

11 

i2 

i3 

Highway 37 

Highway 37 

Black Point 

Black Point 

San Rafael 
(No.) 

San Rafael 

San Rafael 
·(So.) 

Pt. San Quentin 

Corte Madera 

Corte Madera 

Corte Madera 

Corte Madera 

Larkspur 

2T 
2B 

iT 
iB 

2T 
2B 

iT 
iB 

2T 
2B 

3T 
3B 

iT 
iB 

iT 
iB 

2T 
2B 

3T 
3B 

4T 
4B 

iT 
iB 

f.Lg Cd/g 
dry 

sediment 

0.68 
0.65 

0. 77 
0.67 

0.83 
0.97 

o. 78 
0.88 

0.24. 
O.i4 

O.i5 
0.20 

O.i8 
O.i8 

0.63 
o.6i 

0.89 
0.69 

2.94 
0.39 

3.72 
0.4i 

1.00 
o. 99 

1.04 
1.05 

Soil characteristics 

Description Physical environment 

Dark brown, moist clay 
with moderate vegatation 
present; continuous top 
to bottom. 

Dark brown, moist clay, 
slight vegetation, contin­
uous top to bottom: 

Dark black, moist ooze 
with some moderate vege­
tation. Veg. roots ex­
tended to bottom fraction. 

Black to gray, moist ooze, 
some brown clay iri bottom. 
fraction, vegetation 
present. 

Brown clay and sand, 
some vegatation and rocks 
pre sent in area- -none in 
sample. . . 

All sand, beach area, 
light tan to white sand 
(moist). 

Dark sand with-large· 
·pebbles, some white sand 
present. 

Dark sand w,ith some 
shells present, no vege­
tation. 

Dark, moist clay with low 
vegetation, foul odor. 

Dark, moist, organic ooze 
foul odor with some light 
material in bottom frac­
tions. 

Near roadway and bridge; 
farmland area, river area. 

Near farmland and road­
way, relatively little 
activity. 

Near freeway and boat 
landings, bridge area 
and large· waterway. 

Approximately 50 ft 
from SiteNo. 3, 
upstream. 

No land development; 
lightly traveled road 
50ft away. 

Park area on tip of penin­
sula. 

Sand·-fill area with ce­
ment pilings and blocks. 

Near freeway and boat­
house·. 

Open water area, some 
refuse in muds. 

Near roadway and rock 
quarry operation. 

Dark ooze (organic), 25ft from Site No. iO. 
bottom fractions relatively 
drier with sand. 

Brown sand, uniform con- Open area with shellfish 
sistency, some vegetation. jn the area. 

Moist sand with some dark 
streaks, unifo'rm texture. 

Open flat land, no 
noticeable industry or 
land use nearby. 



i4 

i5 

i6 

i7 

i8 

i9 

Larkspur 

Tiburon 

Tiburon 

Tiburon 

2T 
2B 

iT 
iB 

2T 
2B 

3T 
3B 

Richardson Bay iT 
iB 

RichardsonBay 2T 
2B 

Sector ll: Northest {i7 samples) 

i 

2 

3 

4 

5 

6 

7 

8 

9 

iO 

Highway 37 

Highway 37 

Mare Island 

Mare Island 

Mare Island 

Mare Island 

Vallejo 
{Carquinez) 

Pinole {No.) 

Pinole 

Pinole {So. ) 

3T 
3B 

4T 
4B 

iT 
iB 

2T 
2B 

3T 
3B 

4T 
4B 

iT 
iB 

iT 
iB 

2T 
2B 

3T 
3B 
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Table 4. {continued) 

1.43 
0.8i 

1. 77 
o. 78 

1.67 
1.56 

1.03 
0.89 

0.93 
o. 74 

1.03 
0.59 

0.66 
0.6i 

0.62 
0.6i 

0. 74 
2.93 

2. 74 
2.86 

3;44 
2. 74 

1.11 
3.9i 

1.08 
0.92 

0.48 
0.68 

0.96 
0.64 

1.04 
0. 76 

Sand and clay mixture, 
brown with shells present. 

Clay with black color iri. 
bottom fraction, high 
shell content. 

Clay with some sand, 
denser in bottom frac­
tion . 

.,. 
Clay with black streaks 
in top fraction only, 
stones. 

Brown and gray color, 
uniform texture. 

Brown and gray color, 
uniform throughout. 

Dark tan color, uniform 
clay texture. 

Same as Site No. 1. 

Dark tan to dark red­
brown clay at bottom. 

Dark clay, uniform con­
sistency with some roots. 

Uniform dark-brown clay 
with root structure 
holding sample together. 

Rocky surface and dark 
clay under surface. 

Tan clay at bottom frac­
tion, black to brown 
mixture. 

Black throughout sample, 
some roots. 

Tan to gray coloring, 
bottom fraction mostly 
gray. 

Tan to gray-brown mix­
ture, sand prevalent com­
ponent. 

Open flat land, no 
noticeable industry or 
land use nearby. 

Boating and residential 
area, clean fill and 
breakwater. 

Recreation area. 

Home area with homes 
built near water, high 
vegetation. 

Eastern side of bay with 
very little activity, 
home area, high vege­
tation. 

Near heliport and free­
way, high vebetation 
area. 

Flat arPa with scrub 
brush and other vege­
tation. 

Close to highway area, 
water inlet area. 

North of naval ship­
yard. 

Across from naval 
shipyard, rapid water 
movement, high vege­
tation area. 

Across from naval· 
shipyard, high vege­
tation and rapid water 
movement. 

Down toward bay from 
shipyard activity. 

Near major bridge and 
high traffic area. 

Refineries nearby, water 
areas insect-laden. 

Near steel industry, 
peninsular area. 

Sandy beach area south 
of peninsula, slow water 
motion. 



11 

i2 

i3 

i4 

i5 

i6 

i7 

Pt. San Pablo 
(No.) 

Pt. San Pablo 

Pt. San Pablo 
(So. ) 

Richmond 

Albany 

Emeryville 

Emeryville 

iT 
iB 

2T 
2B 

3T 
3B 

iT 
iB 

iT 
iB 

iT 
iB 

2T 
2B 

Sector III: Southwest (i8 samples): 

i 

2 

Hunter's Point iT 
iB 

Hunter's Point 2T 
2B 

3 So. San Francisco iT 
iB 

4 So.SanFrancisco 2T 
2B 

5 Millbrae 

6 Millbrae 

7 San Mateo 

8 Belmont 

9 Belmont 

iT 
iB 

2T 
2B 

iT 
iB 

iT 
iB 

2T 
2B 
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Table 4. (continued) 

2.86 
0.68 

1.03 
0.58 

1.04 
0.6i 

0. 70 
0.88 

0.4i 
0.99 

1.02 
3.22 

1.3 9 
2.55 

1.24 
0.56 

2.62 
0.73 

3.i0 
1.26 

2.46 
0.58 

0.80 
0.47 

0.68 
0.56 

0.60 
0.56 

0.60 
0.56 

0. 75 
0.64 

Black surface gradually 
turning gray at bottom. 

Brown to red-brown, 
mottled texture, some 
pebbles. 

Black surface and brown 
to brown-red bottom frac~ 
tion. 

Light tan clay with uni­
form consistency, low 
water content. 

Sand and pebbles of many 
colors on top with some 
clay in bottom fractions. 

Black ooze, poor ability 
to hold form, very gummy 
and organic (C>ily). 

Dark, oily ooze, gummy 
texture throughout. 

Black to gray-black. 
Dark sand in bottom frac­
tion. 

Black to gray-black. 
Dark sand in. bottom frac­
tion. 

Dark black top fraction. 

Dark brown to red-brown 
top to bottom gradual 
change. 

Foul area with large 
sediment accumulation. 

Near foul area. 

Inlet area, intertidal 
with obvious erosion. 

Water inlet to bay, 
some foul odors. 

Open to bay proper, 
near bay fill areas. 

High industry and high 
freeway traffic, very 

·foul. 

Industrial area, very 
foul odor, high freeway. 
traffic, inter.tidal area:. 

Shipyard area, high in­
sect populati.on,. stagnant 
pools; 

Shipyard area. Same as 
No. i about 50 ft away. 

Water inlet and stream. 

Industrial area, new 
industry, foul area, 
high insect population. 

Brown clay with continuous Near major airport and 
consistency. water inlet (drainage). 

Brown clay, uniform tex­
ture. 

Loose gravely·high-water 
content sand with numerous 
red-colored stones and 
shells. 

Dark clay, solid texture, 
some stones in bottom 
levels. 

Dark, high-water con­
tent-, sand-clay mixture. 

Near major airport, 
open to bay proper. 

Peninsula area, recrea­
tion area with some 
boating. 

Dense hard-pack soil, 
cliff-like bay water 
interface, moderate 
vegetation. 

Arid area, samples 
taken in water. 



iO 

11 

i2 

i3 

i4 

i5 

16 

i7 

i8 

Redwood City iT 
iB 

Palo Alto iT 
iB 

Palo Alto 2T 
2B 

Mountain View iT 
iB 

Mountain Vfew 2T 
2B 

San Jose iT 

San Jose 

San Jose 

San Jose 

iB 

2T 
2B 

3T 
3B 

4T 
4B 

Sector IV: Southeast (i4 samples): 

i 

2 

3 

4 

5 

6 

Alameda 

Alameda 

San Leandro 
Bay 

San Leandro 
Bay 

San Leandro 
Bay 

San Leandro 
Bay 

iT 
iB 

2T 
2B 

iT 
iB 

2T 
2B 

3T 
3B 

4T 
4B 
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Table 4. (continued) 

0.06 
O.i5 

1.30 
0.63 

0.65 
o. 75 

0.53 
0.48 

o. 78 
0.3~ 

1.23 
0.72 

o. 76 
o. 76 

0.94 
1.00 

o. 78 
0.86 

O.i9 
O.i6 

O.i3 
O.i5 

3.64 
1.68 

4.69 
1.93 

3.25 
1.03 

2.2i 
1.27 

Red soil, many pebbles 
present, somewhat dry 
texture. 

Black, very wet clay, 
uniform in top fraction, 
mottled in bottom. 

Black top fraction, 
dark-brown bottom frac­
tion. 

Dark brown clay, tan 
colored bfotches in 
bottom fraction, roots 
present. 

Dark brown to tan clay 
with numerous roots, 
sandy bottom fraction. 

Algae -laden soil, brown 
to dark brown loose 
structure. 

Black, sandy soil with 
pebbles, uniform 
throughout. 

Brown to red soil with 
poor holding capacity, 
dry texture. 

Brown to blac;k (top to 
bottom) coloring, some 
shells present. 

Sandy, very wet com­
position, lower fraction 
shell-laden. 

Sandy, very wet com­
position, lower fraction 
shell-laden. 

Brown clay with roots 
not progressing to bottom 

· fraction. 

Black, foul clay with 
moderate water content. 

Gummy, foul, black clay, 
some sand. 

Brown to dark-brown 
color, fairly uniform 
texture. 

Poor bay access, delta 
region, ·dry land and 
water passageways. 

Near airport and road­
way. 

High vegetation in area, 
use of boats and airports. 

Intertidal area, low 
physical activity, high 
vegetation. 

Intertidal area. 

Waterway area, intertidal 
area near boating. 

Waterway area, some 
low vegetation. 

Waterway area. 

Waterway area. 

Beach area. 

Approx. i00-200 yards 
away from Site No. 1. 

High vegetation area, 
some air traffic, minor 
road traffic. 

Possible landfill area 
in past, moderate vege­
tation. 

Near air service area, 
poor water composition. 

Landfill area east of 
airport. 



7 

8 

9 

iO 

11 

i2 

"i3 

i4 

San Leandro 
Marina 

San Lorenzo 

Union City­
Fremont 

Newark 

Newark 

Milpitas 

Milpitas 

Milpitas 

aT = top fraction 

bB = bottom fraction 

iT 
iB 

iT 
iB 

iT 
iB 

iT 
· iB 

2T 
2B 

iT 
iB 

2T 
2B 

3T 
3B 
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Table 4. (continued) 

O.i4 
O.i4 

o. 75 
0.72 

1.49 
1.27 

0.90 
0.68 

0.86 
0.52 

0.94 
0.86 

0.94 
0.72 

0.28 
0.83 

Foul odor, black and 
oily color texture. 

Tan color with generous 
dispersion of black 
particles. 

Dark-brown to tan color, 
compact matrix. 

Brown to light-tan clay 
bottom. 

Brown and tan moddled 
consistency, many roots. 

Algae mixed with dark 
black-brown spongy soil. 

Algae mixed with dark­
brown.and black spotted 
mater,ials. 

Brown, loose soil, sandy 
upper layer. 

. Sector Top to Bottom Ratios 

Near marina,with boating, 
land drainage area. 

City dump area, land fill. 

Farmland area nearby. 

Intertidal area with low 
vegetation, insects. 

Near industries and 
matted land from dead 
vegetation. 

Delta region. 

Delta region with much 
vegetation. 

Delta terrain with nu­
merous intertidal areas 
and pockets. 

The ratios of each sector's top mean "values to the bottom mean values were surprisingly 

consistent for three of the sectors. Sector I had a top mean to bottom mean ratio of 1.6i and 

this compared very well with Sectors III and IV which were 1. 7i and 1.66, respectively. Sector 

II showed a reversal with a bottom fraction mean higher than the top fraction mean (top/bottom 

ratio = 0. 88). 

DISCUSSION 

Sediment examination appears to be a valid technique to explore trace element buildup from 

sources of environmental pollution. Monitoring the geochemistry of estuary sediments and in­

vestigating the tidal and current flow can lead to more accurate accounting of trace metal 'pollution 

than air and/or water measurements. 

We designed this study to give analytically accurate shoreline measurements and to identify 

localized high cadmium concentrations. We c~ose to investigate bioexchangeable cadmium as 

being more meaningful as a contaminant of the environment rather than total cadmium, which 

neutron activation .or X-ray fluorescence analysis would have uncovered. The analytical pro­

cedure used in this study enhanced our sensitivity over current acid extraction techniques and 

brought virtually all of our samples to within~± 3o/o error in absorbance. 

It is difficult to compare our results to samples that have been published as "ppm ash" 

since there is a strong likelihood for cadmium loss by both evaporation of iow boiling point 

cadmium compounds or by fusion into insoluble forms of silicates. Our samples are measured 

as tJ.g/g dry sediment to avoid doubt concerning loss of the metal. 

. The shoreline sediments of San Francisco Bay have cadmium concentrations which are simi­

lar to levels found in nonpolluted or marginally polluted areas of the world as presented in Table 1. 
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A 11 global mean value'' for sediment a~undance of cadmium can be estimated fr.om Table 1 and is 

approximately 0. 5 f.Lg/ g. The Gaussian peak of Fig. 8 is at the 0. 6 to 0. 79 f.Lg/ g interval, indicating 

that bay sediment values are very close to background. Those ~amples above 2.0 f.Lg/g (the upper 

limit in this case for a uniform Gaussian distribution) represent possible areas of elevated environ­

mental cadmium. 

The top fraction range was 0.06 to 4.96 f.Lg/g while the bottom range was 0.93 to 3.91 f.Lg/g. 

The range of values· found in our_ study is comparable to the work of Perkins (1973 ), Mullin and 

Riley (1956), Lagerwerff and Specht (1970a), Klein (1972), Iskandar and Keeney, 1974 and 

If) 
Q) 

a. 
E 
(tJ 
If) -0 
...... 
c 
Q) 
(.) .... 
Q) 

0.. 

SECTOR I (Northwest) 

19 stations 

10 

17 stations 

SECTOR Ill (Southwest) 

18 stations 
20 

SECTOR IV (Southeast) 

14 stations 
20~ ~-

10~~ 
o~ ,...u""Z.,.Z""Vl"""_IZI__,_~....._ rlJ _rzA_..._I __.__._ 
0 1 2 3 4 

Cadmium concentration (ppm) 

EACH INTERVAL = 0.2 ppm DBL 742-4648 

Fig. 10. The cadmium concentration distributions 
in each sector. Top and bottom fractions desig­
nation was ignored to give a further breakdown 
of Fig. g; 

5 
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John et al., (1972) which are studies of agricultural soils, lake sediments a~d several other soil 

types (generally non-industrial). The work of Butterworth, et al. (1972) at the Severn Estuary in 

Britian, a light industrial area, compares well with the levels we found in San Francisco Bay 

sediments. ·The effects of light industry and mining on the sediments of the Severn Estuary a·re 

apparently very close to those of the San Francisco Bay. 

Figure 10 combines top and bottom fractions for each sector (a further elaboration of Fig. 8). 

Figures 11 and 12 are the distributions of top and-bottom fractiops, respectively, for each sector. 

Cll 
Q) 

c. 
E 
ro 
Cll .... 
0 ... 
c: 
Q) 
u ... 
Q) 
a.. 

SECTOR I (Northwest) 

19 stations 

20u 
1: _j_ ~ _l_L ~· 

l 30 20 
10 

0 <oU"""'"""'-LC.. ....... <.L< ............... ""'" _L l=rizz"7ZZ'Z' 
0 2 3 

17 stations 

18 stations 

14 stations 

68 stations 

4 

Cadmium .concentration (ppm) 
5 

EACH INTERVAL = 0.2 ppm 
DBL 742..;4646 

Fig. 11. Cadmium concentration distributions in 
each sector's top. fraction. A combination of all 
top fractions (n = 68) is portrayed as the San 
Francisco Bay Perimeter sediments. 
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The diagrams of the regional aistribution of cadmium in top and bottom fractions (Figs. 10, 11, 

12) reveal that the major contribution to the variance is from the top fractions (Fig. ·11). 

Sector II, which includes the lead slag fuming plant at Selby, was the only sector to have 

bottom fraction cadmium levels above 2.0 ppm. Approximately 3 5% (6 of 17) of the bottom samples 

from this sector were above 2.0 ppm. These elevated bottom fractions were primarily found at 

Mare Island <i;nd Emeryville, and are probably du~ to past slag fuming operations at Selby, ship­

yard work at Mare Island, the petroleum refining plants between Martinez ana Richmond, and the 

chemical industries, steel works, and sewage treatment facilities in the Emeryville area. 

(j) 
Q) 

c. 
E 
ctJ 
(j) 

..... 
0 
.... 
c: 
Q) 

~ 
Q) 
a.. 

19 stations 

18 stations 

SECTOR Ill (Southwest) 

17 stations 

14 stations 

68 stations 

~~{£L:~~~ZzzZZl!:21 __L rzzz:z74 EZI __L_ 1ZZ1 -'--'---'--.J....-1 

2 3 .4 5 
Cadmium concentration (ppm) 

EACH INTERVAL = 0.2 ppm 
DBL 742-4647 

Fig. 12. Same as Fig. 11, but for bottom fractions 
(n = 68). ·• 
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Nearly 40o/o of the California land mass drainage passes through the bay near the shoreline 

of Sector II. ·The .shallow water environment of interaction of tidal currents and fresh-water 

runoff leads to semipermanent eddy areas and intertidal areas, and thus pockets of potentially 

high sediment accumulation adjacent to low accumulation areas. Also the ion-exchange capability of 

sedime·nts is ·greatly reduced if the functional groups are washed away. The dosing down of 

operations at the Selby plant may well have allowed much of the top fraction cadmium to. be dis­

sipated. 

Cadmium is rapidly precipitated by sulfur. The presence of sulfur in sediments is an im­

portant factor in the metallic adsorptive and ion-exchange properties of sediments. It is con­

ceivable that the Selby plant operations and the shipyard activities at Mare Island in Sector ll 

have inlroduced limited cadmium into the water flow of the bay. Once i~ the bay waters it is 

precipitated by the air- borne sulfur (from the petroleum refining plants), which continually settles 

on the surface of the bay and is taken into solution. This hypothesis should be tested and corre­

lated to wind direction, so2 dispersion and deposition patterns, current and tidal directions, and 

sediment accumulation of cadmium. In addition, the different chemical forms of cadmium found 

in the sediments should be identified. 

Table 3 presents the data sample by sample, with soil and environmental characteristics to 

to allow for pollution evaluations. These characteristics are valuable in assessing contributory 

factors that may explain elevated cadmium levels. From the table, for instance, sandy soils 

overall exhibit low cadmium levels. Sand possesses a low adsorptive capacity (John, 1972). This 

agrees well with our findings that low vegetation areas (generally sandy areas), beach areas, and 

land-fill areas (turned earth or other clean fill) had •very low cadmium levels. 

Samples taken near developments or ~ndustries or samples psssessing a dark (black) color 

and gummy or oily composition and frequently a foul odor (indicating organic enrichment) tended 

to have elevated cadmium. Almost 75o/o of the samples above 2.0 ppm (Fig. 8) had these char­

acteristics. Light tan to gray colorings, loose composition or the presence of shells did not cor­

relate well with elevated cadmium. Clay soils in areas of moderate vegetation generally were 

between 0.5 and 1.5 ppm, and were a sizable majority of the bay samples. 

SUMMARY 

Bioexchangeable cadmium in the shoreline sediments of San Francisco Bay is currently at 

acceptable levels. Known endemic areas of the world have sediment cadmium levels 100 to 1000 

times higher than the highest levels found in the bay. Those areas of elevated cadmium in the 

San Francisco Bay include Mare Island, Emeryville, San Leandro Bay, Hunters Po"int, South San 

Francisco, and Corte Madera. Levels above 2 fl.g/g are considered evidence of industrial con­

tamination. 

Samples from the eastern shoreline (Sectors II and IV) had the highest and most consistent 

elevation of both top and bottom fractions. Samples with elevated cadmium from the western 

shoreline (Sectors I and ill) generally showed a marked increas~ in the top fraction alone. The 

Mare Island, Emeryville and San Leandro Bay samples were 2 to 5 times greater than the 

entire bay mean of 1.0 7 fig/g. Elevated cadmium sarriples from the west side of the bay were 2 to 

3 times greater than the mean. The Mare Island and Emeryville samples had bottom fraction 

levels in excess of the top fraction. Cadmium enrichment in the top fraction alone was best ·seen 

in two of the Corte Madera sampling locations on the northwestern shoreline. These samples were 
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8.3 times higher in the top fraction relative to the bottom. This finding may be indicative of tidal 

or current dissemination of cadmium from the northeastern sector, 

Numerous chemical-related industries, including slag fuming, shipbuilding; pharmaceuticals, 

steel, petroleum, etc., exist or have existed in the northeast bay region (Sector II.). Many of these 

industries probably have introduced cadmium into the bay. However, it is the petroleum refineries 

of this area that may indirectly aid in the deposition of cadmium ~nto the bay sediments. During 

the refinement of petroleum, gaseous sulfur dioxide escapes into the atmosphere, disperses over 

the bay and settles in the water, where it rapidly precipitates dissolved metals, especially free 

or ionic cadmium. 

Monitoring of the bay hot spots (i.e., > Z.O!J.g/g) can be carried out on a regular basis. The 

correlation between so
2 

wind dispersion patterns, current and tidal flow patterns, and areas of 

the bay which have sediments containing elevated cadmium has not been made. Accumulation· of 

cadmium in bivalves and other aquatic life forms in the bay should be examined in areas of ele­

vated cadmium. 

ACKNOWLEDGEMENTS 

. This work was done under the auspices of the Atomic Energy Commission. The authors wish 

to thank Mr. Anthony Marzan for his assistance in collection and analysis. The technical assist­

ance of Ms. Marcy Wales and Mr. John Flambard is gratefully acknowledged. 

REFERENCES 

Ahrens, L. H., Willis, J. P. and Oosthuizen, C. 0. Further observations on the composition 
of manganese nodules. Geochim. Cosmochim.Acta ~:2169 (1967). 

Ball, I. R. The toxicity of cadmium to rainbow trout (Salmo gairdnerii). Wate_r: __ g_~~ _!:805 (1967). 

Berrow, M. L. ·and Webber, J, Trace elements in sewage sludges. J. Sci. Food Agricult. 
23:93 (1972). 

Bilefield, L. E. and Vincent, E. A. Determination of cadmium in rocks by neutron activati9n 
analysis. Analyst 86:386 (1961). 

Blount, C. W., Leyden, D. E., Thomas, T. L., Guill, S. M. Application of chelating ion ex­
change resins for trace element analysis of geological samples using x-ray fluorescence. Anal. 
Chem. 45:1045 (1973 ). 

Bartleson, G. C. and Lee, G. F. Recent sedimentary history of Lake Mendota, Wisconsin 
Environ. Sci. Tech. §..:799 (1972). 

Brooks, R. R. and Rumsby, M. G. The biogeochemistry of trace element uptake by some New 
Zealand bivalves. Limnol. Oceanogr. !.Q_:521 (1965). 

Brooks, R. R and Rumsby, M. G. Studies on the uptake of cadmium by oyster, Ostrea sinuata. 
Aust. J. Mar. Freshwater Res! 18:53 (1967). 

Bryan, G. W. The effects of heavy metals (other than mercury) on marine and estuarine organisms. 
Proc. R. Soc. Lond. B. 177:389 (1971 ). 

Buchauer, M. J. 
copper, and lead. 

Contamination of soil and vegetation near a zinc smelter by zinc, cadmium, 
Environ. Sci. Tech. 2_:131 (1973). 

Budinger, T. F., Farwell, J, R., Smith, A. R. and Bichsel, H. Human tissue trace element 
detection by neutron activation without chemical separation. Inter. J. Appl. Rad. !stop. Q:49 
(1972). 



-32-

Budinger, T. F., Moyer, B. R., Michel, H. V., Asaro, F., and Perlman, I. Quantitative neutron 
activation analysis of human tissues. Lawrence Berkeley Laboratory Rept. LBL-1666 (1972) p. 331. 

Burch, G. E. a~d Walsh, J. J. The excretion and 'biological decay rates of Cd115m with a con­
sideration of space, mass and distribution in dogs. J. Lab. Clin. Med. 54:66 (1959). 

Bur'yanova, E. z. Selenium in the sedimentary rocks of tuva (cadmoselite in sediments). Geo­
chemistry ]..:669 (1961 ). 

Butterworth, J., Lester, P., Nickless, G. Distribution of heavy metals in the Severn Estuary. 
Mar. Poll. Bull. ~:72 (1972). · 

Carroll, R. E. The relationship of cadmium in the air to cardiovascular disease death rates. 
J. A.M. A. 198:267-269 (1966). 

Cearley, J. E. and Coleman, R. L. Cadmium toxicity and accumulation in Southern Naiad. Bull. 
Environ. Contam. Toxicol. .2_:1 00 (1973 ). 

Chaube, S., Niskimura, H. and Swinyard, C. A. Zinc and Cadmium in normal human embryos 
and fetuses. Arch. Environ. Health. 26:237 (1973). · 

Chen, R., Wagner, P., Ganther, H. E., and Hoekstra, W. G. A low molecular weight cadmium:. 
binding .protein·in testes of rats: possible role in cadmium-induced testicular damage, Fed. 
~:roc. ~:69~ (1972). 

Cotzias, G. C., Borg, D. C., and Selleck, B. Specificity of zinc pathway in the rabbit: zinc­
cadmium exchange. Amer. J. Physiol. 201: 63-66 (1961). 

Cross, C. E., Ibrahim, A. B., Ahmed, M. and Mustafa, M. G. Effect of Cadmium Ion on 
respiration and ATPase activity of the pulmonary alveolar macrophage: A model for the study of 
environmental interference with pulmonary cell function. Environ. Res. l_:512 (1970). 

DeVoe, J. R. The radiochemistry of cadmium. National Academy of Sciences, Nuclear Science 
Series Report NAS-NS 3001 (1960). 

' Druyan, R. and Vallee, B. L. Exchangeability of the zinc atoms in liver alcohol dehydrogenase. 
Fed. Proc. ~:247 (1962). 

Durbin, P. w. , Scott, K. G. and Hamilton, J. G. The distribution of radioisotopes of some heavy 
metals in the rat. UCRL Report-3607 (1957) University of California, Berkeley. 

Eisler, R. Cadmium poisoning in Fundulus heteroclitus (Pisces: Cyprinodontidae) and other 
marine organisms. J. Fish. Res. Bd. Canada 28:1225 (1971). 

Esvelt, L. A., Kaufman, W. J. , and Selleck, R. E. A study of toxicity and biostimulation in 
San Francisco Bay--Belta water, Vol. 4, Toxicity removal from municipal wasterwaters, State 
Water Resources Control Board Pub. 44 (1972). 

Ferro, V. H. Developmental malformations induced by cadmium. A study of timed injections 
during embryogenesis. Bioi. Neonate .!.2.:101 (1971). 

Ferrell, R. E. and Carville, T. E. Trace metals in oyster shells. 
1_:311-316 (1973). 

Environmental Letters 

Flick, D. F., Kraybill, H. F. and Dimitroff, J. M. Toxic effects of cadmium: a review. 
Environ. Res. _!:71-85 (1971). 

Friberg, L. Proteinuria in chronic cadmium poisoning after comparitively short exposure to 
cadmium dust. Arch. Indust. Health !.§.:30 (1957). 

Friberg, L., Piscator, M., Nordberg, G. Cadmium in the Environment, Chemical Rubber 
Company, Cleveland ( 1971 ). 

Fulkerson, W. and Goeller, H. E. (eds.) Cadmium: The dissipated element. ORNL-NSF 
environmental program. Oak Ridge National Laboratory Rept. ORNL-NSF-EP-21 (1963). 



-33-

Gardner, G. R. and Yevich, P. P. Histological and hematological responses of an estuarian 
teleost to cadmium. J. Fish. Res. Bd. Canada 27:2185 (1970). 

Goodman, G. T. and Roberts, T. M. Plants and soils as indicators of metals in air. Nature 
231:287 (1971). 

Green, J. · Geochemical table of the elements for 1959. Bull. Geol. Soc. Amer. 2Q.:1127 (1959). 

Gunn, S. A., Gould, T. C., and Anderson, W. A. D. Cadmium induced interstitial cell tumors 
in rats and mice and their prevention by zinc. J. Nat. Cancer Inst. 31:745 (1963 ). 

Hanya, T., Ishiwatari, R., Ichikuni, H. The mechanism of removal of mercury from seawater 
to bottom muds in Minimata Bay. J. Oceanog. Soc. Japan .!1.:20 (1963 ). In Japanese with English 
abstract. 

Heath, J. C. and Daniel, M. R. The pr.oduction of malignant tumors by cadmium in the rat. 
Brit. J. Cancer. ~:124 (1964).· 

Hiltbran, R. C. Effects of cadmium, zinc, manganese and calcium on oxygen and phosphate 
metabolism of Bluegill liver mitochondria. Water Pollution Control J. 43:818 (1971). 

Hindawi, I. J., and Neely, G. E. Soil and vegetation study in Helena Valley, Montana, Area 
environmental pollution study. U. S. Environmental Protection Agency Rept. 91 (1972) p. 81. 

Holmes, C. W., Slade E. A., and McLerran, C. J. Migration and redistribution of zinc and 
cadmium in marine estuarine system, Environ. Sci. Tech. ~:225. (1974). 

Hublou, W. F., Wood, J. W., and Jefferies, E. R. The toxicity of zinc or cadmium for 
Chinook salmon. Oregon Fisheries Commission Briefs ~:1 (1954). 

Imperial Smelting Corp. {Alloys) Ltd. Metallic coatings for protecting underwater structures, 
(1970). From Chem. Abst. ..:?..2.:70752a (1971). 

International Committee on Radiological Protection. Report of Committee II on Permissible Dose 
for Internal Radiation. ICRP Publication 2, Pergamon Press, New York (1959). 

Iskandar, I. K. and Keeney, D. R. Concentration of heavy metals in sediment cores from se­
lected Wisconsin lakes. Environ. Sci. Tech. ~:165 (1974). 

Itokawa, Y., Abe, T., and Tanaka, S. Bone changes in experimental chronic cadmium poisoning. 
Arch. Environ. Health 26:241 (1973 ). 

Itokowa, Y., Abe, T., Tabei, R., and Tanaka, S. Renal and skeletal lesions in experimental 
cadmium poisoning. Histological and biochemical approaches. Arch. Environ. Health 28:149 ( 1974). 

Ivanov, V. V. Geochemistry of cadmium in the deposits of the Deputatskoye group. Geochem . 
.?._:168 (1961). 

Ivanov, V. V. Distribution of cadmium in ore deposits. Geochem. Int. j:757 (1964). 

Jacobs, E. E., Jacob, M., Sanadi, D. R. and Bradley, L. B. Uncoupling of oxidative 
phosphorylation by cadmium ion. J. Biol. Chem. 223:147 (1956). 

John, M. K. Influence of soil characteristics on adsorption and desorption of cadmium. Environ­
mental Letters .?._:173 (1971 ). 

John, M. K. , Chuah, H. H. , Van Laerhoven, C. J. Cadmium contamination of soil and its uptake 
by oats. Environ. Sci. Tech . .§.:555 (1972). 

Jones, A. S. G. The concentration of Cu, Pb, Zn, and Cd in shallow marine sediments, Cardigan 
Bay, Wales, Marine Geology 1_i:M1 (1973). 

Kagi, J. H. R., and Vallee, B. L. Metallothionein: A cadmium and zinc-containing protein 
from equine renal cortex, J. Bioi. Chem. 235:3460 (1960). 



-34-

Kagi, J. H. R., and Vallee, B. L. Metallothionein: A cadmium and zinc-containing protein 
from equine renal coretx, II. Physiochemical properties, J. BioL Chem. 236:2435 (1961). 

Kipling, M. D. and Waterhouse, J. A. H. 
Lancet .!_:730 (1957). 

Cadmium and prostatic carcinoma (letter) 

Klein, D. H. Mercury and other metals in urban soiL Environ. Sci. Tech . .§.:560 (1972 ). 

Kolonel, L. M. An epidemiological investigation of cadmium carcinogenesis, Ph. D. thesis, 
109 pp., University of California, Berkeley (1972). 

Kraushop£, K. B. Factors controlling the' concentrations of thirteen rare metals in seawater, 
Geochim. et Cosmoc him. Acta _2::1 (1956). 

Lager, J. A. , and Tchobanoglous, G. Effluent disposal in south San Francisco Bay. 
J, Sanit. Eng •. Div. SA2 (5891):213 (1968). 

Lagerwerff, J. V. and Specht, A. w. Contamination of roadside soil and vegetation with cadmium, 
·nickel, 'lead and zinc. Environ; Sci. Tech. ,!:583 (1970a). 

Lagerwerff, J, V. and Specht; ·A. w. Occurrence of environmental cadmium and zinc and their 
uptake by plants, Trace Substances in Environmental Health-IV, D. D. Hemphill, editor 
University of Missouri, Columbia, Mo. (1970b) p. 85. 

Lagerwerff, J, V. Uptake of cadmium, lead and zinc by radish from soil and air. Soil Science 
111:129 (1971). 

Lagerwerff, J. F. •" Brower, D. L., Biersdorf, G. T. Accumulation of cadmium, copper, lead, 
and zinc in soil and vegetation in the proximity of a smelter, in Trace Substances in Environ­
mental Health-VI, D. D. Hemphill, editor, University of Missouri (1972) p. 71. 

Lallier, R. Effects of Zn and Cd ions on the development of the egg of the sea urchin, 
Paracentrotums. lividus. Arch. BioL 66:75 (1955). In French. 

The Lancet. Cadmium pollution and itai-itai disease. Vol. 1, pp. 382-383 (1971). 

Lane, R. E. and Campbell, A. C." P. Fatal emphysema in two men making a copper cadmium 
alloy. Brit. J. Indust. Med . .!.!_:118 (1954). 

Lauwerys, R. R., Buchet, J. P. ,· Roels, H. A., Brouwers, J. and Stanescu, D. . 
Epidemiological survey of workers exposed to cadmium, Arch.· Environ. Health 28:145 (1974) .. 

Lee, J. S. Quantification of industrial cadmium exposure utilizing hair and other biological 
sa·rriples, Ph. D. thesis, l]niversity of California, Berkeley (to be published). 

Lehnert, G. , Schaller, R. H. , and Haas, Th. Atomic absorption spectrophotometric determina­
tion of c·admium in serum and urine. z. Klin. Chem. Klin. Biochem . .§.:1 74 (1968). In German; 
available as UCRL-Trans-1489. 
Levy, L. S., Roe, F. J. C., Malcolm, D., Kazantzis, G., Clack, J. and Platt, H. S. Absence 
of prostatic changes in rats exposed to cadmium. Ann. Occup. ·Hyg . .!.§.:111 (1973 ). 

Linnman, L., Andersson, A., Nilsson, K. 0., Lind, B., Kjellstrom, T., and Friberg, L. 
Cadmium uptake by wheat from sewage sludge used as a plant nutrient source. Arch. Environ. 
Health ~:45 (1973). 

Linstedt, K. D., Houck, C. P., O'Connor, J. T. Trace element removal in advanced wastewater 
treatment processes. J. Water PolL Control Fed. 43:1507 (1971). 

Little, M. H. A survey of zinc, lead and cadmium in soil and natural vegatation around a smelting 
complex. Environ. PolL ~:241 (1972). 

Mackay, D. M., Halcrow, 
Poll. Bull. ~:7 (1972). 

M. , and Thornton, I. ·Sludge dumping in the Fi·rth of Clyde. Mar. 
I 

Malin, H. M., Jr. Metal focus shifts to cadmium. Environ: Sci. Tech . ..i._:754 (1971). 



-35-

Margoshes, M. and Vallee, B. L. 
Chem. Soc. 79:4813 (1957). 

A cadmium protein frorri equine kidney cortex. J, Amer. 

Marowsky, G. and Wedepohl, K. H. 
some major rock forming processes. 

General trends in the behavior of Cd, Hg, Tl, and Bi in 
Geochim.. et Cosmochim.. Acta ~:1255 (1971). 

' Matsue, R., Fukuyama, Y., Ishimoto, M., Kubota, K., 
experimental cadmium poisoning by oral administration. 
In Japanese; available as UCRL-Trans-1463. 

and Takayahagi, N. Bone damage in 
Med. Biology (Tokyo) ~:33 (1970). 

Meranger, J. C., and Somers, E. Determination of the heavy-metal content of sea foods by 
atomic absorption spectrophotometry. Bull. Environ. Contam. Toxicol. 2_:360 (1968). 

Miesch, A. T., and Huffman, Jr., C. Abundance and distribution of lead, zinc, cadmium, and 
arsenic in soils. Helena Valley, Montana, Area Environmental Pollution Study, Off. Air Frog. 
Publ. AP-91, U. S. Envir. Protect. Agency, 65-80 (1972). 

Miller, W. J., Blackmon, D. M. and Martin, V. G. Cadmium-109 absorption, excretion and its 
tis.sue distribution followii!g single tracer oral and intravenous doses in young goats. J. Dairy 
Sc1. .?J.:1836 (1968). 

Mogarovskii, V. V. and Rosseikin, L. V. Geochemistry of rare and dispersed elements at the 
Maikhuratin-tungsten deposit (Central Tadzhikstan). Geochem. ~:561 (1961 ). 

Mookherjee, A. Certain aspects of the geochemistry of cadmium. Geochim. et Cosmochim. 
Acta ~:351 (1962). 

Moritsugu, M. and Kobayashi, J. Study of trace metals in Bio-Material. II. cadmium content of 
polished rise. Ber O'Hara Inst. Landw. Biol. g:145 (1964). 

Mullin, J. B. and Riley, J. P. Cadmium in seawater. Natur.e 174:42 (1954). 

Mullin, J. B. and Riley, J. B. The occurrence of cadmium in seawater and in marine organisms 
and sediment. J. Marine Research .!..2_:103 (1956). 

Murthy, L., Sorenson, J. R. J. and Petering, H. G. Effect of cadmium on ceruloplasmin 
(copper oxidase) activity in rats, Fed. Proc. ~:699 (1972). 

Mustafa, M. C. and Cross, C. E. Pulmonary alveola·r macrophage. Oxidative metabolism of 
isolated cells and mitochondria and effects of cadmium ion on electron-energy reactions. Bio­
chemistry .!Q.:4176 (1971). 

Nagata, T., Shimura, H., and Tirashima, T. Determination of cadmium in rice and soil by 
means of atomic absorption spectroscopy using an APDC chloroform extraction system. J. Food 
Hyg. Soc. Jap. li:41 (1970). In Japanese. 

Nakagawa, H. M. and Harms, T. F. Atomic absorption of cadmium in geologic materials. 
Geological Survey Research, U. S. Geol. Survey. Prof. Paper 600-D (1968) pp. 207-209. 

Nilsson, R. Aspects on the toxicity of cadmium and its compounds. Swedish Natural Science 
Ecological Research Committee Bull. No. 7, Stockholm (1970). 

Nomiyama, K. , Sato, C. and Yamamoto, A. Early signs of cadmium intoxication in rabbits. 
Toxicol. Appl. Pharm. 24:625 (1973). 

Nordberg, G. F., Piscator, M. and Lind, B. Distribution of cadmium among protein fractions 
of mouse liver. Acta Pharmacal. Toxicol. ~:456 (1971). 

Parisi, A. F. and Vallee, B. L. Zinc metalloenzymes: characteristics and significance in 
biology and medicine. Amer. J. Clin. Nutrition 22:1222 (1969). 

Pearson, E. S. , Storrs, P. N. , and Selleck, R. E. , Final Report, A Comprehensive Study of 
San Francisco Bay, (8 Vols.) SERL, College of Engineering and School of Public Health, 
University of California, Berkeley, July 1970. 



-36-

Peden, J. D., Crothers, J. H., Waterfall, C. E. and Beasley, J. Heavy_Metals in Somerset 
marine organisms. Marine Poll. Bull. 4:7 (1973). 

Perkins, E. J. , Gilchrist, J. R. S. , Abbott, 0. J. , and Halcrom, W. Trace Metals in Solway 
Firth sediments. Marine Poll. Bull. i_:59-61 (1973). 

Petering, H. G~, Johnson, M. A. and Stemmer, K. L. Studies of zinc metabolisnf in the rat. 
I. Dose-response effects of cadmium. Arch. Environ. Health Q:93 (1971). 

Preston, A. Cadmium in the marine environment of the United Kindom. Marine Poll. Bull. 
~:105 (1973). 

Pringle, B. H., Hissong, D. E., Katz, E. L. and Mulawka. S. T. Trace metal accumulation 
by estuarine mollusks. J. Sanit. Eng. _Div. SA3 :5970 (1968). 

Pritchard, D. W. What is an estuary: physical viewpoint. In Estuaries (G. A. Lauff, editor).' 
Publication 83, American Association for the Advancement of Science, Washington, D. C. (1967). 

Pulido, P., Kagi, J. H. R. and Vallee, B. L. 
metallothionein, Biochemistry ~:1768 (1966 ). 

Isolation and some properties of human , 

' 
Rahola, T., Aaran, R. K. , and Miettinen, J. K. Half-time studies of mercury and cadmium by 
whole body counting (IAEA-SM-150/13). In Assessment of Radioactive Contamination in Man, 
IAEA, Vienna, (1972) pp. 553-562. 

Rahola, T. , Ritva-Kaarina, A. , and Miettinen, J. K. Retention and elimination of 115mCd in 
man .. In Health Physics Problems of Internation Contaminatidn (E. Bujdoso, editor). Proc. 
IRPA Sec. Europ. Gong. on Rad. Prot., Akad. Kiado, Budapest (1973) pp. 213-218. 

Reddy, J., Svoboda, D., Azarnoff, D., and Dawar, R. Cadmium-induced Leydig celi tumors 
of rat testis: morphologic and cytochemical study. J. Nat. Cancer Inst. 2.!_:891 (1973). 

Richmond, C. R. '· Findlay, J. S., and London, J. E. Whole body retention of cadmium-109 by 
mice following oral, intraperitoneal and intravenous administration. University of California 
Los Alamos Scientific Laboratory Rept. LA-3610-MS (1966) p. 195. 

Romeril, M. G. Th t k d d . ·b ·· f 65z · e up a e an 1stn utlon o n 1n oysters. Marine Biology 9:347 (1971 ). 

Rusnak, G. A. Rates of sediment accumulation in modern estuaries. In Estuaries (G. A. Lauff, 
editor). American Association for the Advancement of Science (Pub. No. 83) Washington, D. C. 
(1967)~ 

Samualson, 0. Ion Exchange Separations in Analytical Chemistry. John Wiley and Sons, New 
York (1963). 

Sangalang, G. B. , and O'Halloran, M. J. Cadmium-induced testicular injury and alterations of 
androgen synthesis in brook trout. Nature 240:470-471 (1972). 

Scanlon, J. Human fetal hazards from environmental pollution with certain non-essential elements, 
Clinical Pediatrics .!..!_:13 5 (1972 ). 

Schmitt, R. A., Smith, R. H., and Olehy, D. A. Cadmium abundances in meteoritic and 
terrestrial matter. Geochim. et Cosmochim. Acta 27:1077 (1963). 

Schroeder, H. A., and Balassa, J. J. Cadmium uptake by vegetables from superphosphate in 
soils. Science 140:819 (1963). 

Schroeder, H. A., Nason, A. P., Tipton, I. H., and Balassa, J. J. Essential trace metals 
in man: zinc relation to environmental cadmium. J. Chron. Dis. ~:179 (1967a). 

Schroeder, H. A. and Buchman, J. J. Cadmium hypertension: Its rever sal in rats by a zinc 
chelate. Arch. Environ. Health .!.i_:693 (1967b). 

.. 



'L 

-37-

Segar, D. A. and Pellenberg R. E. Trace metals in carbonate and organic rich sediments. 
Marine Poll. Bull. _!: 138 ( 1973 ) . 

.Shaikh, z. A. and Lucis, 0. J, Isolation of cadmium-binding proteins, Experentia. 27:1024 
( 1971). 

Shaikh, z. A. and Lucis, 0. J. Biological differences in cadmium and zinc turnover. Arch. 
Environ. Health 24:410 ( 1972). 

Silvey, w. D. Occurrence of selected minor elements in the waters of California. Geochemistry 
of Water. Geological Survey Water-Supply Paper 1535-L (1967). . 

Simon, F. P., Potts, A. M. and Gerard, R. W. The action of cadmium and thiols on tissues 
and enzymes. Arch. Biochem. g:283 (1947). 

Singh, K. Isolation and characterization of cadmium-binding protein from rat testis. I.:_ 
Reprod. Fert. 36:257 (1974). 

Skei, J. M., Price, N. B., Calvert, S. E. and Holtedahl, H. The distribution of heavy metals 
in sediments of Sorfjord, West Norway. Water, Air, and Soil Pollution !_:452 (1972). 

Stones, T. The fate of zinc during the treatment of sewage. J, Inst. Sewage Purif. ~:254 (1959). 

Strelow, F. W. E. Separation of cadmium from uranium, cobalt, nickel, manganese, zinc, 
copper, titanium, and other elements by cation exchange chromatography. Anal. Chern. 
~32:363 (1960). 

Strelow, F. w. E., Victor, A. H., van Zyl, C. R. and Eloff, C. Distribution coefficients and 
cation exchange behavior of elements in hydrochloric acid -acetone, Anal. Chern. 43:870 (1970 ). 

Supplee, w.- G. Antagonistic relationship between dietary cadmium and zinc. Science 139:119 
(1963). 

Ulrychova- Zelinkova, M. Cadmium-ions as inhibitors of tobacco mosaic virus. Bioi. Plant. 
Acad. Sci .. , Bohemoslov !_:135 (1959). 

Van Loon, J. C. and Lichwa, J, A study of the atomic absorption determination of some im­
portant heavy metals in fertilizers and domestic sewage plant sludges. Environmental Letters 
_!:1 (1973). 

Vigliani, E. C. The biopathology of cadmium. Amer. Indust. Hyg. J. 30:329 (1969). 

Vinogradov, A. P. The Geochemistry of Rare and Dispersed Chemical Elements in the Soils. 
(Translated from Russian), Consultants Bureau, Inc., New York (1959) pp. 137. 

) 

·ward, F. N., Nakagawa, H. M., Harms, T. F. and Van Sickle, G. H. Atomic-absorption 
methods of analysis useful in geochemical exploration. U. S. Geo. Surv. Bull. 1289 (1969). 

Williams, C. H.and David, D. J. The effect of superphosphate on the cadmium content of soils 
and plants. Aust. J, Soil Res . .!.!_:43 (1973). 

Wilson, R. H., De Eds, F., Cox, A. J. Effects of continued cadmium feeding. J, Pharmacal. 
Exp. The rap. 2.!.:222 (1941 ). 

Winkelstein, w. and Kantor, S. Prostatic cancer: Relationship to suspended particular air 
pollution. Amer. J. Public Health 29:1134 (1969). 

Yamagata, N. and Shigematsu, I. Cadmium pollution in perspective. Bull. Inst. Publ. Health 
Tokyo~: 1 (1970). 



.. 

0 

r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty; express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



-~--eo~· 

/f 

TECHNICAL INFORMATION DIVISION -~ 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~ 

~ ....,.,_..,;.. 

= 
... ~. 


