Foreword to the Revised Final Report

The RPA report (“The Risks to Health and Environment by Cadmium used as a Colouring Agent or a Stabiliser in Polymers and for metal Plating”; Final Report prepared for the European Commission, DG Enterprise by Risk & Policy Analysts Limited. Project:Ref/Title J316/Cadmium.  6 December 2001) was published on the internet on 6 December 2001.  This was the first opportunity for the cadmium pigment industry to see or contribute to this risk assessment, other than to supply RPA with confirmation of information or updated industry data.  At the only meeting with RPA in London on 17 May 2000, the cadmium pigment industry volunteered to assist with the risk assessment by supplying any other information and advice that was needed.

After the report was published, it was apparent that it contained many errors, some of which are substantial and very significant.  The extent of the errors is such that the results and conclusions of the risk assessment are not valid, and can not properly be used as the basis for discussions or for changes to the EU directive.  With the approval of DG Enterprise, the cadmium pigment industry, represented by the International Cadmium Association (ICdA), sought to discuss the errors with RPA.  RPA agreed to a meeting, but requested indication of the areas ICdA wanted to discuss.  ICdA supplied this.  Subsequently, RPA backed away and refused any meeting, and tried to answer questions that had not been asked, inevitably failing to address the errors and areas of concern.

ICdA met with DG Enterprise (Herr Maik Schmahl) on May 30, 2002, to demonstrate that the RPA report in its current state is not acceptable as a scientific basis for determining the risks involved with the lifecycles of the three uses of cadmium, and thus cannot properly be used as it stands to direct further legislation.  The errors in the RPA report were categorised, noting that only some of these errors have significant effect on the results and conclusions of the risk assessment.  Other errors were listed to demonstrate that the report had not been read and assessed adequately, or by a sufficiently wide audience to ensure accuracy. RPA have since confirmed the presence of many of the errors.

In the absence of any other means to achieve a sound scientific basis for discussions or for potential changes to EU directives, the ICdA undertook to revise the RPA report. This revision is deliberately limited in scope, aiming to correct identified errors in the source data and calculations in the RPA report, but maintaining the methodology used by RPA (and approved by CSTEE in its review of the RPA report).

The revision has dramatically changed the calculated risk ratios for environmental compartments and for risk to man or to animals through the food chains. Consequently, both the conclusions and recommendations have changed considerably, since many risks identified by RPA as potentially significant have been shown to be not significant. In particular, the potentially significant risk at local level, from Municipal Solid Waste (MSW) incineration to man and also through the terrestrial food chain, is now shown to be not significant.

The Changes

(Page numbers refer to the pages in the RPA report. The page number in the revised report may be different)

Data Input to the Environmental Model

· Modern data for Municipal Waste Incinerator emissions is available, and is used in place of the extensive modelling and assumptions in the RPA report. For local calculations, reasonable and worst-case emissions to air from a single incinerator are based on monitored data (as used in the ongoing Ni-Cd battery TRAR).

· Good information exists for extra-EU imports and exports of pigments and is used in place of gross assumptions.

· The Tolerable Daily Intake of cadmium to man was reassessed and reaffirmed by the joint FAO/WHO expert committee on food additives (JECFA) in June 2000 (Geneva), the FAO/WHO committee having considered all available information/data at that time. This value is used in place of the lower one used by RPA.

Calculation Errors

· Local water calculations for Pigment Manufacturer A are wrong in the RPA report, and have been corrected, giving different PECs and PEC/PNEC ratios.

· P32. RPA states that 100% of the disposal of decorated ceramic items is to landfill, but RPA’s calculations (Figure 4.3, p37) are based on 80% to landfill and 20% incinerated.

· P68. RPA assumes 300 days per year operation of waste incinerators, but the calculations are based on 365 days per year.

· P68, Table 5.17. The sewage sludge PECs are wrong. The range should be 7.24x10-7 to 7.29x10-7, not an order of magnitude lower.

· P 74, Table 5.20. The total daily human intake in an acidic environment deriving from cadmium plating cannot be 1.41x10-4 – 1.42x10-4 mg/kg.bw/day, and the revision assumes that this should read 1.41x10-3-1.42x10-3. Consequently in Table 7.5, p148, the human intake should read 1.42 (g/kg.bw/day and the MOS ratio should read 0.352. This substantially changes the implied risk.

· P79. PNEC for sediment, general environment, should be 12.4 mg/kg.wwt, not 57 mg/kg.wwt as stated.

False Assumptions

· The division of environmental emissions between regional and continental compartments, for example for stabiliser manufacture to air, cannot be less than 10:90 (RPA report gives 1.6:98.4). The revision reverts to the 10:90 default.

· RPA uses the hypothesis that all cadmium from plated items in use is lost local to airports. This is shown to be false by the reported (by RPA) information from Heathrow airport authorities. The hypothesis is replaced here by the default distribution in the absence of good data.

· P37. Cadmium pigmented plastics are not subject to any significant “installation losses” as assumed by RPA.

Irrelevant Calculations

The inclusion of irrelevant calculations for an acidic environment for pigment and stabiliser manufacture only confuses the issues, and erroneously implies some potential local risk. The revised report gives results only for the general environment for these activities.

Miscellaneous

Many errors (e.g. CAS number for CdS) and omissions (no entry for pigments in Table 2.2) have been corrected.

Recalculation Methods

This revision assumed that the RPA calculations and methodology are correct, except where obvious errors have been identified. It was not therefore necessary to recalculate completely through the EUSES programme. The recalculations are based on the RPA figures, correcting errors where identified, and scaling for the changed emissions to environmental compartments at each level (continental, regional and local).

For each environmental compartment (air, water, and soil) the Regional PECs were calculated by multiplying RPA’s values by the appropriate ratio for the revised emission to the emission used by RPA. This is valid since only negligible emissions are allocated to regional and continental compartments in proportions other than the default 10:90.

Local PECs were calculated for each environmental compartment by:

· Reducing the “regional” contribution to the local PEC in line with the calculated reduction in the region PECs, and

· Modifying the “local” contribution (as necessary) in proportion to the changes in magnitude of the appropriate local emissions (e.g. for municipal waste incineration).

· Where local PECs result from emissions to more than one environmental compartment (e.g. daily intake by cattle and by man) these were calculated using the dietary intakes given by WSA report.
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Executive Summary

Objective

The purpose of this study was a targetted assessment of the risks to health and the environment from cadmium used as a colouring agent or a stabiliser in polymers and for metal plating. It follows a previous risk assessment (WS Atkins 1998), but assesses in greater depth and uses more modern data as available.
Background

Cadmium is a naturally occurring metallic element. Cadmium and cadmium compounds are always derived as by-products of the refining of zinc and lead. Cadmium used for the targeted uses is a minor fraction of total usage. The major fraction (about 75%) of EU cadmium usage is for Ni-Cd battery manufacture, with about 15% being used for pigments, about 4% for cadmium plating and 0.5% for stabilizers.

The main sources for human exposure to cadmium are phosphate fertilizers (41%), fossil fuels (22%) and iron and steel production(17%), with 8% deriving from natural sources. The industrial uses of cadmium contribute about 2.5% (plating 2.3%, batteries 0.2% and pigments 0.02%).

Use of cadmium in industrial applications is currently restricted by EU regulations based on the precautionary principle. At the time of these regulations, it was considered that environmental levels of cadmium might be increasing, but it has now been shown that cadmium levels in environmental compartments have been decreasing since the 1960s.

Cadmium Usage in Stabilisers

Cadmium stabilisers are used in PVC to prevent decomposition, the main use being for window frames. Some countries (Sweden, Denmark, Austria, Netherlands) have already banned this use of cadmium and the industry has agreed voluntarily to phase out the use of cadmium stabilizers in the EU, causing overall use of cadmium stabilisers to fall from 270 tonnes per annum (tpa) in 1997 to 30 tpa. However, the cadmium from old PVC windows could be recycled and reused, and for this reason, the analysis has considered options with and without recycling.

Cadmium Usage in Pigments

EU production of cadmium pigments is equivalent to about 766 tpa cadmium, but a major proportion is exported outside the EU, and current EU usage of cadmium pigments is equivalent to about 350 tpa cadmium. The prime use is in the manufacture of brilliant red, orange and yellow pigments that are used in a range of applications, particularly engineering plastics. About 90% are used in plastics, with only 4% in artists’ colours and about 6% in colours for ceramics/glass. The use of cadmium pigments in some plastics and for some applications has been restricted by EU legislation under the precautionary principle.

Cadmium Usage in Plating

About 195 tpa of cadmium is used in diverse areas from aerospace, marine and military applications to electroplate fasteners, electronic components, springs and general hardware. In broad terms, only those uses in which the properties of cadmium electroplated coatings are essential for safety reasons (such as in aircraft landing gear) are permitted.

Risk Assessment

For each of the uses outlined above, the annual losses to the environment during product manufacture, product use and disposal were calculated. From these the resultant environmental concentrations were predicted at continental, regional and local levels under both ‘general’ and ‘acidic’ environments, as well as the resultant uptakes by animals (secondary poisoning) and by humans. Results for the acidic environment have not been reported for environments known to conform to the “general” category, since they are irrelevant and could be misleading.

Predicted no-effect concentrations (PNECs) were derived based on a range of experimental results into the effects of cadmium upon a wide range of species in the aquatic and terrestrial environments. The PNECs were compared with the predicted environmental concentrations (PECs) to determine whether there would be any significant risks to the environment (as indicated by a risk factor PEC/PNEC ratio of greater than one).

The report provides a comprehensive review of cadmium toxicity with reference to both animal and epidemiological studies. The no observed adverse effect level (NOAEL) has been estimated to be about 2 (g/kg/day (i.e. an intake of two micrograms of cadmium per kilogram of bodyweight per day). The Tolerable Daily Intake (TDI) has been recently reassessed and reaffirmed at 1.0 (g/kg/day by the joint FAO/WHO expert committee on food additives (JECFA) in June 2000 (Geneva), the FAO/WHO committee having considered all available information and data at that time. In addition, the NOAEL for worker exposure (via inhalation) was determined to be 4 (g/m3.

These values were then compared to those predicted (and, in some cases, measured) in the EU environment.

KEY FINDINGS

Pigments

The risk ratios associated with the pigment lifecycle (including incineration of waste) indicated no significant risk to man or to the environment at any of the scales considered (continental, regional and local). The contribution to the risk ratios from the pigment scenarios was such that even substantial changes in EU use of pigments (e.g. total restriction of pigments, or doubling of current EU use) would have only very little effect on the overall risk ratios.

Stabilisers

The risk ratios associated with stabilizers (including incineration of waste) indicated no significant risk to man or to the environment at continental and regional scales, but a potentially significant risk was found at local scale to surface water from one stabiliser manufacturing site.  Other than this local risk, the contribution to the risk ratios from the stabiliser scenarios was such that even substantial changes in EU use of stabilisers (e.g. total restriction of stabilisers, or doubling of current EU use) would have only very little effect on the overall risk ratios.

Cadmium Plating

The emission pattern from cadmium plated items during use is very ill defined, both in magnitude and the distribution between the environmental compartments. Both the assumed 25% loss during use of the items, and the assumed distribution between water, marine, natural soil and agricultural soil are uncertain. 

The fraction of the total annual cadmium usage for plating that enters the uncontrollable environmental compartments (air, water, soil and marine) is 25%, very much larger than for the other two applications. Because these losses are relatively so large and are also so ill-defined, it is recommended that further information and data is sought in order to characterise properly the losses.

Any increase in the EU usage of cadmium for metal plating would substantially affect the calculated PECs for soil, and a 50% increase would cause the risk ratios to indicate a significant risk at regional scale in a general environment from secondary poisoning through the terrestrial food chain. 

There may be a significant risk at local scale in an acidic environment from cadmium plating sites due to secondary poisoning through the aquatic food chain.

Incineration

The incineration of municipal solid waste and of sludge arising from sewage treatment was considered at continental, regional and local scales. No significant risks were identified at any of these scales. Retention efficiencies much higher than those used in this study are achievable, and the recent monitoring of emissions shows very substantial decreases in cadmium emitted to air, driven by new EU regulations.

Waste in Landfill

Although emissions from landfill were not determined (as they are outside the Technical Guidance Document), there is no evidence for high cadmium levels in landfill leachate, except for much older landfills containing uncontrolled waste. There is no evidence of cadmium leaching from landfills as a result of plastics degradation and in the short and medium term this does not occur.  
Overall, using the approach prescribed by the Technical Guidance Note, it would appear that there are certain areas where the risks to health and the environment associated with stabilisers and cadmium plating merit further consideration. However, it must be remembered that these ‘risks’ are based on assumptions that tend to:

maximise the emissions;

maximise the exposure; and

minimise the ‘threshold’ concentration for effects.

Recommendations

It is recommended that further information and data is sought in order to characterise properly the losses from cadmium plated items during use.
Given that much of the cadmium used in pigments, stabilisers and cadmium plating will ultimately end up in a landfill in one form or another, it would be of assistance if there was an agreed procedure within EUSES to address the risks associated with landfill.
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1. INTRODUCTION

1.1 Overview

This report presents the results of a study to assess the particular risks to human health and the environment arising from the use of cadmium in pigments, stabilisers and in metal plating. The full scope of work is presented in Annex 1 and follows a study by WS Atkins (1998a and 1998b). The focus of this study is bring the assessment up to date, and to address issues raised by the Scientific Committee for Toxicity, Ecotoxicity and the Environment (CSTEE, 1999) with particular reference to:

· the evaluation of toxicity to humans should be expanded taking into consideration the extensive information available;

· the derivation of the Predicted Environmental Concentration (PEC) should be revised with regard to methodology and data;

· the estimation of daily intakes of cadmium and of Tolerable Daily Intake (TDI) should be reviewed especially taking the variation of measured values into account;

· the derivation of Predicted No Effect Concentrations (PNEC) should be revised especially with regard to data used, ensuring proper use of the probabilistic method;

· the risk characterisation should be revised and could be further improved by addressing the effects of environmental characteristics on cadmium toxicity and the inclusion of PNEC values adapted to the water/soil conditions using probabilistic approaches for European water/soil characteristics; and

· the study should also assess the relative risks from cadmium as a colouring agent, as a stabiliser in polymers and for metal plating compared with other sources of cadmium.

1.2 Background

Directive 91/338/EEC restricts the use of cadmium to colour, stabilise or plate specified products with certain exceptions (derogations) as detailed in Annex 2. A summary is presented in Box 1. It is the tenth amendment of Directive 79/769/EEC which sets out a framework for the approximation of the laws, regulations and administrative provisions of Member States relating to restrictions on the marketing and use of certain dangerous substances and preparations.

The EC wishes to review the risks of cadmium in the light of more recent literature in order to assess whether Directive 91/338/EEC needs to be modified after the accession of Sweden, Finland and Austria to the EC. Currently, under Directive 1999/51/EC (adapting Directive 76/769/EEC to technical progress), provision is made for the restrictions in Austria and Sweden to continue to apply until the end of 2002 in the light of the cadmium risk assessment and development of knowledge and techniques in respect of substitutes (at which time the above provisions will be reviewed). In Finland, provisions similar to those of 91/338/EEC are already enforced.

	Box 1: Summary of Restrictions on Cadmium under Directive 91/388/EEC

	As colourants in

Polyvinyl chloride

Polyurethane

Low-density polyethylene

Cellulose acetate

Cellulose acetate butyrate

Epoxy resins

Melamine formaldehyde

Urea formaldehyde

Unsaturated polyesters

Polyethylene terephthalate

Polybutylene terephthalate

Polystyrene

(transparent/general

purpose)

Acrylonitrile

methylmethacrylate

Cross-linked polyethylene

High impact polystyrene

Polypropylene

Paints

Derogation for products

coloured for safety reasons, and for use in polyethylene for “universal” masterbatch.


	As stabilisers in

Packaging materials

Office or school supplies

Fittings for furniture

Articles of apparel and

clothing accessories

Floor and wall coverings

Impregnated, coated, covered

or laminated textiles

Imitation leather

Gramophone records

Tubes and pipes

Swing doors

Vehicles for road transport

Coating of steel sheet used in

construction or in industry

Insulation for electrical wiring

Derogation for products

stabilised for safety reasons


	Cadmium Plating of

Equipment and machinery for

- food production

- agriculture

- cooling and freezing

- printing and book binding

Equipment and machinery for

the production of:

- household goods

- furniture

- sanitary ware

- central heating and air

conditioning plant

- paper and board

- textiles and clothing

- industrial handling

equipment

- road and agricultural

vehicles

- rolling stock

- vessels

Derogation for products and components used in the aeronautical, aerospace, mining, offshore and nuclear sectors where high safety standards are required and in safety devices in road and agricultural vehicles, rolling stock and vessels. Also for electrical contacts in any sector of use (for reliability reasons)




1.3 Approach

The study approach has been to take the WS Atkins report as a basis, and to determine whether there are any more recent (or more relevant) data available. This has involved extensive reviews of literature and other sources of information as well as consultation with a range of interested parties (and a full list of consultees is presented in Annex 3). Particular attention has been given to the risk assessments being prepared by the Belgian authorities (De Win M et al, 1999) on cadmium and cadmium oxide. In addition, a meeting was held with the International Cadmium Association, James M Brown Ltd. (a major pigments manufacturer) and the International Zinc Association on 17 May 2000 to facilitate the collection updated information on cadmium production and use in the EU.

In order to address the specific issues raised about the calculation of the Predicted Environmental Concentrations (PECs) and the Predicted No Effect Concentrations (PNECs), the existing methodologies and equations in the Technical Guidance Document (EC, 1996) and EUSES, the European System for the Evaluation of Substances
 have been reviewed. In terms of human toxicity, a comprehensive review has been undertaken (see Section 6.3) which has drawn heavily upon a major recent US study (NTIS, 1999).

2. GENERAL SUBSTANCE INFORMATION

2.1 Physico-chemical Properties of Cadmium and Cadmium Compounds

Physico-chemical properties and classification numbers of cadmium compounds which may be used in pigments, stabilisers or in metal plating were summarised in the WS Atkins Report. These are presented in Table 2.1.

	Table 2.1: Main physico-chemical properties and registration numbers of cadmium compounds

	Substance
	Formula
	CAS No.
	EINECS No.
	Molecular Weight
	Melting point oC
	Boiling point oC
	Solubility in water

	Cadmium
	Cd
	7440-43-9
	231-152-8
	112
	321
	765
	Insoluble

	Cadmium oxide
	CdO
	1306-19-0
	215-146-2
	128
	1500
	NA
	9.6mgl-1

	Cadmium chloride
	CdCl2
	10108-64-2
	233-296-7
	183
	568
	900
	1400gl-1

	Cadmium sulphide
	CdS
	1306-213-6
	215-147-8
	144
	1750
	NA
	1.3mgl-1

	Cadmium sulphate
	CdSO4
	10124-36-4
	233-331-6
	208
	1000
	NA
	755gl-1

	Cadmium laurate
	CdC24H46O4
	2605-44-9
	NA
	512
	NA
	NA
	NA

	Cadmium stearate
	CdC36H70O4
	2223-93-0
	NA
	680
	NA
	NA
	NA

	Cadmium sulpho-selenide

(Pigment)
	CdS(1-x)Sex
	12656-57-4
	235-758-3
	Variable
	NA
	NA
	Insoluble

	Cadmium zinc sulphide

(Pigment)
	Cd(1-x)ZnxS
	8048-07-5
	232-466-8
	Variable
	NA
	NA
	Insoluble

	Cadmium mercury selenide

(Pigment)
	Cd(1-x)HgxS
	1345-09-1
	215-717-6
	Variable
	NA
	NA
	Insoluble

	Source: WS Atkins (1998a)


2.2 Environmental Classification and Labelling of Cadmium Compounds

There are currently no environmental classifications or labelling for cadmium and cadmium compounds.

2.3 Human Health Classification and Labelling of Cadmium Compounds

The cadmium compounds which are used in pigments, stabilisers or in metal plating have been given classifications under Directive 67/548/EEC (Dangerous Substances Directive) for human health and safety. These are summarised in Table 2.2.

	Table 2.2: Classification of Cadmium Compounds for Human Health and Safety

	Substance
	Classification
	Risk Phrases
	Safety Phrases

	Cadmium oxide
	Carcinogenic Cat.2

Toxic (T)

Harmful (Xn)
	R 49

R 48/23/25

R 22
	S 53, 45

	Cadmium chloride
	Carcinogenic Cat.2

Toxic (T+)

Mutagen Cat 2

Toxic to Reproduction Cat 2
	R 45; R 46

R 26

R 48/23/25

R 50/53

R 60, 61
	S 53, 45, 60, 61

	Cadmium sulphate
	Carcinogenic Cat.2

Toxic (T)

Harmful (Xn)
	R 49

R 48/23/25

R 22

R50/53
	S 53, 45, 60, 61

	Cadmium sulphide
	Carcinogenic Cat.3

Toxic (T)

Harmful (Xn)
	R 40

R 48/23/25

R 22
	S 1/2, 22, 36/37, 45

	Cadmium compounds (general classification, but specifically excluding cadmium pigments)
	Harmful (Xn)
	R 20/21/22

R 50/53
	S 60, 61

	Cadmium Pigments
	Specifically excluded from classification with other cadmium compounds.
	
	

	Sources: Agra Europe (1997)

Italicised entries above represent classifications proposed under the 23rd Amendment to the Directive 67/548/EEC


Risk Phrases:

R 20
Harmful by inhalation;

R 21
Harmful in contact with skin;

R 22
Harmful if swallowed;

R 40
Possible risks of irreversible effects;

R 45
May cause cancer;

R 49
May cause cancer by inhalation;

R 48/23/25
Toxic: danger of serious damage to health by prolonged exposure in contact with skin and if swallowed; and

R 49/23/25
May cause cancer by prolonged exposure via inhalation and if swallowed.

R 50, 53
Very toxic to aquatic organisms, may cause long term adverse effects in the aquatic environment.

Safety Phrases:

S 1/2
Keep locked up and out of reach of children;

S 22
Do not breathe dust;

S 36/37
Wear suitable protective clothing and gloves;

S 45
In case of accident or if you feel unwell, seek medical advice immediately (show label where possible); and

S 53
Avoid exposure - obtain special instructions before use.

S 60
This material and its container must be disposed of as hazardous waste.

S61
Avoid release to the environment. Refer to special instructions/safety data sheet.

3. GENERAL INFORMATION ON CADMIUM USAGE

3.1 Overview of Cadmium Production and Use

Cadmium is a naturally occurring metallic element, found in rocks, soils and sediments, which comprises part of the earth’s crust at levels of approximately 0.2 ppb. Cadmium and cadmium compounds are always derived as by-products of the refining of both zinc and lead, because the ores of cadmium (greenockite, CdS) and zinc (sphalerite, ZnS) are geologically closely associated. An estimated 90-98% of cadmium present in zinc ores is recovered in the mining and extraction process. In cadmium recovery furnaces, cadmium is reduced using carbon, vaporised and then condensed. Most of the resulting cadmium metal is shipped to Ni-Cd battery manufacturers for use in new batteries (batteries have an average cadmium content of 12%-15% by weight).
Total global production of cadmium was an estimated 19,000 tonnes in 1999 (USGS, 2000) as presented in Table 3.1. Estimated world resources were about 6 million tonnes based on zinc resources containing around 0.3% cadmium. World reserves (i.e. currently accessible) are estimated to be 600,000 tonnes (see Table 3.1).

	Table 3.1: Cadmium World Refinery Production 1997-1999 (metric tonnes)

	Country
	1997
	1998
	1999*
	Reserves

	Australia
	632
	600
	600
	112,600

	Belgium
	1,600
	1,320
	1,300
	-

	Canada
	2,380
	2,310
	2,300
	55,000

	China
	1,600
	2,000
	2,100
	13,000

	Germany
	1,140
	1,150
	1,100
	6,000

	Japan
	2,460
	2,340
	2,300
	10,000

	Kazakhstan
	1,200
	900
	1,000
	25,000

	Mexico
	800
	1,100
	1,000
	35,000

	Russia
	790
	800
	850
	16,000

	USA
	2,060
	1,880
	1,800
	90,000

	Other
	5,300
	5,200
	5,550
	237,000

	World Total

(rounded)
	20,000
	19,600
	19,900
	600,000

	* estimated                                                                                     Source: USGS, 2000


Within the EU, Belgium and Germany account for nearly half of the EU cadmium metal production. The importance of other member states is set out in Table 3.2.

	Table 3.2: EU Cadmium Metal Production

	Country
	% EU production (rounded

figures for 1997/98)

	Belgium
	29%

	Germany
	20%

	Finland
	14%

	Italy
	11%

	Netherlands
	9.6%

	United  Kingdom
	8.4%

	Spain
	6.0%

	France
	2.5%

	Source: World Bureau of Metal Statistics as quoted in WS Atkins (1998a - S3, Part II)


Western world cadmium consumption totals approximately 15,500 tpa. Europe consumed around 6,400 tpa in 1984 which decreased to around 6,000 tpa in 1991 (OECD, 1994) and to 5,500 tpa by 1997/98 (WS Atkins, 1998a).

The consumption of cadmium within the product groups as set out in the WS Atkins report is summarised in Table 3.3. As indicated, these data have been up-dated through consultation with industry (as discussed in subsequent sections). In particular consumption for pigments and stabilizers has decreased to about 766 tpa and 30 tpa respectively.

	Table 3.3: EU Cadmium Consumption by Product Group

	Product
	EU 1997/98
	EU 2000

tonnes/year

	
	tonnes/year
	% Use
	

	Pigments
	830
	15%
	766 (year 2001)

	Stabilisers
	270
	4.9%
	30

	Plating
	195
	3.5%
	195

	Others (mainly batteries)
	4205
	76%
	4205

	Total
	5500
	100%
	

	Sources: WS Atkins (1998a) and industry consultation


3.2 Use of Cadmium in Stabilisers

3.2.1 Introduction

The manufacture of polymers such as PVC requires stabilisers to prevent decomposition during both processing and use. Stabilisers react with unsaturated sections of the polymer chain which occur roughly every 1,000 links, preventing further reductive dehydrochlorination. Stabilisers are also used to decrease deterioration through exposure to ultraviolet light and through weathering, and have an important influence on the physical properties and cost of a formulation.

The use of cadmium in stabilisers usually takes the form of a stearate or laurate, usually combined with a similar barium ester as well as a lead stabiliser. Finished PVC products usually contain no more than 0.2% cadmium. The cadmium is locked into the polymer matrix and has extremely low leachability.

3.2.2 Current Restrictions on Use

In 1988, a Council Resolution (88/C30/01) was made which restricts the use of cadmium in PVC products to those where satisfactory technical alternatives do not exist.

In 1991, the Resolution was followed by Directive 91/338/EEC, the 10th amendment of the Marketing and Use Directive (76/769/EEC). This limits the use of cadmium as a stabiliser to <0.01% in PVC in a range of products (as set out in Annex 2), except where stabilisers are used for safety reasons. The use of cadmium stabilisers in PVC windows is not included in the list of restricted products. Discussions concerning the revision of 91/338/EEC were held at the end of 1995 and the Directive is due to be reviewed again over the next couple of years (Donnelly, 1997).

With respect to individual member states, the use of cadmium in stabilisers has been banned in Sweden, Denmark and Austria for some time. Since June 1999, the use of cadmium as a stabiliser has also been banned in the Netherlands (VROM, 1999). However, the continued derogations for banning of cadmium applications have recently been ruled illegal by the European courts.

Industry has taken action concerning the use of cadmium in stabilisers and there is a voluntary agreement to phase out the use of new cadmium stabilisers.

3.2.3 Levels of Use

Information provided by stabiliser manufacturers in 1997 for the WS Atkins report indicated that 270 tonnes of cadmium were used by six facilities across the EU in the production of stabilisers each year. These solid stabilisers were used exclusively in unplasticised PVC window and door profiles.

Even for this remaining use, consumption is declining due to the introduction of other stabilisers and positive moves away from the use of cadmium. Thus in 1995, only 10% of the European window profile market incorporated materials based on cadmium stabilisers.

Consultation with the European Stabilisers Producers Association (ESPA) has indicated that cadmium usage has declined further in recent years as a result of the voluntary agreement. Thus, current production of cadmium-based stabilisers is of the order of 30 tpa (as compared to the 270 tpa at the time of the Atkins report), and production will be zero within a year. There is no production of cadmium containing stabilizers in areas of the EU having an “acidic” environment (private communication from Dr PJ Donelly, October 2002).

The industry is currently investigating the possibility of recycling PVC window waste at the end of its life. There is currently little PVC window waste produced since most is still in use (only 1% of windows were over 25 years old in 1994 - Buehl, 1994). However, the availability of PVC window profiles for recycling is expected to increase over the next ten years or so. While dismantling old PVC windows into individual components is reported to be a time consuming and expensive process, Austria and Germany have established systems for returning old windows to manufacturers and two automatic recycling works for windows have been established in Germany (Buehl, 1994). TNO (1999) has estimated the PVC waste arising between 1998 and 2010 from window profiles as shown in Table 3.4.

	Table 3.4: Estimated PVC Waste from Window Profiles by Year (in tonnes)

	Year
	1998
	2000
	2005
	2010

	PVC Waste from

Window Profiles (t/yr)
	24,550
	30,600
	51,850
	84,250

	Source: TNO (1999)


It is not clear at this time whether full scale recycling will be developed by the industry. The uncertainty is created by the council resolution which limits usage of cadmium stabilisers to areas where other products are not technically feasible. While this could be taken to mean that recycling of cadmium-stabilised windows is unacceptable (given the availability of alternative stabilisers), industry argues that it is better to re-use these materials than to dispose of them directly. It is reported that the industry is awaiting a horizontal communication from the commission concerning this issue.

In this regard it is of note that recycling of cadmium-containing products is permitted in the Netherlands provided a number of criteria are met, including those relating to the life time of the recycled product and end-of-life recovery rates (VROM, 1999).

To allow the risks associated with recycling to be considered, two scenarios have been developed:

Scenario 1 is based on the current cadmium usage of 30 tpa with no recycling; and

Scenario 2 assumes the current rate of cadmium usage continues, plus recycling at a rate which equates to a use of 270 tpa of cadmium in stabilisers.

3.2.4 Life Cycle of Cadmium in Stabilisers

Use in the Manufacture of Window Profiles

Heat stabilisers are sold either to compounders who mix them with PVC and other components or directly to the manufacturers of the end products who do their own mixing. In the case of window profiles, the PVC compound is then extruded and used to assemble a complete window unit or sold onto an assembler.

The PVC industry states that it is efficient at utilising waste PVC resulting from the fabrication of window frames. This is generally recovered, reground and used again in window profile applications (EVC, 1996). Consultation with the ESPA has indicated that 85% of PVC waste is recycled where this includes both PVC which does not meet the required specifications during extrusion and PVC which is sold to window manufacturers but is, for example, not quite of the correct size and shape.

Product Lifetimes

The guaranteed lifetime of PVC windows tends to be around 15 years, however, most are around 25 to 35 years and many are older. It is expected that window profiles will last at least 25 years, but given the costs of installation it may be reasonable to expect that windows may remain in buildings for longer. Therefore, it can be assumed that any window profiles fitted now will not be disposed of for 30 years (i.e. in 2030) (EVC, 1996).

End-of-Life Recycling

As indicated above, the stabiliser industry is looking at the possibility of recycling PVC windows at the end of their useful life. Old PVC windows can be granulated and fed straight into an extruder to produce new windows. However, what is required in material specifications for windows is a guarantee of light and colour stability. Therefore, the recycled PVC can only be used in the centre of the window profile. It would thus be co-extruded with virgin PVC for the outside which would use non-cadmium based stabilisers.

3.3 Use of Cadmium in Pigments

3.3.1 Levels of Use

The WS Atkins Report indicated that five pigment manufacturers were involved in the production of 1380 tpa of cadmium pigments, typically containing 60% cadmium (830 tpa cadmium content). Of these, about 90% are used in plastics, with only 4% in artists’ colours and about 6% in colours for ceramics/glass.  Figures for 2001 show that EU production had fallen to 1277 tpa of cadmium pigments with 766 tpa cadmium content.

Levels of usage given in the draft Belgian risk assessment for cadmium (DeWin et al, 1999) are in overall agreement with these figures (831 tpa for use of cadmium in pigments).

For this current study consideration has been given to the extra-EU trade in pigments. Levels of trade are set out in Table 3.5 for “pigments and preparations based on cadmium compounds”. This indicates that exports of cadmium-based pigments and preparations far exceed imports, with a positive trade balance (i.e. net export) of 583 tonnes per year.  However, this data is subject to uncertainties associated with data not provided, and it is notable that exports from France (the location of one of the pigment manufacturers) cannot be correct (no extra-EU exports). 

	Table 3.5: 1998 Trade in Cadmium-based Pigments (tonnes)

	Country
	Extra-EU Imports
	Extra-EU Exports
	Trade Balance

	Belgium
	-
	63
	63

	Denmark
	6
	-
	-6

	Germany
	0.2
	33.4
	33.2

	Greece
	-
	5.8
	5.8

	Spain
	0.8
	52.8
	52.0

	France
	0.8
	-
	-0.8

	Ireland
	1.0
	-
	-1.0

	Italy
	1.2
	7.9
	6.7

	Luxembourg
	-
	-
	-

	Netherlands*
	0.6
	1.0
	0.4

	Austria*
	0.1
	0.1
	0

	Portugal
	-
	-
	-

	Finland
	3.2
	16.2
	13.0

	Sweden
	0
	-
	-

	United
	Kingdom
	5.7
	422.4

	Total
	19.6
	602.6
	583.0

	Source: Eurostat (1999): Data for 1998

Notes: 1) * data are for 1997

2) - data not given (but in most cases unlikely to be significant)


More recent data has been provided by the ICdA for the year 2001, when the EU manufacturers produced 1277 te cadmium pigments (equivalent to 766 te cadmium), of which 720 te were exported to outside the EU, and 557 te (equivalent to 334 te cadmium) were sold within the EU.  These figures allow for cadmium pigments exported to customers outside the EU but subsequently returned unused to the manufacturers (the main cause of extra-EU imports in Table 3.5). However, extra-EU imports of cadmium pigments have increased since the 1997-8 data given in Table 3.5, and these are now estimated as 33 te cadmium pigments (equivalent to 20 te cadmium), giving an annual EU usage of cadmium pigments of 590 te, with a cadmium content of 354 te.

As indicated above, the pigments themselves contain around 60% cadmium, while in contrast marketed preparations contain about 0.01% cadmium up to around 4% cadmium (ICdA and De Win et al, 1999). The majority of preparations are coloured plastics with typically 0.01 to 0.5% pigment (0.006 to 0.3% cadmium content).  Any small inbalance in the extra-EU import/exports will involve cadmium contents negligible compared with the known net export of the 432 te cadmium content of 720 te cadmium pigments.

For the purposes of this assessment, consumption and disposal of pigments in the EU of 590 te has been used, with a cadmium content of 354 te.

3.3.2 Current Restrictions on Use

It the absence of definitive and accurate data about risks to man and the environment from the many different sources of cadmium, the EU invoked the "Precautionary Principle" in passing Council Resolution 88/C30/01, 25 January 1988, which proposed to replace cadmium in applications where technically viable alternatives exist. In 1991, the Resolution was followed by Directive 91/338/EEC, the 10th amendment of the Marketing and Use Directive (76/769/EEC). This prohibits the use of cadmium as a pigment to <0.01% in some named plastics (including PVC) and in paints (as set out in Annex 2), except where products are coloured for safety reasons. There is also an exemption for low density polyethylene used for the production of coloured masterbatch on account of its “universal” use (HDPE masterbatch may be used to colour a wide range of polymers). It should also be noted that the use of cadmium pigments in artists’ colours, glass and ceramics is not covered by this amendment to the Directive2.

In Sweden and Austria, although use of cadmium in pigments is strictly controlled, there are exemptions for its use in artists’ paints, certain glass and ceramic products as well as some specialised plastics (De Win et al, 1999).

In the Netherlands, restrictions updated in 1999 permit cadmium to be used only in the production of two types of plastic (polyacrylate and polymethyl methacrylate) and then only until 1 January 2003. Use in other plastics is still permitted for ‘safety applications’, but with companies required to give satisfactory reasons as to why the cadmium is needed for safety purposes. With respect to use of cadmium-based pigments in artists’ colours and ceramics, these uses are listed in an Annex to the Decree which sets out essential applications. Thus these uses can continue (VROM, 1999).

The International Cadmium Association has indicated there is a continuing trend away from the use of cadmium in pigments and the British Coatings Federation has

indicated that:

· no cadmium-based materials are used in decorative coatings;

· no cadmium-based materials are used in printing inks; and

· to the best of their knowledge, most cadmium pigments have been phased out of industrial coatings, although some residual uses remain where high temperature resistance or bright colours are required.

The move away from the use of cadmium-based materials in printing inks is linked to an industry initiative in this area. In particular, the European Council of Paint, Printing Ink and Artists’ Colours Industry (CEPE) has drawn up an exclusion list relating to printing inks and associated products (CEPE, 1999).

3.3.3 Pigmented Plastics

Cadmium is used in the manufacture of brilliant red, orange and yellow pigments that are used in a range of applications, particularly engineering plastics. Cadmium pigments are inorganic and the dispersion, non-migration and non-bleeding properties of cadmium pigments make them useful in plastic applications where uniform colouring is important. Also, cadmium pigments retain their brightness and opacity under unfavourable conditions such as high temperatures (WS Atkins, 1998a; OECD, 1994; ICdA, 1999; etc.).

Typically, the concentration of cadmium pigments in plastics end applications will be 0.5% to 1% for highly coloured plastics, but much lower than 0.5% in other applications where cadmium pigments are used in conjunction with other pigments (especially white pigments) to give less highly coloured (pastel) plastic.

In its assessment of the impact of further marketing and use restrictions, WS Atkins (1998a) considered the availability of technically suitable alternatives to cadmium pigments. Two reviews of the Danish and Swedish experiencesA in attempting to substitute for cadmium pigments for colouration of plastics indicated that there remain many technical problems in a wide range of plastics, and most especially in “engineering” polymers which require high processing temperatures.  The problems identified included poor stability to UV light and weather, poor thermal stability, increased waste and poorer recycling capability.

Information provided by the ICdA (1999) confirms that cadmium-based pigments could be used in ABS and also in the following materials: nylon, fluorocarbons and polycarbonates. These are plastics processed at high temperature where cadmium is used particularly for heat and light stability. The publication also indicates that cadmium is used in thermoplastics such as polystyrene and polypropylene. As polypropylene and high impact polystyrene are some of the restricted plastics under 91/338/EEC, it is assumed that cadmium is only used where products are coloured for safety reasons (if any is used at all).

Consultation with the International Cadmium Association has indicated that use in plastics constitutes the major use of cadmium-based pigments, with cadmium being used for its weather resistant qualities. That said, cadmium pigments are no longer used in underground cables. For blends (mixed colours) (e.g. pinks, oranges, etc.) other non-cadmium based pigments are used. However, in Sweden (at least), this process of substitution has led to some technical and financial difficulties (Oberg & Granath, 1997).

3.3.4 Pigments in Ceramics and Glass

Traditional ceramics include porcelain, glass, bricks and refractory materials, while industrial ceramics include, for example, silicon nitride, silicon carbide, alumina and zirconia. Ceramics are used because they have good corrosion resistance (including wear resistance in corrosive environment and at high temperatures) and low electrical and high thermal conductivity. Pigments containing cadmium, which are also heat and corrosive resistant, are therefore often required.

Traditional ceramic cadmium glazes contain cadmium sulphoselenide crystals incorporated as a pigment which are on the surface of the ceramic body. For ceramic/glass applications, cadmium pigment will be used at about 10% concentration, and at 4% in vitreous enamels3. Within the pottery industry, cadmium pigments are used to obtain bright red, orange and yellow glazes (HMIP, 1993).

Coloured glass is available in a large variety of colours and textures with the pigments applied at various stages of the process, either between glass sheets, after or during manufacture, or then applied and stripped in places for effect.

3.3.5 Pigments in Artists Materials

The artists’ colours industry report that cadmium pigments are used in specific colours for their unique properties of permanence, colour brightness and opacity. In this regard, cadmium pigments are heat and fade resistant and are helpful in art conservation. According to one US paints manufacturer, an estimated 5-7% of total cadmium pigment production is used in the manufacture of artists materials4 (a figure which is comparable with the 4% estimated in WS Atkins, 1998a). The level of acid extractable cadmium in pigments has steadily been reduced, by several orders of magnitude, making the pigment safer in use and final application.

Cadmium pigments are extremely insoluble and stable compounds of calcined cadmium zinc sulphide (green shade yellows to golden yellows) and cadmium sulphoselenide (yellow through oranges and reds to deep maroons). There is virtually no usage of cadmium pigments in conventional decorating paints. In artist’s colours the concentration may be up to about 50%, but is typically lower at about 33%.

The WS Atkins report assumes that around 33tpa of cadmium is used in the production of artists’ colours. Information provided by two thirds of the members of the Artists’ Colours Group of CEPE reports a cadmium usage of 25.7 tpa amongst these members (with not all producers of artists’ colours using cadmium). Thus this figure is consistent with the 33 tpa used by WS Atkins. With a cadmium content of around 33%, it can be estimated that around 100 tpa of cadmium-containing artists’ colours are produced in the EU each year.

With respect to trade in artists’ colours, exports were almost double imports in 1998 (Euro 50.4 million compared with Euro 27.4 million - GTIS, 2000). It is not known what proportion of these colours contain cadmium, but, on the overall trade balance it would appear that there is a net flow of cadmium-based artists’ colours out of the EU.

For the purposes of this assessment it has been assumed that the consumption of artists’ colours in the EU equals the EU production rate. Based on the above information it can be seen that this is a conservative assumption.

3.4 Use of Cadmium for Metal Plating

3.4.1 Introduction

Electroplating is a coating technology used extensively in a large range of applications. It enhances mechanical and physical properties of substrates by depositing a metallic coating onto surfaces through an electric current applied to the electroplating bath. Electroplated cadmium is used in aerospace, marine and military applications to coat substrates such as fasteners, electronic components, springs and general hardware (see Box 2). Cadmium electroplated coatings are favoured in these applications due to their conductivity, solderability, and excellent self-lubricating properties. In addition, electroplated cadmium has unequalled corrosion resistance in aggressive, alkaline environments.

	Box 2: Examples of use of Cadmium-plated components

	universal joints as used in controlling aircraft wing flaps

	aircraft landing gear

	aircraft propeller housing

	safety ladders

	bottom brackets on swing doors

	brackets for marine engines

	bearings and rollers

	fish hooks

	fittings for ‘custom cars’

	fittings for turn/tilt window units

	heavy coil springs (on railway bogies, etc.)

	fasteners (nuts and bolts, etc.)

	car winches

	hinges

	brake (and other) hose couplings

	

	Sources: various commercial UK websites


3.4.2 Current Restrictions on Use

In 1991, Directive 91/338/EEC (the 10th amendment of the Marketing and Use Directive (76/769/EEC)) banned the use of cadmium in a range of electroplated products such as cooling and freezing equipment and household goods (as set out in Annex 2). However, there were exemptions granted to products requiring high safety standards in the aeronautical, aerospace, mining, offshore and nuclear industries. Exemptions were also granted for safety devices in road and agricultural vehicles, rolling stock and vessels and electrical contacts in any sector of use. Broadly similar restrictions exist in Finland, Austria and Sweden.

The Decree issued in the Netherlands in 1999 list a number of essential uses for cadmium-plated products (VROM, 1999). These include applications where use of cadmium is prescribed by legislation (i.e. the Aviation Act) or in the safety specifications of the aviation, aerospace or offshore industries. Use is also permitted in radio equipment for use by the shipping industry, in radar equipment and in electrical contact where cadmium is used to ensure reliability.

3.4.3 Levels of Use

Information provided by the International Cadmium Association for the WS Atkins report indicated that 195 tonnes per annum of cadmium were used in metal plating each year (about 3.5% of the EU consumption).

At the time of the Atkins report, industry estimated that there were about 500 platers using cadmium in Europe. The majority of these companies were reported to be plating contractors or component manufacturers all plating a number of metals in addition to cadmium. Large engineering and aerospace companies were also involved. The plating industry was reported to be concentrated in those countries where the military is an important industry (such as the UK and France), with the UK alone accounting for 30% of cadmium usage in plating (WSA, 1998a).

In 1997, industry estimated that most cadmium was used in fasteners (53%) and structural components (30%). Other uses (17%) comprised electrical contacts and other safety applications for the vehicle industry. Overall, aerospace and defence applications were estimated to represent over 80% of the production of cadmium plated components. With respect to fasteners alone, 42.5% of these were assumed to be associated with offshore applications and 38% with defence applications (WSA, 1998a).

With respect to the current situation (see also Box 2), UK consultation has indicated that the main use for cadmium-plated metal is in aerospace where cadmium’s “unique combination of high corrosion resistance, self repair properties, conductivity and lubricity remain properties unmatched by any other coating”. A major use is reported to be components for aircraft, such as landing gear components (e.g. bearings) and certain pins which are subject to large changes in temperature5.

Consultation indicates that the number of companies involved in cadmium plating has declined significantly in recent years due to requirements for licensing of facilities and installation of treatment works. This, combined with the marketing and use Directive (91/338/EEC) means that cadmium plating is only used for essential uses i.e. those for which there are currently no effective alternatives). In order to move way from the use of cadmium, some in the aerospace and defence industries have,

for some applications, moved away from cadmium-plated carbon steel to better grades of steel.

 Many smaller plating companies are reported to have stopped cadmium plating, while several aerospace companies, which, in the past had in-house facilities now use outside specialists. This ties in with information from the ICdA which reports there to be few plating facilities which carry out cadmium plating for customers, except in the USA.

There are reported to be 21 sites in the UK undertaking cadmium plating, with more in Italy and Spain but perhaps only one site in Germany (the German government recently re-authorised use of cadmium for this one application). Industry has estimated that the UK represents between 10% and 30% of cadmium usage and a similar percentage of plating shops. On this basis (taking the average) it can be estimated that there are around 100 sites involved in cadmium plating across the EU.

3.4.4 Recycling

In 1997 it was reported that cadmium plating facilities were increasingly geared towards re-fitting and repair (recycling), with an increasing amount of cadmium being recovered through recycling in Europe. Consultation for this study has confirmed that there is still an increasing trend towards the recycling of cadmium coatings through the remelting of cadmium-coated scrap steel. Large amounts of electric arc furnace dust (EAF) are now recycled rather than landfilled. Recent estimates in the US suggest a recycling rate of cadmium coatings of 35-50% which is expected to increase as EAF recycling becomes more widespread.

4. CADMIUM IN THE ENVIRONMENT

4.1 Environmental Exposure

4.1.1 Overview

Cadmium is a naturally occurring metal that persists in a number of environmental compartments, particularly soils. Through natural processes such as weathering and erosion, small amounts of cadmium are released naturally into the atmosphere and water systems. Table 4.1 shows the levels in each major environmental compartment.

	Table 4.1: Natural Cadmium Levels in the Environment

	Compartment
	Levels

	Atmosphere
	0.1-5 ng/m3

	Earth’s Crust
	0.1-0.5 mg/kg

	Marine Sediment
	~1 mg/kg

	Sea Water
	~0.1 (g/l

	Source: International Cadmium Association (1999), also

available at www.jamesmbrown.co.uk/cd_pigments/cadmium.htm


4.1.2 Releases of Cadmium into the Environment

There are a number of sources of anthropogenic cadmium emissions into the environment. Many of these are emitted as a result of activities not (directly) associated with the production and use of cadmium-containing products. These include:

· refining of non-ferrous metals - residual levels of cadmium in zinc and lead ores; copper refining. Although the level of emissions is low, large volumes are refined;

· production of iron and steel - emissions to air, water and landfill may result from several of the input materials and processes for converting iron ore, coke and limestone/fluorspar to iron; production of refined steel from pig steel; or for secondary production of steel from scrap steel. Emissions are likely due to the high volume of material being handled. Industrial emissions are now tightly controlled due to significant improvement in pollution control technology and to strict regulation and legislation - particularly in the metals industry;

· combustion of fossil fuels - cadmium is a natural component of fossil fuels. Electric power plants burning fossil fuels (coal and/or oil) release cadmium contained in the fuels which contain zinc sulphides. As much as 190 ppm of cadmium occurs in mid-continental coals in the US. Most cadmium will be captured in the fly ash and emission control devices; a small volume may be present in the slag/bottom ash which is landfilled or immobilised in cement or asphalt-type processes;

· production/use of phosphate fertiliser - cadmium is contained in the phosphate fertilisers from the original rock phosphate. It has been estimated that between 60 tonnes and 970 tonnes of cadmium is released into the soil each year in the EU through the use of fertilisers (EFMA, 1996 and Van Assche, 1998). Based on a recent report prepared for the Commission (Oosterhuis et al, 2000), a more precise estimate of 268 tonnes per annum can be derived. Emissions may also occur through losses to water during the manufacturing process and disposal of by-product gypsum to sea and disposal of gypsum to landfill. Minor emissions may take place to air through dust created during manufacture; and

· production of cement - cadmium is present as trace element in the raw materials of cement production. Emissions may result from the feed system, kiln system, clinker-cooling and handling system. Emissions to air as dust are likely, while direct emissions to water are not.

Cadmium also enters the environment through the disposal of solid and liquid wastes, some of which will be associated with the production and use of cadmium-containing products:

· application of sewage sludge - to soil through application to land as fertiliser. Almost all sewage treatment effluents contain cadmium as part of the sludge material;

· incineration of domestic waste - cadmium is also released as a result of incinerating cadmium stabilised PVC and other products containing cadmium pigments or cadmium compounds found in commercial and household waste; and

· leaching from landfill - cadmium concentration in leachates from controlled, state-of-the-art industrial or municipal landfills is often below the detection limit. By way of example, in a case study in Denmark on a landfill containing industrial/municipal waste, demolition waste, 3% hazardous waste – no elevated cadmium was observed and the concentration was below detection. However, leachates from older and uncontrolled landfills have a much higher cadmium content.

Table 4.2 shows the most significant sources of cadmium emissions in some European countries, taking into account overall use of cadmium.

	Table 4.2: Top Sources of Cadmium Releases by Country (1990)

	Country
	Compartment
	Source
	Volume (tpa)

	Belgium
	air 
	lead production 
	1.95

	
	water 
	production of iron and steel
	3.5

	
	solid waste 
	production of copper
	77

	Denmark
	air 
	waste products
	2

	
	water 
	waste products
	0.7

	
	soil 
	waste products
	5.3

	
	waste deposits 
	waste products
	30.6

	
	recycling/reuse 
	waste products
	5.8

	Finland

(88/89 data)
	air 
	production of zinc, copper and cadmium
	4.85

	
	water 
	production of zinc, copper and cadmium
	0.12

	
	solid waste 
	production of zinc, copper and cadmium
	135.5

	Netherlands
	air 
	industry
	1.5

	
	air 
	incineration of household waste
	0.6

	
	water 
	industry
	4

	
	soil (agricultural) 
	animal manure
	4.5

	Norway
	air 
	smelters, incinerators, etc.
	1.2

	
	water 
	not specified
	1.5 (1992 data)

	
	solid waste
	industry 
	20-30 (1989 data)

	
	
	household 
	5-6 (1989 data)

	Sweden
	air 
	primary metal works
	1.3

	
	water 
	waste from mines
	1

	
	solid 
	waste not specified
	100-200

	Source: OECD, 1994


4.1.3 Emissions from Stabilisers

Information from WS Atkins Reports

The WS Atkins report made estimates of releases of cadmium from stabilizer production facilities and from the in-service use of window frames. Releases associated with end-of-life disposal to incinerator or landfill were also estimated. Cadmium losses from the production of PVC window frames were not quantified.

In this regard, the CSTEE (1999) opinion states that “(i)a: the release estimation of cadmium from plastics and PVC does not properly take account of release during the entire period in which the material is used.”

Stabiliser Manufacture

WS Atkins used site-specific data from all six stabiliser manufacturers in the EU to quantify losses of cadmium from stabiliser production. Site specific data were available for releases to all environmental compartments, save for losses to solid waste for half the sites. In the absence of these data it was assumed that these releases would equal 1.8 tonnes of cadmium per annum - the largest amount released from any one of the other three sites.

As indicated in Section 3, current use of cadmium is 30 tpa, down from the 270 tpa at the time of the Atkins report. In the absence of information linking current production rates with releases from facilities, losses from stabiliser manufacturing facilities have been estimated by dividing the site-specific data in the Atkins report by a factor of 9. These losses occur under both Scenario 1 and 2 (without and with recycling).

Table 4.3 shows the resultant annual losses of cadmium during stabiliser manufacture (with more information provided on Figures 4.1 and 4.2 - presented at the end of Section 4). As shown by the percentage losses to air, water and sewer are very low.

	Table 4.3: Annual Losses of Cadmium associated with Stabiliser Manufacture

(giving a Cadmium Usage of 30 tonnes per annum)

	Units
	Air
	Watercourses
	Sewer
	Solid Waste

	kg/yr
	0.25
	0.09
	0.52
	960

	% of Use
	0.0008%
	0.0003%
	0.0017%
	3.2%

	Source: Data in WS Atkins (1998a) divided by a factor of 9 to reflect the current situation.


PVC Product Manufacture

Cadmium stabilisers are added to PVC, along with other additives, and extruded to produce window profiles. Cadmium content of these is around 0.2% (Donnelly, 1995), but concentrations of up to 0.4% have also been measured (Argus, 2000). WS Atkins (1998a) discounted emissions from PVC product manufacture on the basis that these would be negligible compared with a single stabiliser manufacturer. Data were provided from one window manufacturer who reported no losses to water and assumed no losses to air. Data on losses to solid waste were not available. Data were also provided by two stabiliser mixing facilities. No losses to water were reported and losses to air were reported as zero in the case of one facility or were assumed to be zero in the case of the other. Losses to solid waste were reported as 0.7 tpa and 0.2 kg/a.

Information provided by the stabiliser production industry indicates that window manufacturer is a dry process, there not generally being any drains within the facility. Cadmium will be emitted to air during the process, dust being removed using a vacuum filter. Cadmium will be present in the contents of the filter. Residual losses to of cadmium to air will depend on engineering specification of the filter.

Information in the literature indicates that some steps have been taken to eliminate dust problems as much as possible in compounding PVC containing cadmium stabilisers. Products may be supplied as pellets or (as lots of a given size) in sealed bags. The advantage of the bags is that these dispense with weighing and can be charged directly into the mixer. The material from which the bags are made is selected so that it is completely compounded into the PVC during mixing and subsequent extrusion (Bredereck, 1983). This practice is confirmed by a more recent publication (Akros, 1996). This indicates that in recent years there has been a trend to ‘one-packs’ where the stabiliser (Lead Barium Cadmium) is combined with lubricants (and other additives where appropriate) to give a low or non-dusting product. This takes the form of a powder mix in small bags for direct addition to the mixer, or granules, flakes or tablets.

It is also reported that the dust removed by the vacuum exhaust systems is collected and added to PVC compounds. In addition, waste obtained in machining and assembling sections is reground and recycled for the production of second-grade sections (Bredereck, 1983).

In the absence of site-specific emissions data, default values from the “UV and Other Weathering Stabilisers” section of the Use Category Document for Plastic Additives (BRE, 1998) have been used. The main losses are associated with raw materials handling, where these are 0.21% for powders of particle size >40 (m. Losses during compounding are 0.1%. While some losses would be to atmosphere, ultimately all losses will be to solid waste. These losses are believed to be worst case and where ‘one-packs’ are used will be over-estimates.

Under Scenario 1 (current situation, no recycling), cadmium inputs to window profile manufacturers account for 29 tpa (taking into account losses during stabilizer production). Losses during window manufacture account for 64 kg. Under Scenario 2 (future situation, with recycling), cadmium inputs to window profile manufacturers are 270 tpa. As indicated in Section 3, windows are recycled by granulating the PVC then co-extruding with new PVC which forms the outside of the window. As for the current situation losses of 0.22% are assumed6. (See spreadsheet in Figures 4.1 and 4.2 for more information).

PVC Product Use

In addition to emissions during manufacture, cadmium may also be released during in-service use, i.e. from windows when installed in houses and other buildings. WS Atkins estimated total emissions of cadmium over a product’s lifetime based on work by Bredereck (1983). Leaching experiments on cadmium-stabilised window frames were undertaken during which a 10kg window frame was exposed to 3% acetic acid for one year. Subsequent extraction measurements revealed that from 25mg cadmium contained in the sample, the total amount of cadmium leached was 1.2mg, which represented 0.0048% of the cadmium content. On the basis of 270 tpa of cadmium used in stabilisers this gave releases of 13kg which were assumed to be to soil.

Consultation with industry has suggested that using a figure of 0.005% for the amount of cadmium leached during in-service use may over-estimate emissions. When PVC windows are extruded the surface film contains relatively high levels of cadmium and it this cadmium which is extracted during leaching experiments such as that above. If the experiment were tried a second time very much less cadmium would be extracted as this film has been removed. Overall it has been suggested that the leaching of cadmium from such products is likely to be negligible since the cadmium is immobile.

Information provided in the use category document for plastic additives (BRE, 1998) puts forward a figure of 0.01% for leaching to the environment in outdoor service, which, on the basis of the above discussion, appears high. In line with WS Atkins a figure of 0.005% has been adopted for losses of cadmium from the in-service use of windows.

There may also be losses of cadmium occurring through cutting windows to size during installation. For the purpose of this assessment it is assumed that 0.05% of the window is lost through cutting it to shape (as dust).

The above figures for losses during installation and in-service use apply to both Scenarios 1 and 2 (as shown in Figures 4.1 and 4.2).

4.1.4 Emissions from Pigments

Information from WS Atkins Reports

The WS Atkins report made estimates of releases of cadmium from pigment production facilities and from the in-service use of pigmented plastics. Releases associated with end-of-life disposal to incinerator or landfill were also estimated. Cadmium losses from the production of pigmented plastics, artists’ colours or ceramics were not quantified, neither were losses from the in-service use of artists’ colours or ceramics.

In this regard, the CSTEE (1999) opinion states that “(i)a: the release estimation of cadmium from plastics and PVC does not properly take account of release during the entire period in which the material is used.”

Pigment Manufacture

WS Atkins (1998a) used site-specific data from all five pigment manufacturers in the EU to quantify losses of cadmium from pigments production. Site specific data were available for releases to all environmental compartments, save for losses to air for one of the sites and losses to solid waste for three of the sites. In the absence of these data losses were calculated based on the maximum losses for the facilities providing information, where these were scaled to take account of differences in production.

For this current study up-to-date information from four of the five pigment manufacturers has been gathered via the ICdA. Of these, sites C and D have provided information for 1999, with site A providing a copy of the 1996 data supplied to Atkins. One further company has indicated that they do not have any further data. Thus, Table A.1 in the Atkins report has been updated as in Table 4.4:  

	Table 4.4: Data from Pigment Preparation (updated Appendix 1 from WS Atkins Report)

	Facility
	Production
	Loss to Air
	Loss to Water
	Loss to Solid Waste

	A
	230 d/yr
	1.15 kg/yr
	0.60 kg/yr

0.020 mg/l

131 m3/d

Rec. water flow: 6 Ml/d
	180 kg/yr

	B
	231 d/yr
	1.66 kg/yr
	4.02 kg/yr

2.2 mg m-3

213 m3/hr

Rec. water flow: 58.4 m3 s-1
	49 kg/yr **

	C
	276 d/yr
	6.4 kg/yr
	4.8 kg/yr

0.06 mg/l

2.3 l s-1

Rec. water flow: 135 Ml/d
	39.6 kg/yr

	D
	230 d/yr
	5.3 kg/yr **
	2.6 kg/yr

0.008 mg/l

326,080 m3/yr

Dilution factor: 250
	35 kg/yr **

	E
	145 d/yr
	0.2 kg/yr
	13.4 kg/yr

0.044 mg/l

307,500 m3/yr

Rec. water flow: 1,040 m3 s-1
	102 kg/yr **

	** Calculated using maximum value of ratio of losses and production for pigment manufacturers

Bold entries indicate revised data

Source: Data in WS Atkins (1998a) amended with available information from industry.


One company reports a continual decline in emissions of cadmium since the 1960s and that emissions will approach zero in ten years time, when cadmium will be almost totally recycled.

The Atkins additional assessment (WS Atkins, 1998b) estimated that there were unacceptable local risks for pigment production facility D, where these arose through the atmosphere. Losses to air have been estimated as for the Atkins assessment (see above). (While this value has not changed, some of the values for site D have changed quite significantly, with greater losses to water but lower concentrations and also lower quantities emitted to solid waste).

On the basis of the above data, total losses associated with pigment manufacture are as indicated in Table 4.5.

	Table 4.5: Annual Losses During Pigment Manufacture (830 tonnes of Cadmium)

	
	Air
	Watercourse
	Sewer
	Solid Waste

	Atkins (kg/yr)
	11.9
	24.8
	0
	554

	Revised (kg/yr)
	14.7
	25.4
	0
	406

	Revised % of Use
	0.002%
	0.003%
	0%
	0.05%

	Source: Data in WS Atkins (1998a) amended with available information from industry.


Polymer Manufacture

Cadmium pigments may be incorporated into plastics by three routes:

· dry colouring, involving the mixing of pigment powder with polymer nibs, granules or powder. This mix is then injection moulded. This process is increasingly rare within the EU;

· a pre-dispersion of pigment in polymer compound, at a concentration required for the end use. It is estimated that between 5-10% of Cd pigments are used in this way, and typically this method is used for the high melting point engineering polymers such as polyamide and nylon); and

· a pre-dispersion pigment at a concentration higher than that for the end-use(‘masterbatch’ - typically about 25% by weight). Most usage of cadmium pigments in the EU is via masterbatch. The master batcher then supplies masterbatch to the moulder, who will add additional unpigmented polymer to achieve the required concentration in the end application.

There may be several further stages before the end product containing cadmium pigment reaches the public, but essentially the cadmium pigment is encapsulated in plastic once in the form of masterbatch, compound or moulded article.

As with stabilisers in PVC, WS Atkins (1998a) discounted emissions from plastic manufacture on the basis that these would be negligible compared with a single stabiliser manufacturer.

In the absence of site-specific emissions data, default values from the “Colourants” section of the Use Category Document for Plastic Additives (BRE, 1998) have been used. The main losses are associated with raw materials handling, where these are 1.6% for powders of particle size <40 (m. Losses during compounding are 0.05% and those during conversion 0.01%. Total losses are thus 1.66%, or 12.4 tonnes. While some losses would be to atmosphere, ultimately all losses will be to solid waste - as shown in Figure 4.3.

In-Service Use of Plastics

In addition to emissions during manufacture, cadmium may also be released during in-service use of pigmented plastics.

WS Atkins estimated total emissions of cadmium over a product’s lifetime to be 0.0048% based on work by Bredereck (1983) on cadmium-stabilised window frames (see section 4.1.3). On the basis of 830 tpa of cadmium used in pigments this gave a release of 40kg which was assumed to be to soil. As indicated above, consultation with industry suggested that using a figure of 0.005% for the amount of cadmium leached during in-service use may over-estimate emissions (see Section 4.1.3). It is reported that once encapsulated, cadmium pigments are immobile and do not migrate through the polymer. Information provided in the use category document for plastic additives (BRE, 1998) puts forward a figure of 0.01% for leaching of pigments over the service life. In line with WS Atkins a figure of 0.005% has been adopted for losses of cadmium from the in-service use of pigmented plastics giving losses of about 35kg.

Unlike stabilisers, there are no significant losses of cadmium occurring during installation because coloured plastics are almost invariably moulded to required size and shape and do not have to be cut subsequently cut. For the purpose of this assessment it is assumed that there are no installation losses.

Formulation of Artists’ Colours

Cadmium will be lost from the formulation of artists’ colours. Losses at this stage of the life cycle were not considered in the Atkins assessment.

Information on losses for this report have been collated though consultation with the Artists’ Colours Group of CEPE (the European Council of Paint, Printing Ink and Artists’ Colours Industry). CEPE questioned the 18 members of the Group concerning emissions with responses being received from 12 of these (i.e. two thirds). A further two or three companies may use cadmium (though not all producers of artists’ colours use cadmium). Those companies reported use of 25.6 tpa (to be compared with the overall value of 33 tpa used in this assessment). Thus, the amounts of paints used will be around 150 tpa.

Overall, releases are reported to be of the order of 1% of usage (and within limits set in EU and national legislation) and less in the case of manufacturing sites equipped with sewage treatment equipment which is generally the case.

Information provided by one manufacturer indicates that losses can be considerably higher in the case of solid waste. The company uses 2 tpa of cadmium metal as pigments, with losses of 6.4% (0.128 tpa). The majority of this goes to landfill as special waste (99.7% of losses), with only 0.037 kg going to sewer (0.03% of losses).

For the purposes of the assessment it has been assumed that 5% of the cadmium used in the production of artists’ colours is lost to solid waste with negligible amounts to sewer (see Figure 4.3).

Use of Artists’ Colours

Cadmium will be lost from artists’ colours during use, for example through brush cleaning. Losses at this stage of the life cycle were not considered in the Atkins assessment.

For use of paints, CEPE states that cadmium colours are very expensive and the artist is likely to carefully control the amounts used and avoid wastage. The greatest part of the paint on a dirty brush is removed with rags; the tiny residual paint is removed either with solvents or with soap and water. While water-borne colours may disappear in drains as the wash-up of brushes with soap and water, the majority of cadmium containing colours is oil based and these would be less likely to be disposed of via drains. With respect to used tubes or containers, these are solid waste.

For the purposes of this assessment it has been assumed that 5% of cadmium used by artists finds its way into the sewer as a result of brush washing, etc. (i.e.1.58 tpa). It is further assumed that 20% of cadmium is disposed as solid waste on wipes (i.e. 6.3 tpa).

In relation to disposal, it has been assumed that 50% of paintings are retained while 50% are disposed of as solid waste.

Production and Use of Ceramics

Small amounts of cadmium will be lost from the production and use of ceramics. Losses at this stage of the life cycle were not considered in the Atkins assessment.

It is reported that cadmium-based glazes are applied as suspensions, with any excess being removed before the pottery passes to the furnace for firing. Releases to air will take place during firing. With respect to releases to water, systems are available whereby the area can be segregated and all wash or cleaning waters collected. Solids are separated out and the water recycled. This process then achieves a zero discharge to water and all the separated solids are returned for cadmium recovery. In terms of releases to solid waste, these will be associated with damaged pottery and other contaminated wastes (HMIP, 1993).

In the absence of any additional information the losses associated with ceramics production and use are currently assumed to be the same as for the production and use of pigmented plastics.

4.1.5 Emissions from Metal Plating

Information from WS Atkins Reports

The WS Atkins report made estimates of releases of cadmium from cadmium plating facilities and from the in-service use of plated materials. Releases associated with end-of-life disposal to incinerator or landfill were also estimated.

One of the concerns highlighted by the CSTEE was that “the emissions from cadmium plated material are averaged out over the environment, both aquatic and terrestrial. They do not take account of the specific uses of the plated materials and emissions arising from these uses”. In this assessment, a scenario involving localised emissions at airports from aircraft undercarriage parts plated with cadmium was considered. This is discussed below.

Cadmium Plating Facilities

Tables 4.6 summarises data from the WS Atkins report for emissions during metal plating production. The estimate of water-based releases was obtained from OECD (1994) and it was assumed that all water-based releases are to sewer. Emissions to solid waste included residual sludge and sludge generated in the treatment of plating solutions. Estimates of release levels were again taken from OECD (1994) with the assumption (from ICdA) that 30% of solid waste is recycled.

	Table 4.6: Annual Losses of Cadmium from Plating Processes

	Units
	Air
	Watercourses
	Sewer
	Solid Waste

	kg/yr
	Negligible
	0
	250
	3,360

	% of Use
	Negligible
	0%
	0.13%
	1.72%

	Source: WS Atkins (1998a)


The part of the plating process with the potential to contribute most to releases to water is rinsing in the drag-out tank after plating to remove residual plating solution. To minimise carry over to the plating bath, some operators spray rinse and air blow components over the plating bath. Several methods exist to treat cadmium-containing water to such a degree that the water can be recycled as process water – essentially giving a ‘zero emission to water’ process. In such cases the only releases to water are from the regeneration or cleaning of ion exchange resin or membranes and such waste streams are themselves treated prior to release (HMIP, 1993).

With respect to releases to air, these may arise from adjustment of the plating baths which is carried out only occasionally. With respect to release to solid waste, these are minimised through the recycling of both cadmium scrap and cadmium-containing sludges from effluent treatment. In some cases it may not be possible to treat spent plating solutions on-site in which case these will be disposed of through authorized disposal sites (HMIP, 1993).

Consultation in the UK has confirmed that (excluding emissions of solid waste), emissions are exclusively to sewer, below the acceptable level in potable water and probably <50 kg/yr. The UK Environment Agency’s Pollution Inventory gives the values presented in Table 4.7 for emissions to sewer from seven companies that appear to be involved in cadmium plating.

	Table 4.7: Sample Emissions to Sewer from UK Plating Facilities

	Site
	Emissions (kg/yr)

	A
	16 kg

	B
	2.5 kg

	C
	2.3 kg

	D
	1.76 kg

	E
	1.1 kg

	F
	1.012 kg

	G
	0.329 kg

	Total
	25.0 kg

	Source: UK Environment Agency - 1998 Data


On the basis of the above data it seems reasonable to assume losses of 50 kg emissions per year to sewer from the 21 sites in the UK and thus around 250 kg from all sites in the EU (i.e. the data in the WS Atkins report have been confirmed).

Consideration was also given to whether estimates of losses from the production of cadmium anodes should be included as part of the assessment. Consultation indicates that cadmium anodes are produced by cadmium producers and are not a separate stage in the life-cycle. As already pointed out by WS Atkins (1998a), levels of cadmium production would be the same through continued production of zinc, whether or not there was continued demand for cadmium, because it is a natural by-product. It is, therefore, considered justifiable to exclude emissions for the production of cadmium from the total emissions resulting from the production and loss through the specific use of cadmium compounds in pigments, stabilisers and in metal plating. As the production of cadmium metal is excluded from consideration in this assessment, estimates of losses from the production of cadmium anodes are not made.

Product Use

WS Atkins made an estimate of cadmium emissions over the lifetime of plated products based on work by Morrow (1996). 50% of cadmium is assumed to be lost from plated materials in abrasive conditions, while products in non-abrasive conditions are assumed to lose almost no cadmium. It was therefore assumed that 25% of the cadmium coating would be lost over the lifetime of the products, giving 48 tpa losses from the 191 tpa of cadmium used in the EU.

Cadmium plated articles are used in a wide range of safety-sensitive applications, one of which is landing gear for aircraft. The possibility was considered that this might cause the losses to be mainly local to airports. However, preliminary discussions held with the authorities at Heathrow airport indicated that significant levels of cadmium had not been observed, although further confirmatory information had not been forthcoming. The default distribution to marine, water and soil has therefore been used in this assessment. Cadmium from the many uses of plated metal was assumed to be distributed over the EU to both the marine and non-marine environment, in the ratio of those two areas. Thus, 52.7% of the emissions (25 tpa) were distributed to the marine environment (which, given the EU’s risk assessment methodology, does not appear again in the assessment), with 1.4% going to water and 45.9% to soil. Of the 23 tpa in the non-marine environment, 0.67 tpa was assumed the be in watercourses and 22 tpa to soil. 

4.1.6 Solid Waste Disposal

Overview

Solid waste is produced during production, formulation and use, and products become solid waste at the end of their useful lives (unless re-used or recycled). Information on the level of releases from production and formulation activities was set out in previous sections. In this regard it should be noted that:

· solid waste arising from the production of stabilisers, pigments, artists’ colours and ceramics and from metal plating activities are to controlled landfill; and

· of the cadmium emitted to sewer, 90% will be retained in the sludge of sewage treatment works, with 41% of this being landfilled, 11% incinerated and 47% spread onto agricultural soil.

All of the solid wastes arising from the following activities are assumed to end up in

the municipal waste stream:

· cadmium-stabilised PVC product manufacture;

· installation losses associated with cadmium-stabilised windows;

· the production of cadmium-pigmented plastics and ceramics; and

· the in-use disposal of artists’ materials (e.g. from wipes).

The WS Atkins report assumes that approximately 20% of municipal waste in the EU is incinerated and 80% disposed to landfill. This is confirmed by a recent study which indicates that the ratio between incineration and landfilling of mixed MSW within the European Union is 21 to 79 (Argus, 2000). On this basis the assumptions used in the Atkins assessment have been used in this report.

With respect to the final disposal of products, the following assumptions are made:

· stabilisers: under scenario 1 (current situation, no recycling) all windows become solid waste (assumed to contain 270 tpa of cadmium), while under scenario 2 (future situation, with recycling) 240 tpa of cadmium the cadmium in windows is recycled, with 30 tpa becoming solid waste;

· pigmented plastics and ceramics: all plastics enter the solid waste stream at the end of their useful lives;

· artists’ materials: 50% of paints are displayed/stored on paintings while 50% are disposed of to solid waste; and

· cadmium-plated metals: 30% of cadmium is recycled, with 70% entering the solid waste stream.

With respect to the destination of these wastes, it is assumed that the 80:20 ratio for landfill to incineration will hold true for pigmented plastics and artists’ materials7. It is however assumed that all ceramics and cadmium-plated materials will be landfilled (i.e. 100%) to landfill). 

With respect to cadmium-stabilised windows, it is assumed that most of these will become builders’ wastes. On the basis that between 91% and 100% of building plastic waste entered landfill in 1995 (APME, 1997), it is assumed that the ratio of landfill to incineration is 90:10. (In the Atkins report, PVC waste resulting from construction and demolition activities was not considered separately, but it was assumed that the non-recyclable fractions were disposed of in the same proportions for municipal waste.)

Incineration

In terms of emissions of cadmium from incineration, WS Atkins (1998a) based their estimates of losses to air and landfill assuming a 95% retention of cadmium in ash (using an average of six EU Member States from a 1996 study). Based on information from the International Ash Working Group (IAWG, 1994) it was assumed that 15% of cadmium introduced into the incinerator would be found in the bottom ash and 80% in the fly ash (with 5% to air as above). With respect to ash disposal, fly ash was assumed to be disposed of in controlled landfills and bottom ash within a monofill compartment of a municipal landfill.

A more recent study has examined issues surrounding the cadmium content of incinerator ashes (Bertin Technologies, 2000). This reports that mixed solid waste may yield between 0.006 and 0.011 kg cadmium per tonne in the bottom ash of an incinerator, with bottom ash accounting for 300 kg/tonne of municipal solid waste and fly ash for 25 kg/tonne. Cadmium is reported to be almost always present in the fly ash. When fly ash is mixed with neutralisation products (dry and semi-dry systems with lime) heavy metals and trace elements, including cadmium, are almost fully recovered in the solid residue. When the wet process is used, with electrostatic precipitation yielding 96-99% filtration yield, the filter cake contains a large part of the cadmium produced by incineration. Filter cake is usually disposed of via landfill.
Recent legislation for Municipal Waste Incineration (EU Directive 2000/76/EC) required tighter limits on cadmium emissions to meet < 0.05 mg/m3 emission to air.  The objective of this was stated as giving “at least 70% reduction from all pathways of Cd” relative to emissions in 1995.  The Commission indicated (Commission website document on Waste Incineration; Key pollutants to be reduced: http://europa.eu.int/comm/environment/wasteinc/index.htm) that “emissions of Cd throughout the EU are expected to fall from 16 te/year in 1995 to around 1 te/year in 2005”.  It should be noted that cadmium in pigments or stabilisers produced in 2002 is very unlikely to be disposed of to waste before 2005.

Data from monitoring of municipal waste incinerators in England and Wales has been published by the UK Environment Agency on its website (“What’s in  your Backyard”; http://216.31.193.171/asp/1_search_input.asp?location=Licence+number).  Data for 2000 and 2001 for the ten active incinerators confirms that emissions of cadmium have reduced substantially in the years since 1995.  Retention efficiencies in Table 4.7a have been calculated assuming 7.5 mg kg-1 cadmium in municipal waste as used by WS Atkins.

	Table 4.7a: Municipal waste incinerators in England and Wales (for year 2000).

	Location
	Owner
	Maximum

Capacity (tpa)
	Authorise code
	Cadmium Released (kg)


	Cadmium Released (kg)


	
	Retention Efficiency

	
	
	
	
	2001
	2000
	
	2001

	Bolton
	Greater Manchester Waste Ltd
	120,000
	AG8365
	0.500
	0.209
	
	99.94 %

	Cleveland
	Cleanaway Ltd
	220,000
	AG8233
	<0.100
	<0.100
	
	99.994 %

	Coventry
	Coventry and Solihull Waste Disposal Ltd
	260,000
	AG7881
	0.910
	0.674
	
	99.95 %

	Dudley
	MES Environmental Ltd
	90,000
	AX7571
	0.208
	<0.1
	
	99.97 %

	Edmonton
	London Waste Ltd
	500,000
	AG5269
	8.45
	10.07
	
	99.77 %

	Nottingham
	Wastenotts (Reclamation) Ltd
	150,000
	AH0653
	0.66
	6.15
	
	99.94 %

	London
	South East London Combined Heat and Power Ltd
	420,000
	AE7236
	3.1
	1.34
	
	99.90 %

	Sheffield
	Onyx Sheffield Ltd
	135,000
	AG7784
	0.66
	1.239
	
	99.93 %

	Stoke
	MES Environmental Ltd
	200,000
	AG7903
	1.551
	1.013
	
	99.90 %

	Tyseley
	Tyseley Waste Disposal Ltd
	350,000
	AG8071
	closed
	closed
	
	

	Wolverhampton
	MES Environmental Ltd
	105,000
	AX7563
	0.342
	0.194
	
	99.96 %

	TOTALS
	(<0.1 taken as 0.1)
	2,550,000
	
	16.273
	21.089
	
	99.91 %

	Source: UK Environment Agency and Entec


The ongoing targeted RAR for Ni-Cd batteries has presented data for most of the EU in a draft report (draft 19 August 2002), and also used a model to calculate emissions based on the technology type used to treat emissions to air. Table 4.7b gives data for the states for which monitored data was available. Modelled data for the other states (for which monitored data was not available) has been rejected in this assessment since the model erroneously overestimates emissions for states for which monitored data was available, by factors from 2.5 to 80.  It is clear that the model is not adequate. This is not surprising since the model is based on data for 1993 or before, and retention efficiencies for MSW incinerators are known to have improved very significantly since 1995. The monitored data covers 85.6% of all EU-16 MSW incineration (42410 kte/yr), and the total emissions from incineration of the EU-16 MSW incineration has been estimated from the available monitored data as 2865 kg per year. Using an average concentration of cadmium in MSW waste of 7.5 mg per kg of waste (from WS Atkins report), the average retention efficiency for emissions of cadmium to air is estimated as 99.1%.  This retention efficiency is substantially lower than that calculated for MSW incinerators in England and Wales (average 99.91%; lowest 99.77%) for which emission data is available for individual incinerators. A retention efficiency of 99.1% is used to calculate the emissions to air from waste deriving from the applications of cadmium considered in this risk assessment (Figure 4.1). If a higher cadmium content for MSW than 7.5 mg per kg of waste is assumed, then the calculated retention efficiency is increased (e.g. from 99.1% to 99.3% for 10 mg Cadmium per kg of waste). The calculated emissions to air from incineration of the pigment and stabiliser content in MSW incinerated are thus not sensitive to the assumed cadmium content of the MSW incinerated.

Table 4.7b: Monitored Cadmium Emissions from MSW Incineration

	Country
	MSW Incinerated
	Measured Emission
	Calculated retention efficiency
	Number of Incinerators
	Modelled Emission
	Average waste /incinerator
	Average Cd Emission /incinerator

	
	(k te)
	kg/yr
	%
	
	kg/yr
	kte
	kg/year

	Belgium
	1369
	63
	99.39
	
	455
	
	

	France
	10781
	1922
	97.62
	>200
	4931
	54
	9.6

	Germany
	16000
	300
	99.75
	61
	5132
	262
	4.9

	Netherlands
	3859
	53
	99.82
	
	1202
	
	

	Norway
	374
	41
	98.54
	
	106
	
	

	Spain
	1327
	54
	99.46
	
	738
	
	

	UK
	2590
	19
	99.90
	10
	1525
	259
	1.9

	
	
	
	
	
	
	
	

	Total (for these 7 states)
	36300
	2452
	99.91
	
	
	
	


Measured data Belgium (FEA, OVAM 2001, MMUM, 2001); Measured data France: ADEME, 1999; Measured data Norway and Netherlands HARP-HAZ 2002, Measured data Spain: personal communication July 2002.
The largest MSW incinerator in the UK has a capacity of 500 kte/year, and the largest incinerators in Germany are categorized as 400-500 kte/year.  France is the other EU state with substantial MSW incineration, but the average weight incinerated per incinerator is significantly lower because of the large number of smaller incinerators. For consideration of emissions from MSW incinerators at a local scale, a capacity of 500 kte/year is considered in this assessment, with cadmium emissions to air of 8.9 kg/year (as proposed in the draft TRAR on Ni-Cd batteries). This emission from a single incinerator is in accord with the monitored data for UK MSW incinerators ( Table 4.7a) and nearly twice the average emission per incinerator in Germany.

In addition, PECs have been calculated for a notional MSW incinerator emitting 36.7 kg/year, as a worst case (again as proposed in the draft TRAR on Ni-Cd batteries).

Landfill

The WS Atkins report discussed a range of issues associated with the leaching of cadmium from landfill sites including leaching from pigmented plastics, cadmium plated materials, sewage sludge and incinerator ashes, and emissions from both municipal landfills and those accepting only controlled wastes.

The lifespan of PVC stabilised using cadmium stabilisers is an average 20 years (Austrian Federal Ministry of the Environment 1996).  It is assumed that plastics containing cadmium pigments also have a lifespan of this length as cadmium is only used where safety and reliability are important, indicating that long life spans can be expected.

Wilson et al, (1982) studied the leaching of cadmium from pigmented plastics.  The results indicated that there would not be a significant contribution from pigmented plastics to the release of cadmium in landfill leachate.   Cadmium in plastics is in the form of stabilisers or pigments bound within the plastic, whereas for waste metal and incinerator ash cadmium is in an insoluble form.  There is no evidence of cadmium leaching from landfills as a result of plastics degradation and in the short and medium term this does not occur (Streatfield 1996).  In a study of the content of heavy metals (including cadmium) in leachate from landfill sites in California, the levels of cadmium were sufficiently low to conclude that their occurrence in products including packaging does not constitute a significant threat to the environment (California Integrated Waste Management Board "Heavy Metals in Packaging" 1995. Publication no. 500-94-044; Sacramento).  An OECD report also concluded that the levels of landfill leachates currently provide little opportunity for human exposure and/or environmental loading.  In the long term it is estimated that residence times of cadmium in plastics in landfill will be over 10,000 years (Hansen 1996) and that storage in such a form probably amounts to the most stable form of cadmium possible.  Incinerator waste is estimated to have a residence time of 5,000 to 10,000 years in landfills (Hanson 1996) due to the insoluble nature of the cadmium species involved.

Leaching experiments involving cadmium stabilised window frames (Bredereck 1983) have shown that only l.2 mg of cadmium was solubilised from a 10 kg frame over a one year period during which the frame was immersed in a 3% acetic acid solution.  In fact all the leaching took place in the first four to six weeks (Donnelly l995).  Assuming 800000 tonnes of window frames contain approximately 2000 tonnes of cadmium (Bredereck l983), the 10 kg window frame will contain 0.025 kg of cadmium.  Therefore the 1.2 mg of cadmium leached from the window frame is only 0.0048 per cent of the total cadmium.  These results agree with the laboratory results of Griebenow et al. (1992) who determined that PVC moulded parts in building debris exhibit almost no bleeding of heavy metals stabilisers.  Therefore the releases of cadmium from pigmented plastic and stabilised PVC due to leaching are considered to be insignificant in comparison to the releases during their manufacture.  It is assumed that a similarly small percentage of cadmium will leach from plastics containing cadmium pigments.

Research is currently being undertaken concerning the investigation of total releases of cadmium during the use of plastic products (Bergbäck 1997), but at present there is a lack of data to support the quantification of such releases.  Since the plastics are used for their strength and durability, it will be assumed that direct releases of cadmium to the environment, or significant exposures of populations to cadmium, are unlikely from the use of these products (OECD 1995).

A more recent study has since reported concerning the leaching of a number of PVC compounds, including barium/cadmium-stabilised window frames (Argus, 2000). Experiments included a leaching test, lysimeter studies and an analysis of PVC within an existing landfill. While it was possible to conclude that PVC additives such as stabilisers will not be released completely after more than 20 years in landfill conditions, no clear interpretation of the behaviour of stabilisers in PVC under landfill simulating conditions was possible. No conclusions could be drawn regarding the source of cadmium found in the leachate or the possible contribution of the PVC to cadmium levels. The authors concluded that further research was necessary to explain stabilisers’ behaviour and share of landfill emissions.

Another recent study has also reported concerning the leachability of incineration residues in landfill (Bertin Technologies, 2000). No direct relationship between the total content of cadmium and its leachability has been observed. Leachability depends on the chemical nature of the cadmium and the leaching conditions, for example it is possible that an increased level of chloride from PVC may cause an increase in leaching. It is reported that most leaching of cadmium from landfilled residues will occur during the initial stage when the chloride content is highest, because of the formation of soluble chloride/cadmium complexes.

As landfills are not addressed in the technical guidance, to determine the impact of cadmium present in landfills, Atkins considered data for cadmium concentrations in landfill leachate and compared these with background soil concentrations for example. In this regard, it was not possible to proportion the cadmium present in a municipal solid waste landfill (or in the leachate) between cadmium arising from the three applications of concern (i.e. stabiliser, pigments and plated products) and cadmium arising from other sources.

Overall, there is no evidence for high cadmium levels in landfill leachate, except from much older landfills containing uncontrolled waste. There is no evidence of cadmium leaching from landfills as a result of plastics degradation and in the short and medium term this does not occur.  It has been estimated that the residence times of cadmium in plastics in landfill will be over 10,000 years and, in the absence of any evidence for excessively long induction periods or self-catalysis for release of cadmium from plastics in landfills, the cadmium leachate concentrations in the very long term will show reductions relative to the low levels monitored to date.
4.2 Human Exposure

4.2.1 Overview

Human exposure to cadmium is primarily influenced by dietary intake and, for occupational exposure, by the presence of cadmium fume/dust in the workplace. In broad terms, a ‘tolerable’ daily intake is of the order of 1 g/kg of bodyweight (about 70 g/day for an average adult).

4.2.2 Non-Occupational Exposure

Typical figures for cadmium intake by members of the public within the EU are summarised in Table 4.8.

	Table 4.8: Cadmium Intake for Members of the Public

	Source
	Intake (g/day)

	Air in urban areas
	0.04

	Drinking water (2 l/day)
	1.0

	Smoking (20/day)
	1 - 2

	‘Typical’ Diet (in EU countries)
	10 - 20

	Total
	10 or more

	Source: OECD, 1994


As can be seen, the cadmium intake is dominated by dietary intake and some foodstuffs are cadmium ‘rich’ - such as shellfish, root vegetables and cereals – leading to certain population groups being at a higher risk. In areas of contamination, levels of cadmium may be much higher leading to daily intakes of >100g (Järup, et al, 1998). Although cadmium use in stabilisers, pigments and plating will make a contribution to these figures, other sources may be more significant.

4.2.3 Occupational Exposure

Apart from the types of exposure outlined above, workers involved with the handling and use of cadmium may be exposed to cadmium dust and/or fume. The primary route for human uptake is via inhalation of workplace air. By way of example, air concentrations in the workplace of the order of 10-50 g/m3 would lead to a daily uptake of 25-125 g (OECD, 1994).

WS Atkins (1998a) provided details on workplace exposures at stabiliser and pigment preparation facilities, stabiliser mixing facilities and plating facilities. Of those few facilities that provided information on air concentrations, it was found that the levels were consistent with those given above (i.e. 10-50 g/m3) - although those in plating facilities were much lower at around 1 g/m3. Overall (although no data from plating facilities were provided) it was found that cadmium levels in workers’ blood were less than 5 g/l - a value to be compared with a typical value of 1 g/l amongst the general population (levels for smokers are about twice those for non-smokers).

Figure 4.1: Cadmium Losses from Stabilisers - Scenario 1: No Recycling

	
	WS Atkins
	RPA
	Scenario 1
	
	
	Loss
	

	Total EU Use
	270000 kg
	30000 kg
	No recycling
	
	
	kg/yr
	Comments

	Stabiliser Manufacture 

Maybe 3-4 sites
	30000 kg
	
	
	
	
	
	

	Direct emissions to environment
	
	
	
	
	Air
	0.25
	In WS Atkins, data were based upon information provided by industry from the six sites across the EU manufacturing stabilisers (as detailed in Appendix A in WSA, 1998a for example) as well as more general data on fate of sewage sludge.

Given decline in Cd use in stabilisers (270t to 30t), values simply divided by nine. Number of manufacturing sites has also fallen -probably to 3-4 sites.

	
	
	
	
	
	Water
	0.09
	

	Emissions to sewer
	0.52 kg/yr


	WWTP
	10%
	
	Water
	0.05
	

	
	
	Sludge
	90%
	47%
	Soil
	0.22
	

	
	
	
	
	41%
	Landfill- N
	0.19
	

	
	
	
	11% Incineration
	0.05 kg/yr
	Landfill- C

Landfill- M
	0.04

0.01
	

	Solid Waste
	
	
	
	
	Landfill - C
	960.00
	Note: Landfill - N, C, M refers to disposal to 'normal', 'controlled' and 'monofill' landfills respectively.

	
	
	
	
	
	Losses:
	960.80
	

	PVC Product Manufacture 

Maybe 15-50 sites
	29039 kg
	
	
	
	
	
	WSA (1998a) assumed no emissions. This has been modified to 0.22% (based on Use Category Document S19) where L1 = 0.21% and L2 or L3 = 0.01%). As processes are 'dry', all waste would go to either landfill (80%) or incinerator (20%).

Environmental release ratios for incinerators (0.9 to air:83.45 to fly ash:15.65 to bottom ash) have been used.

	Losses during window production
	0.220%
	
	
	80%
	Landfill - N
	51.11
	

	
	
	
	20% Incineration
	0.9%
	Air
	0.11
	

	
	
	
	
	83.45%
	Landfill - C
	10.66
	

	
	
	
	
	15.65%
	Landfill - M
	2.00
	

	
	
	
	
	
	Losses:
	63.89
	

	PVC Product Use 

Universal
	28975 kg
	
	
	
	
	
	

	Direct emissions to environment
	0.005%
	
	
	100%
	Soil
	1.45
	Direct emissions taken from WSA (1998a) - although Use Category Document suggests L4 = 0.01%).

Value for installation losses based on judgement

	Installation losses
	0.050%
	
	
	80%
	Landfill - N
	11.59
	

	
	
	
	20% Incineration
	0.9%
	Air
	0.03
	

	
	
	
	
	83.45%
	Landfill - C
	2.42
	

	
	
	
	
	15.65%
	Landfill - M
	0.45
	

	
	
	
	
	
	Losses:
	15.94
	

	PVC Product Disposal 

Universal
	270000 kg
	No Recycling
	Disposals from past production.
	
	
	
	WSA (1998a) assumed an 80:20 split between landfill and incineration. This has been modified to 90:10 since it would be expected that much of the product use (PVC windows) would end up in construction waste which is less likely to go to for incineration.

	
	
	
	
	
	
	
	

	Waste Disposal
	270000 kg
	
	
	90%
	Landfill - N
	243000
	

	
	
	
	10% Incineration
	0.9%
	Air
	243
	

	
	
	
	
	83.45%
	Landfill - C
	22532
	

	
	
	
	
	15.65%
	Landfill - M
	4225
	

	
	
	
	
	
	Losses:
	270000
	


Figure 4.2: Cadmium Losses from Stabilisers - Scenario 2: Much Recycling

	
	WS Atkins
	RPA
	Scenario 2
	
	
	Loss
	

	Total EU Use
	270000 kg
	30000 kg
	Much recycling
	
	
	kg/yr
	Comments

	Stabiliser Manufacture 

Maybe 3-4 sites
	30000 kg
	
	
	
	
	
	

	Direct emissions to environment
	
	
	
	
	Air
	0.25
	As Scenario 1.

	
	
	
	
	
	Water
	0.09
	

	Emissions to sewer
	0.52 kg/yr


	WWTP
	10%
	
	Water
	0.05
	

	
	
	Sludge
	90%
	47%
	Soil
	0.22
	

	
	
	
	
	41%
	Landfill- N
	0.19
	

	
	
	
	11% Incineration
	0.05 kg/yr
	Landfill- C

Landfill- M
	0.04

0.01
	

	Solid Waste
	
	
	
	
	Landfill - C
	960.00
	

	
	
	
	
	
	Losses:
	960.80
	

	PVC Product Manufacture 

Maybe 15-50 sites
	270000 kg
	Includes 240 te recycled
	
	
	
	
	Emission factors as for Scenario 1 - although usage 9 times higher. In addition, number of sites handling Cd stabilisers has been assumed to increase.

	Losses during window production
	0.220%
	
	
	80%
	Landfill - N
	475.20
	

	
	
	
	20% Incineration
	0.9%
	Air
	1.07
	

	
	
	
	
	83.45%
	Landfill - C
	99.14
	

	
	
	
	
	15.65%
	Landfill - M
	18.59
	

	
	
	
	
	
	Losses:
	594.00
	

	PVC Product Use 

Universal
	269406 kg
	
	
	
	
	
	

	Direct emissions to environment
	0.005%
	
	
	100%
	Soil
	13.47
	Emission factors as for Scenario 1 - although usage 9 times higher

	Installation losses
	0.050%
	
	
	80%
	Landfill - N
	107.76
	

	
	
	
	20% Incineration
	0.9%
	Air
	0.24
	

	
	
	
	
	83.45%
	Landfill - C
	22.48
	

	
	
	
	
	15.65%
	Landfill - M
	4.22
	

	
	
	
	
	
	Losses:
	134.70
	

	PVC Product Disposal 

Universal
	269406 kg

242465 kg
	Waste from current production.

90% recycled.
	
	RECYCLED
	
	For this scenario, 90% of Cd in PVC windows is recycled. The remainder goes to landfill/incineration

	Waste Disposal
	26941 kg
	10% to waste.
	90%
	Landfill - N
	24247
	

	
	
	
	10% Incineration
	0.9%
	Air
	24.25
	

	
	
	
	
	83.45%
	Landfill - C
	2248
	

	
	
	
	
	15.65%
	Landfill - M
	422
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	26941
	


Figure 4.3: Cadmium Losses from Pigments

	
	WS Atkins
	RPA
	
	
	
	Loss
	

	Total EU Use
	830000 kg
	830000 kg
	
	
	
	kg/yr
	Comments

	Pigment Manufacture  (Five sites)
	766000 kg
	
	
	
	
	
	

	Direct emissions to environment
	
	
	
	
	Air
	14.70
	Data based on WSA (1998a) together with more recent data provided by industry.

	
	
	
	
	
	Water
	25.40
	

	No Emissions to sewer
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Solid Waste
	
	
	
	
	Landfill - C
	406
	Note: Landfill - N, C, M refers to disposal to 'normal', 'controlled' and 'monofill' landfills respectively.

	
	
	
	
	
	Losses:
	446
	

	Extra-EU Trade balance (out of EU)
	412000 kg
	See section 3.3.1

	
	
	
	
	
	
	
	

	Pigment Usage
	354000 kg
	90%
	Plastics
	
	318199 A
	
	Plastics (A) and ceramics/glass/enamels (C) considered together. Artists colours (B) considered below.

	
	
	4%
	Artists’ Colours
	
	14142 B
	
	

	
	
	6%
	Glass, Ceramics & Enamels
	21213 C
	
	

	
	
	
	
	
	
	
	

	A + C Manufacture
	339412 kg
	
	
	
	
	
	

	100 sites?
	
	
	
	
	
	
	

	Losses during production
	1.66%
	
	
	80%
	Landfill - N
	4507
	Although not considered significant in WSA (1998a), estimates can be made from Use Category Document S11. 2. L1 = 1.6%, L2 = 0.05%, L3 = 0.01% to give a total of 1.66%.

Around 12.4 tpa of losses associated with plastics.

	
	
	
	20% Incineration
	0.9%
	Air
	10.14
	

	
	
	
	
	83.45%
	Landfill - C
	940
	

	
	
	
	
	15.65%
	Landfill - M
	176
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	5634
	

	A + C Product Use 

Universal
	333778 kg
	
	
	
	
	
	

	Installation losses
	0.000%
	
	
	
	
	
	There are no installation losses associated with product use in plastics or ceramics.

Around 16 kg of losses associated with plastics.

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Direct emissions to environment
	
	0.005%
	
	
	Soil
	16.69
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	16.69
	

	A + C Product Disposal 

Universal
	333778 kg
	
	
	
	
	
	

	Waste Disposal A
	312916 kg
	
	
	80%
	Landfill - N
	250333
	

	
	
	
	20% Incineration
	0.9%
	Air
	563
	

	
	
	
	
	83.45%
	Landfill - C
	50067
	

	
	
	
	
	15.65%
	Landfill - M
	9387
	

	
	
	
	
	
	
	
	

	Waste Disposal C
	20860 kg
	
	
	100%
	Landfill - N
	20860
	

	
	
	
	
	
	Losses:
	333778
	


Figure 4.3 (cont.): Cadmium Losses from Pigments - Artists' Colours

	
	
	
	
	
	
	Loss
	

	
	
	
	
	
	
	kg/yr
	Comments

	Artists Colours (formulation) 

few sites??
	14142 kg
	
	
	
	
	
	

	Solid Waste
	5%
	
	
	
	Landfill - C
	707
	One formulator suggests 6.4% to controlled landfill with negligible amount to sewer. Others suggest losses of <1%. A value of 5% used in this assessment.

	
	
	
	
	
	Sewer
	negligible
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	707
	

	Artists Colours (Use) 

Universal
	13435 kg
	
	
	
	
	
	

	Emissions to drain (sewer)
	5%
	WWTP
	10%
	
	Water
	67.2
	

	
	
	Sludge
	90%
	47%
	Soil
	284
	Values of 5% and 20% losses to sewer and solid waste respectively based on discussions with CEPE.

	
	
	
	
	41%
	Landfill - N
	248
	

	
	
	Sludge 
	Incinerated (11%)
	0.9%
	Air
	0.6
	

	
	
	
	
	83.45%
	Landfill - C
	56
	

	
	
	
	
	15.65%
	Landfill - M
	10.4
	

	Waste Disposal (wipes, etc)
	20%
	
	80% to landfill
	
	Landfill - N
	2150
	

	
	
	
	20%  Incineration
	0.9%
	Air
	4.84
	

	
	
	
	
	83.45%
	Landfill - C
	448
	

	
	
	
	
	15.65%
	Landfill - M
	84
	

	
	
	
	
	
	Losses:
	3353
	

	Artists Colours (Disposal) 
	10076 kg
	
	
	
	
	
	

	Universal
	50%
	remains on displayed/stored paintings
	
	
	

	Waste Disposal
	50%
	
	
	80%
	Landfill - N
	4031
	It has been assumed that 50% of paintings are retained while 50% are disposed of as solid waste (80% to landfill, 20% to incineration).

	
	
	
	20% Incineration
	0.9%
	Air
	9.07
	

	
	
	
	2365.9 kg/yr
	83.45%
	Landfill - C
	841
	

	
	
	
	
	15.65%
	Landfill - M
	158
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	5038
	


Figure 4.4: Cadmium Losses from Metal Plating

	
	WS Atkins
	RPA
	
	
	
	Loss
	

	Total Use
	195000 kg
	195000 kg
	
	
	
	kg/yr
	Comments

	Cadmium Plating
100 sites
	195000 kg
	
	
	
	
	
	

	Direct emissions to environment
	
	
	
	
	Air
	0
	Data based on WSA (1998a) with further confirmation/information provided by industry and other sources. Current estimate is 100 sites in EU.

	
	
	
	
	
	Water
	0
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Emissions to sewer
	250.00 kg
	WWTP
	10%
	
	Water
	25.00
	

	
	
	Sludge
	90%
	47%
	Soil
	105.75
	

	
	
	
	
	41%
	Landfill - N
	92.25
	Note: Landfill - N, C, M refers to disposal to 'normal', 'controlled' and 'monofill' landfills respectively.

	
	
	
	Incineration
	24.75 kg/yr
	
	
	

	
	
	
	Incineration
	0.2%
	Air
	0.22
	

	
	
	
	
	83.8%
	Landfill - C
	20.65
	

	
	
	
	
	16%
	Landfill - M
	3.87
	

	
	
	
	
	
	
	
	

	Solid Waste
	
	
	
	
	Landfill - C
	3360
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	3608
	

	Plated Metal Use
	191390 kg
	kg
	
	
	
	
	

	100-1000 airports
	
	
	
	
	
	
	

	Direct emissions to environment
	25%
	
	
	45.9%
	Soil
	21962
	

	
	
	
	
	1.4%
	Water
	670
	

	
	
	
	
	52.7%
	Marine
	25216
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses
	47848
	

	Metallic Waste Disposal
	143543 kg
	kg
	
	
	
	
	

	
	
	Recycle
	30%
	43063
	
	
	

	Waste Disposal
	100480 kg
	Landfill
	
	
	Landfill - N
	100480
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	Losses:
	100480
	


5. CALCULATION OF PREDICTED ENVIRONMENTAL CONCENTRATIONS (PECS)

5.1 Overview

Consideration has been given to the calculation of the Predicted Environmental Concentrations (PECs). Metals have a long residence time and complicate the way that existing models, including EUSES, can be used to predict or assess levels in different environmental compartments. There are three components to the total concentration of cadmium in the environment:

· local emissions (sites where releases of cadmium take place);

· anthropogenic background (historical background levels of cadmium resulting from national or regional anthropogenic activities); and

· natural background (natural sources of cadmium in the environment).

The background and existing concentrations of cadmium have been summarised by WS Atkins (Tables 3.1 and 3.2, WS Atkins, 1998a). WS Atkins estimated PECs for various compartments (WS Atkins, 1998a and 1998b) using methods similar to those outlined in the EC’s Technical Guidance Document (EC, 1996). In this section, the data used for some of the important modelling parameters are discussed and suitable values are selected for use in the EUSES modelling program. Where appropriate, reference has been made to the data review presented in the Draft Risk Assessment Report for Cadmium, being produced by the Belgian Competent Authority under the EU Existing Substances Regulation (De Win et al, 1999).

The methods outlined in the TGD/EUSES have been used, with suitable modifications where appropriate, to estimate cadmium concentrations in the environment at both the local and regional scales from the sources identified in this report. As the behaviour of cadmium in the environment is dependent on properties such as pH, amongst others, two different environmental conditions are considered in the calculations. These are considered to be an acidic environment, where the availability and mobility of cadmium is maximised, and the ‘general’ environment (pH>7).

5.2 Partition Coefficients

5.2.1 Overview

WS Atkins (1998a) did not appear to define the partition coefficients to be used in the PEC calculations directly. Instead, residence times of cadmium in various soil and sediment systems were estimated, which deviated somewhat from the approach laid down in the TGD. Here, a different approach is taken in that the TGD/EUSES is used to define the residence time of cadmium in the system, once appropriate partition coefficients etc. are known. Thus the approach taken here is in line with that recommended in the TGD.

The methods for estimating concentrations in the TGD (as implemented in the EUSES program) require knowledge of certain partition coefficients. Normally these are estimated from the log Kow of a substance, but for cadmium such methods are not applicable and so actual or more realistic values have to be obtained in order to carry out the environmental modelling. The relevant values are discussed below.

5.2.2 Suspended Sediment-water Partition Coefficient (Kpsusp)

Table 5.1 contains the values that were reported in the Draft EU Risk Assessment Report (RAR) for cadmium. A value of 130,000 l/kg was used in the RAR, being the approximate mean value for the results obtained in EU waters. This appears to be a reasonable value. Factors that were reported to be important in influencing the actual value for the Kpsusp are the pH, total metal concentration, the water hardness and the presence of complexing agents. In order to take this into account, the lower end of the range e.g. 7,900 l/kg will also be considered to apply to some situations, for example acidic waters where the availability of cadmium may be increased.

	Table 5.1: Suspended Sediment-Water Partition Coefficients

	Kp(susp) (l/kg)
	Location
	Reference

	Mean 170,000

Range 28,000-280,000
	Flanders
	VMM, 1997

	Mean 129,000
	Four locations in the Netherlands, 1983-1986
	Crommentuijn et al, 1997

	Mean 151,000
	Four locations in the Netherlands, 1988-1992
	

	Mean 224,000
	Four locations in the Netherlands, 1992-1994
	

	Range 30,000-300,000
	Rhine, Meuse and Schelde rivers, the Netherlands
	Ros and Slooff, 1990

	Mean 100,000 

Range 7,900-794,000
	St. Lawrence River basin, 1991-1992
	Quemerais and Lum, 1997


Information reported in WS Atkins (1998a) indicated that 10-40% of cadmium present in surface water is in solution, with the remainder being associated with particulate or colloidal matter. In addition, it was also reported that the fraction of cadmium in the dissolved phase may increase with acidity, with 90% being associated with the dissolved phase in one report (Lithner and Borg, 1996), although the basis behind this value appeared uncertain.

Using the methodologies given in the TGD a Kpsusp of 130,000 l/kg implies that around 67% of the cadmium in water will be associated with the suspended sediment phase, with around 33% in the dissolved (solution) phase. Similarly, a Kpsusp of 7,900 l/kg implies around 11% will be associated with the suspended sediment phase and 89% will be in the dissolved (solution) phase. These values are in agreement with the information reported by WS Atkins and indicate that the values for Kpsusp chosen here are appropriate for use in the EUSES modelling for cadmium.

5.2.3 Sediment-water Partition Coefficient (Kpsed).

Crommentuijn et al (1997) gives mean values for Kpsed for the Netherlands as 85,100 l/kg (estimated from suspended matter partition coefficients) and 79,430 l/kg (based on measurements of sediments at 3 locations in the Netherlands). The value for Kpsed of 85,100 l/kg will be used in the EUSES modelling for cadmium in the general environment. For the acidic environment, the value of Kpsed will be taken to be around 7,900 l/kg as above.

5.2.4 Soil-water Partition Coefficient (Kpsoil)

The cadmium RAR (De Win, 1999) gives several equations relating the soil-water partition coefficient to various properties of the soil. These are reproduced in Table 5.2.

	Table 5.2: Soil-Water Partition Coefficients

	Relationship
	
	Comments
	Reference

	log Kpsoil = -1.00 + 0.51pH + 0.51log(%OM)
	A
	n=63 – Danish agricultural soils, including subsoils
	Christensen, 1989

	log Kpsoil = 0.89 + 0.52pH + log(%OM/100)
	B
	n=15 – Soils from New Jersey
	Lee et al, 1996

	log Kpsoil = -1.8 + 0.59pH + log(%OM) 
	C
	n=33 – Dutch, French and British soils
	Gerritse and Van Driel, 1984

	log Kpsoil = -1.16 + 0.56pH
	D
	n=100 – Agricultural and forest soils from the Netherlands
	Römkens and Salomons, 1998

	log Kpsoil = -1.34 + 0.64pH
	E
	n=28 – Grassland soils from Belgium (in situ) measurements
	De Win et al (1999)

	log Kpsoil = -2.02 + 0.60pH + 0.96log(%OC)
	F
	n=58 – Grassland soils from Belgium
	De Win et al (1999)

	Note: OM = organic matter content

          OC = organic carbon content


From the Technical Guidance Document, the default values are organic matter content of 3.4% or an organic carbon content of 2%. Using these values in the above regression equations, Kpsoil values can be estimated for soils of differing pH. These are shown in the Table 5.3.

As can be seen from these values, the Kpsoil decreases with increasing acidity. This means that cadmium is more mobile in acidic soils than neutral and alkaline soils.

For the EUSES modelling, a value for Kpsoil of 3,029 l/kg will be used for the general environment and a value for Kpsoil of 59 will be used for the acidic environment.

	Table 5.3: Variation of Estimated Kpsoil with pH

	Equation (from Table 5.2)
	Estimated Kpsoil (l/kg)

	
	pH 5
	pH 6
	pH 7
	pH 8

	A
	66.2
	214
	694
	2,244

	B
	105
	348
	1,152
	3,815

	C
	48.0
	187
	727
	2,828

	D
	43.7
	158
	575
	2,089

	E
	72.4
	316
	1,380
	6,026

	F
	18.6
	74.0
	294
	1,172

	Mean value
	59
	216
	804
	3,029


5.3 Behaviour during Biological Waste Water Treatment

The Simpletreat waste water treatment plant model used in the TGD and also the EUSES program requires estimates for various suspended matter-water partition coefficients. These partition coefficients are usually similar to, but higher than, the suspended sediment-water partition coefficient used in the assessment, due to the higher organic matter content of the suspended matter in the waste water treatment plant. Since equivalent measured values are not available for cadmium, the Simpletreat model was run using the value of 130,000 l/kg for these partition coefficients. This gave the following behaviour in the waste water treatment plant: 90% to sludge and 10% to water.

Information reported in WS Atkins (1998a) is in good agreement with the Simpletreat estimates above, and so these values will be used in the PEC calculations where appropriate (and, indeed, were used in deriving Figures 4.1 to 4.4)

5.4 Uptake by Biota

5.4.1 Overview

In order to use the TGD approach to risk assessment, bioconcentration factors or transfer factors are needed for various parts of the environmental and human food chain. The most important of these factors concern the uptake by fish from water, uptake by earthworms from soil, uptake by plants (grass, leaf crops, root crops) from soil, uptake by plants (grass, leaf crops, root crops) from air, and transfer from grass/food to cattle (meat and milk). These are discussed in the following subsections.

5.4.2 Uptake by Fish from Water (BCFfish)

WS Atkins (1998a) used a fish BCF of 38 l/kg (on a fresh weight basis) as a representative value for the waters of around pH 7.7, as would be typical for the general EU environment. This was the geometric mean value from a review of data for freshwater and marine fish carried out by Van der Plassche et al (1994). In addition to this, WS Atkins (1998a) considered a higher value for BCFfish of 3,000 l/kg (on a dry weight basis) as being a worst case value for acidic waters, but did not give the source of this information. This BCFfish was estimated to be around 750 l/kg (on a fresh weight basis) by using a dry weight to fresh weight conversion factor of 4.

Many studies have investigated the bioconcentration of cadmium in freshwater fish and other freshwater aquatic organisms. These are reviewed in the draft RAR for cadmium. For fish, the whole fish BCF values determined on wet fish weight basis ranged between 0.51 l/kg and 511 l/kg, with a median value of around 15 l/kg. The whole fish BCF values determined on a dry fish weight basis were in the range 5 to 1,385 l/kg, with a median value of 80. For algae, the BCFs determined were in the range 1,640-23,100 l/kg (median value 7,500 l/kg) for the wet weight values and 2,200-310,000 l/kg (median value 115,100 l/kg) for the dry weight values. Finally, the BCF values for invertebrates were in the range 396-17,560 l/kg (median 994) for the wet weight values and 546-33,300 l/kg (median 5,000 l/kg) for the dry weightvalues. There was some evidence of decreasing uptake with increasing concentration of cadmium in the water phase (above around 10 µg/l), which resulted in generally lower BCF values at higher cadmium exposure concentrations.

Taylor (1983) presents results from over 40 laboratory investigations (and displayed the range of results found for freshwater organisms and marine organisms in graphical form). The results were split between four main groups: algae, vertebrates (i.e. fish), mollusca and crustacea. The following ranges of BCF values for the groups can be read from the graphs. All the BCF values used in the study were wet organism weight values, and are whole organism values or, in a small number of cases, edible tissue values.

	
	Fresh water organisms 
	Marine organisms

	Alga
	~10-10,000 l/kg wet wt
	 ~70-800 l/kg wet wt.

	Mollusca
	
	~4-5,000 l/kg wet wt.

	Crustacea
	~10-1,500 l/kg wet wt.
	~2-1,000 l/kg wet wt.

	Fish
	~1-3,000 l/kg wet wt.
	~1-4 l/kg wet wt.


From these data, it appears that this review may have been the source of the BCF of 3,000 l/kg reported in the WS Atkins (1998a) report, although it is clearly a wet fish weight value. The Taylor (1983) review concluded that although values as high as 10,000 l/kg wet wt. have been found in some algal experiments, the vast majority of BCF values are <1,000 l/kg wet wt. They calculated the median BCF for all the organisms included as 90 l/kg wet wt. for freshwater species and 40 for marine species. When the fresh water fish data were considered, although BCF values up to 3,000 l/kg wet wt. had been measured, around 60% of the measured BCF values were <20 l/kg wet wt. The data set was much smaller for marine fish, but BCF values found were all <5 l/kg wet wt.

Factors that may affect the uptake of cadmium by organisms from water include pH and water hardness (and other factors which affect the availability of cadmium in solution). However such factors may have differing effects depending on the species in question. For example, the high BCF found in some experiments with algae could be as a result of adsorption of cadmium onto the cell walls, rather than uptake into the cells. The ability for cadmium to adsorb onto cell walls could vary with these factors in a different manner to the cadmium that is taken into the cells, or is taken up by other organism (e.g. uptake via the gills in fish). For example, the draft Cadmium RAR gives examples of increasing accumulation of cadmium by willow moss (Fontinalis antipyretica) with increasing pH (Lithner et al, 1995). Increasing pH would be expected to reduce the bioavailability of cadmium. Similarly, the draft Cadmium RAR gives examples of lower rates of uptake of cadmium by Daphnia magna from water with a hardness of 30 mg CaCO3/l compared to water with a hardness of 6 mg CaCO3/l (Penttinen et al, 1995), whereas for an alga (Selenastrum capricornutum), no significant change in bioconcentration of cadmium was seen over the hardness range 57 to 230 mg CaCO3/l.

For the EUSES modelling, a fish BCF of 38 l/kg wet wt. will be used for the general environment and a higher value of 3,000 l/kg wet wt. will be used for the acidic environment as a worst case.

5.4.3 Uptake by Earthworms from Soil

This did not appear to have been considered in the WS Atkins (1998a) report. The draft Cadmium RAR reviews a large amount of data relating the concentrations in worms (all worms in the studies had their guts voided prior to analysis) to the concentrations found in soil. Most of these data are from field studies. The accumulation factors derived in the draft RAR were calculated on either a wet earthworm weight or dry earthworm weight basis as follows (the soil concentrations used were always dry soil weight values):

AF concentration in earthworms(mg/kg wet weight or mg/kg dry weight)
concentration in soil(mg/kg dry weight) 

For the data determined from the wet earthworm weight data (17 data points), the range of accumulation factors was between 4 and 32.4, with a median value of 14.9. For the data determined from the dry earthworm weight data (79 data points), the

range of accumulation factors was between 1.6 and 151.4, with a median value of 15.5.

The TGD uses a factor of 0.16 to convert data from a dry earthworm weight basis to a wet earthworm weight basis (i.e. the earthworm is 84% water). Thus the maximum of the dry earthworm weight accumulation factor from above (151.4) would be equivalent to a wet earthworm weight value of around 24, which is similar to the upper end of the range found with the wet weight data.

Generally, it was found that the accumulation factor decreased with increasing cadmium concentration. The accumulation factor was also dependent to some extent on the soil properties, generally increasing with decreasing pH, cation exchange capacity and organic carbon content.

For the EUSES modelling, the highest measured accumulation factor of 32.4 kg/kg will be used for the acidic environment. A slightly lower value of 15 kg/kg will be used for the general environment to reflect the fact that the uptake appears to decrease with increasing pH, amongst other factors. The measured values above are based on dry soil weights. As the TGD default conversion factor between dry soil weights and wet soil weights is relatively small (and certainly much smaller than the uncertainties inherent in choosing a representative value for the accumulation factor), it will be assumed that the chosen factors will apply equally well to wet soil concentrations.

5.4.4 Uptake by Plants from Soil

WS Atkins (1998a) used a soil-grass transfer factor of 0.7 (on a dry weight plant/wet weight soil basis). This was derived from a four year field study looking at the transfer of metals from soil contaminated with smelter flue dust (cadmium assumed to be present as cadmium oxide). A conversion factor of 4 (for the dry weight to fresh weight conversion for grass) was used to give a value of 0.18 on a fresh weight plant/fresh weight soil) basis. This was reported to be in good agreement with the transfer factor for leafy green vegetables derived by Dorgelo (1998) used in the Netherlands to determine an intervention level for soil remediation. This was used as the transfer factor for grass and crops in the generalised (pH 7.7) environment.

For acidic soils, the WS Atkins report used a value of 0.88 of a fresh weight plant/wet weight soil basis. This was based on the observations of Andersson & Nilsson (1974), who found a five times increase in transfer of cadmium from soil to fodder rape grown in pots using sludge amended soil, when the soil pH was decreased from 7.2 to 4.8.

WS Atkins did not specifically consider the uptake of cadmium by root crops from soil. The draft RAR for Cadmium reviewed a large body of information on the levels of cadmium in plants compared to the levels in soil. The data was generated from the average concentrations found in crops/average concentration found in soil. The soil-plant transfer factors determined in that draft RAR are summarised in Table 5.4. All values are reported on a fresh plant weight basis (it is not clear if the soils are on a wet or dry weight basis, but, as explained earlier, this correction would make only a small difference to the values reported).

	Table 5.4: Soil-Plant Transfer Factors

	Plant
	Soil-plant transfer factor

(on a fresh plant weight basis)

	Wheat (grain)
	0.055-0.20

	Potato tuber
	0.07-0.19

	Carrot
	0.08-0.11

	Lettuce
	0.10

	Spinach
	0.15

	Leek 
	0.28 (pH<5)

0.032 (pH>5.5)

	Cabbage
	0.01

	Cauliflower
	0.15

	Tomato
	0.025

	Onion
	0.032


The draft RAR for Cadmium also reported several regression equations relating the soil-plant transfer factor to various soil properties. These are shown in Table 5.5

	Table 5.5: Regression Equations for Soil-Plant Transfer Factors.

	Plant
	Soil-plant transfer factor (TF)

(on a fresh plant weight basis)
	Reference

	Wheat

(grain)
	TF = (92-10.3 x pH + 10 x [Cdsoil] – 0.26 x [Znsoil])
                                          290
	Eriksson et al, 1996

	
	TF = (181 – 27 x pH)
100 for pH 5 – 6.2

TF = 0.1 for pH > 6
	Gavi et al, 1997

	Potatoes
	TF = (293 – 24 x pH – 0.94(%OM) + 0.039 x [Cdsoil])
                                        270
	Eriksson et al, 1996

	Carrots
	TF = (3.39 – 0.29 x pH –0.01(%C) + 3.5 x 10-4 x [Cdsoil])
                                         300
	Jansson and Öborn,

1997

	Note: [Cdsoil] = cadmium soil concentration in µg/kg

[Znsoil] = zinc concentration in mg/kg = average value from study 42 mg/kg

%OM = organic matter content of the soil

% C = organic carbon content of the soil


Using these equations, the variation of the value of the soil-plant transfer factor with pH can be investigated. This is shown in Table 5.6, assuming a [Cdsoil] of around 500 µg/kg and the TGD default organic carbon and organic matter contents (2% and 3.4% respectively). The estimates obtained from the equation reported in the draft RAR for carrots (Jansson & Öborn, 1997) appear to be out of line with the other estimates. The original paper has been obtained and the equation given in that paper relates the cadmium concentrations in carrots (in mg/kg on a dry weight basis) to the cadmium concentration in soil (in mg/kg on a dry weight basis) in the following way:
log[carrot concentration] = 4.35 – 0.29 x pH – 0.01 x (%C) + 0.35 x [Cdsoil]

However, there is some uncertainty over this equation as the data presented in the paper do not appear to be consistent (e.g. the cadmium concentrations in carrots were reported to be in the range 0.062-0.87 mg/kg, yet the graphs showing the correlation with pH etc. indicate that the log [carrot concentration] were in the range 1.5-3, which would imply that the concentration units used in the regression were not mg/kg as stated in the paper but µg/kg). Therefore this equation is not considered further.

	Table 5.6: Variation of Soil-Plant Transfer Factor with pH.

	Equation
	Soil-plant transfer factor (on a fresh plant weight basis)

	
	pH 5
	pH 6
	pH 7
	pH 8

	Wheat; Eriksson et al, 1996
	0.27
	0.23
	0.20
	0.17

	Wheat; Gavi et al, 1997
	0.46
	0.19
	0.1
	0.1

	Potatoes; Eriksson et al, 1996
	0.33
	0.24
	0.15
	0.06


The available measured soil-plant transfer factors are not in a form that can be readily incorporated into the EUSES model. However, the factors can still be used to estimate concentrations resulting in crops from uptake via soil in a similar way as recommended in the TGD. These calculations are shown in the Annex 4. The following soil-plant transfer factors are used in these calculations: soil-plant transfer factor for root crops = 0.15 kg/kg for the general environment and 0.3 for the acidic environment; soil-plant transfer factor for leaf crops and grass = 0.1 kg/kg for the general environment and 0.2 for the acidic environment. These are based on the data reported in Tables 5.4 and 5.6, and are again assumed to be applicable to wet weight soil concentrations.

5.4.5 Uptake by Plants from Air

This did not appear to have been considered by WS Atkins (1998a) nor were actual air-plant transfer coefficients reported in the draft RAR for Cadmium, and it is not possible to estimate these using the methods outlined in the TGD (which rely on the log Kow value).

The majority of the data on soil-plant transfer has been generated from field studies, where air exposure (transfer) would also be occurring. Therefore, in most cases the soil-plant transfer factor will also include the atmospheric contribution. The exception to this may be where high air levels are found and are dominant over the uptake from soil. However, in terms of the procedures outlined in the TGD, this situation is unlikely to occur as the local assessment assumes that the atmospheric cadmium also contributes to the local soil concentration by atmospheric deposition. Thus, if air concentrations are predicted to be high, the soil concentrations will also be elevated due to this deposition. Therefore, it appears to be sensible to base the estimated concentrations in plants on the soil-plant transfer factors only.

5.4.6 Uptake by Cattle from Food (BTFmeat) and Transfer to Milk (BTFmilk)

WS Atkins (1998a) used transfer factors of 2 10-2 d/kg and 3 10-4 d/kg for the transfer factors to meat (BTFmeat) and milk (BTFmilk) respectively. These were the values recommended in a review undertaken by Morgan (1991). As no further data were reported in the draft risk assessment report on Cadmium, these values will be used in the EUSES calculations. As these factors represent transfer from diet to meat and milk, they will be the same for both the acidic and general environment.

5.5 Calculation of PECs

5.5.1 Inputs to EUSES

PECs for the various endpoints considered have been estimated using the methodology outlined in the TGD, as implemented in the EUSES program. In order to run the EUSES program in a meaningful way for cadmium, representative values have to be chosen for many of the partition coefficients and rate constants within the program as some of the estimation methods used within EUSES are not relevant for cadmium. Table 5.7 outlines the values chosen for the assessment, based on the information reported above.

	Table 5.7: EUSES Model Parameters used for Cadmium

	Input to EUSES program
	Value chosen for cadmium

	
	General environment
	Acid environment

	Physico-chemical properties

	Molecular weight (g/mole)
	112.41
	112.41

	Melting point (°C)
	320.9
	320.9

	Boiling point (°C)
	765
	765

	Vapour pressure at 25°C (Pa)
	1 x 10-6 (in terms of the model, Henry’s law constant is more important than this value)
	1 x 10-6 (in terms of the model, Henry’s law constant is more important than this value)

	Octanol-water partition coefficient(log value)


	-1 (value not important as all derived partition coefficients are overwritten)
	-1 (value not important as all derived partition coefficients are overwritten)

	Water solubility (mg/l)
	9.6
	9.6

	Solids-water partition coefficient

	Organic carbon-water partition coefficient
	not used
	not used

	Solids-water partition coefficient insoil (Kpsoil; l/kg)
	3,029
	59

	Solids-water partition coefficient in sediment (Kpsed; l/kg)
	85,100
	7,900 (a)

	Solids-water partition coefficient in suspended sediment (Kpsusp; l/kg)
	1.3 x 105
	7,900

	Suspended matter-water partition coefficient (Ksusp-water; m3/m3)
	3.25 x 104 (estimated by EUSES from Kpsusp)
	1.98 x 103(estimated by EUSES from Kpsusp)

	Soil-water partition coefficient (Ksoil-water; m3/m3)
	4.54 x 103 (estimated by EUSES from Kpsoil)
	88.3 (estimated by EUSES from Kpsusp)

	Sediment-water partition coefficient (Ksed-water; m3/m3)
	4.26 x 104 (estimated by EUSES from Kpsediment)
	3.95 x 103(estimated by EUSES from Kpsusp)

	Solids-water partition coefficients in raw sewage sludge, settled sewage sludge, activated sewage sludge and effluent sewage sludge
	not used – behaviour during waste water treatment overwritten
	not used – behaviour during waste water treatment overwritten

	Air partitioning coefficients

	Sub-cooled liquid vapour pressure
	not used – Henry’s law constant overwritten
	not used – Henry’s law constant overwritten

	Fraction of chemical associated with aerosol particles
	1
	1

	Henry’s law constant (Pa m3/mole)
	1 x 10-9 – very low value entered as little potential for volatilisation
	1 x 10-9 – very low value entered as little potential for volatilisation

	Air-water partition coefficient (m3/m3; dimensionless form of Henrys Law constant)
	4.22 x 10-13
	4.22 x 10-13

	Degradation

	Characterisation of biodegradability
	Assumed no degradation – used default rate constants for non-degradable substances

	Rate constant for degradation in air (day-1)
	0
	0


	Table 5.7 continued: EUSES Model Parameters used for Cadmium

	Input to EUSES program
	Value chosen for cadmium

	
	General environment
	General environment

	Physico-chemical properties

	Total rate constant for degradation in surface water (day-1)
	1.39 x 10-6 (default value – estimated by EUSES)
	1.39 x 10-6 (default value – estimated by EUSES)

	Total rate constant for degradation in bulk sediment (day-1)
	6.93 x 10-8 (default value – estimated by EUSES)
	6.93 x 10-8 (default value – estimated by EUSES)

	Total rate constant for degradation in bulk soil (day-1)
	6.93 x 10-7 (default value – estimated by EUSES)
	6.93 x 10-7 (default value – estimated by EUSES)

	Rate constant for volatilization from agricultural soil (day-1)
	5.58 x 10-14 (estimated by EUSES from Henry’s law constant and Ksoil-water)
	2.86 x 10-12 (estimated by EUSES from Henry’s law constant and Ksoil-water)

	Rate constant for volatilization from grassland (day-1)
	1.12 x 10-13 (estimated by EUSES from Henry’s law constant and Ksoil-water)
	5.71 x 10-12 (estimated by EUSES from Henry’s law constant and Ksoil-water)

	Rate constant for leaching from agricultural soil (day-1)
	5.28 x 10-7 (estimated by EUSES from Ksoil-water)
	2.70 x 10-5 (estimated by EUSES from Ksoil-water)

	Rate constant for leaching from grassland (day-1)
	1.06 x 10-6 (estimated by EUSES from Ksoil-water)
	5.41 x 10-5 (estimated by EUSES from Ksoil-water)

	Total rate constant for removal from agricultural top soil (day-1)
	1.22 x 10-6 (estimated by EUSES from above data)
	2.77 x 10-5 (estimated by EUSES from above data)

	Total rate constant for removal from grassland top soil (day-1)
	1.75 x 10-6 (estimated by EUSES from above data)
	5.47 x 10-5 (estimated by EUSES from above data)

	Behaviour during waste water treatment

	Fraction of emission directed to air
	0
	0

	Fraction of emission directed to water
	0.1
	0.1

	Fraction of emission directed to sludge
	0.9
	0.9

	Fraction of emission degraded
	0
	0

	Bioconcentration factors

	Partition coefficient worm-porewater (l/kg)
	not used
	not used

	Bioconcentration factor for earthworms (kg/kg)
	15
	32.4

	Bioconcentration factor for fish
	38
	3,000

	Partition coefficient between plant tissue and water (m3/m3)
	not used – data available but in a different form to that required by EUSES – calculations carried out by hand
	not used – data available but in a different form to that required by EUSES – calculations carried out by hand

	Partition coefficient between leaves and air (m3/m3)
	
	

	Transpiration-stream concentration factor
	
	

	Bioaccumulation factor for meat (d/kg)
	0.02
	0.02

	Bioaccumulation factor for milk (d/kg)
	0.0003
	0.0003

	Purification factor for surface water
	1
	1

	Note: a) value not crucial to the calculations – assumed to be similar to the value for suspended sediment as a worst case.


5.5.2 Estimation of Regional and Continental PECs

The regional and continental PECs have been estimated using the EUSES program. The total estimates for the emissions to the environment from the applications considered are shown in Table 5.8.

To put these emissions into context, the draft RAR for cadmium estimated that the total EU emissions of cadmium to agricultural soil from the use of phosphate fertilisers was around 270 tonnes/year (see also Section 4.1.2)

The approach taken in the modelling assumes that the cadmium released behaves in the same way independently of the form in which it was released. Thus, for example, the calculations assume that the cadmium released as stabilisers behaves in an identical manner in the environment to that released from plated metal.

The resulting Regional PECs calculated by EUSES using the above input data are shown in Table 5.9. Sample EUSES printout is presented in Annex 5 to this report.

	Table 5.8: Summary of emission estimates for regional and continental model

	Use/lifecycle step
	Total EU emission (kg/year)
	EUSES default fate of sewage sludgec
	Assuming 11% of sewage sludge is incinerated

	
	
	Regional emission (kg/year)
	Continental emission (kg/year)d
	Regional emission (kg/year)
	Continental emission (kg/year)

	Stabilisers –

manufacture
	0.25 to air

0.14 to surface water

(0.52 to waste water c)

960 to landfill
	0.03 to air
0.01 to surface water

(0.45 to waste water c)

180 to landfilled
	0.23 to air

0.13 to surface water

(0.07 to waste water c)

780 to landfill
	0.03 to air
0.01 to surface water

0.02 to agricultural soil via

sewage sludge

180 to landfille as solid waste
	0.23 to air

0.13 to surface water

0.2 to agricultural soil via sewage sludge 

780 to landfill as solid

waste

	Stabilisers – PVC

product

manufacture
	0.11 a or 1.07 b to air

63.77 a or 593 b to landfill
	0.01 a, or 0.11 b to air

6.38 a or 59 b to landfill
	0.10 a or 0.96 b to air

57.39 a or 534 b to landfill
	0.01 a, or 0.11 b to air

6.38 a or 59 b to landfill
	0.10 a or 0.96 b to air

57.39 a or 534 b to landfill

	Stabilisers – PVC

product use
	0.03 a or 0.24 b to air

1.45 a or 13.47 b to

industrial/urban soil

14.46 a or 134 b to landfill
	0.003 a or 0.02 b to air

0.145 a or 1.347 b to

industrial/urban soil

1.45 a or 13 b to landfill
	0.02 a or 0.22 b to air

1.305 a or 12.123 b to

industrial/urban soil

13.01 a or 121 b to landfill
	0.003 a or 0.02 b to air

0.145 a or 1.347 b to

industrial/urban soil

1.45 a or 13 b to landfill
	0.02 a or 0.22 b to air

1.305 a or 12.123 b to

industrial/urban soil

13.01 a or 121 b to landfill

	Stabilisers – PVC

product disposal
	243 a or 24.25 b to air

269,757 a or 26,916 b to landfill
	24.3 a or 2.42 b to air

26,976 a or 2,692 b to landfill
	1,215 a or 135 b to air

242,781 a or 24,225 b to landfill
	24.3 a or 2.42 b to air

26,976 a or 2,692 b to landfill
	1,215 a or 135 b to air

242,781 a or 24,225 b to landfill

	Pigments –

manufacture
	14.7 to air

25.4 to surface water

406 to landfill
	6.4 to air

4.8 to surface water

41 to landfill
	8.3 to air

20.6 to surface water

365 to landfill
	6.4 to air

4.8 to surface water

35 to landfill
	8.3 to air

20.6 to surface water

371 to landfill

	Pigments – A and

C manufacture
	10.1 to air

5,624 to landfill
	1.0 to air

562.4 to landfill
	9.13 to air

5,062 to landfill
	1.0 to air

562.4 to landfill
	9.13 to air

5,062 to landfill

	Pigments – A and

C product use
	16.7 to industrial/urban soil
	1.7 to industrial/urban soil
	15.0 to industrial/urban soil
	3.9 to industrial/urban soil
	35.1 to industrial/urban soil

	Pigments – A and

C product disposal
	563 to air

330,647 to landfill
	56.3 to air

33,065 to landfill
	507 to air

297,583 to landfill
	56.3 to air

33,065 to landfill
	507 to air

297,583 to landfill


	Table 5.8 continued: Summary of emission estimates for regional and continental model

	Use/lifecycle step
	Total EU emission (kg/year)
	EUSES default fate of sewage sludgec
	Assuming 11% of sewage sludge is incinerated

	
	
	Regional emission (kg/year)
	Continental emission (kg/year)d
	Regional emission (kg/year)
	Continental emission (kg/year)

	Pigments – Artists

colours –

formulation
	707 to landfill
	71 to landfill
	636 to landfill
	71 to landfill
	636 to landfill

	Pigments – Artists

colours – use
	672 to waste water c
	67.2 to waste water c
	604.6 to waste water c
	6.7 to surface water

28.4 to agricultural soil via

sewage sludge

24.8 to landfill via sewage

sludge

0.06 to air from incineration of

sewage sludge

6.6 to landfill from

incineration of sewage sludge
	60.5 to surface water

255.7 to agricultural soil via

sewage sludge

223.1 to landfill via sewage

sludge

0.54 to air from incineration of sewage sludge

59.3 to landfill from

incineration of sewage sludge

	Pigments – Artists

colours – waste

disposal (wipes

etc)
	4.8 to air

2,682 to landfill
	0.5 to air

268 to landfill
	4.3 to air

2,414 to landfill
	0.5 to air

268 to landfill
	4.3 to air

2414 to landfill

	Pigments – Artists

colours – waste

disposal
	9.1 to air

5,029 to landfill
	0.9 to air

503 to landfill
	8.2 to air

4,526 to landfill
	0.9 to air

503 to landfill
	8.2 to air

4,526 to landfill

	Plating – plating

sites
	250 to waste water c
3,477 to landfill
	25 to waste water c
348 to landfill
	225 to waste waterc

3,129 to landfill
	2.5 to surface water

10.6 to agricultural soil via

sewage sludge

9.2 to landfill via sewage

sludge

0.02 to air from incineration

of sewage sludge

2.5 to landfill from

incineration of sewage sludge

336 to landfill as solid waste
	22.5 to surface water

95.2 to agricultural soil via

sewage sludge

83.1 to landfill via sewage

sludge

0.20 to air from incineration

of sewage sludge

22.0 to landfill from

incineration of sewage sludge

3,024 to landfill as solid waste


	Table 5.8 continued: Summary of emission estimates for regional and continental model

	Use/lifecycle step
	Total EU emission (kg/year)
	EUSES default fate of sewage sludgec
	Assuming 11% of sewage sludge is incinerated

	
	
	Regional emission (kg/year)
	Continental emission (kg/year)d
	Regional emission (kg/year)
	Continental emission (kg/year)

	Plating – plated

metal use
	670 to surface water

21,962 to urban/industrial soil

(25,216 to marine)
	67 to surface water

2,196 to urban/industrial soil
	603 to surface water

19,766 to urban/industrial

soil
	67 to surface water

2,196 to urban/industrial soil
	603 to surface water

19,766 to urban/industrial

soil

	Plating – metallic

waste disposal
	100,480 to landfill
	10,048 to landfill
	90,432 to landfill
	10,048 to landfill
	90,432 to landfill

	Total g
	845 a or 628 b to air

787.6 to surface water

922 to waste water

21,980 a or 21,992 b to natural soil

719,730 a or 477,539 b to landfill
	84.6 a or 62.8 b to air

78.8 to surface water

92.2 to waste water f
2,198 a or 2,199 b to

natural soil

71,973 a or 47,754 b to landfill
	760.8 a or 565.0 b to air

709 to surface water

830 to waste water f
19,782 a or 19,793 b to

natural soil

647,7581 a or 429,785 b to

landfill
	84.6 a or 62.9 b to air

78.8 to surface water

2,196 a or 2,199 b to

natural soil

39 to agricultural soil

72,016 a or 47,797 b to landfill
	761.6 a or 565.8 b to air

709 to surface water

19,766 a or 19,793 b to

natural soil

351 to agricultural soil

648,145 a or 430,173 b to

landfill

	Note: a) scenario 1 – assumes no recycling

b) scenario 2 – assumes much recycling

c) distribution during waste water treatment is 90% to sludge (which is then applied to soil) and 10% to surface water. Normally, in the EUSES model, the sewage sludge

containing the substance is assumed to be applied to land. However, in the EU sludge is also incinerated and this could lead to emissions to air, as cadmium is not completely

destroyed during the process. Thus, as well as considering the normal default fate of sewage sludge within the EUSES model, the model will also be run, assuming that 11% of the

sewage sludge is incinerated, with 41% of the sewage sludge going to landfill and 47% being applied to agricultural soil. During incineration of sewage sludge it is assumed that

the distribution of cadmium to air, controlled landfill and monofill landfill is the same as for incineration of municipal solid waste (section 4.1.6).

d) in the EUSES model continental emissions = total emissions-regional emissions, where the regional emissions are taken as 10% of the total emissions

e) site with highest release to surface water/waste water assumed to occur in the region.

f) within the EUSES model a 70% connection rate to sewage treatment plants is assumed for releases to waste water.

g) emissions identified as to landfill are not included in the releases to the environment in the EUSES modelling.


	Table 5.9: Estimated Regional Concentrations

	
	PECregional

	
	General environment
	Acid environment Compartment

	
	a
	b
	c
	d
	a
	b
	c
	d

	Air (mg/m3)
	3.7810-9
	3.2110-9
	3.7910-9
	3.2210-9
	3.7810-9
	3.2110-9
	3.7910-9
	3.2210-9

	Surface water (µg/l)
	2.6910-3
	2.7510-3
	2.6910-3
	2.7510-3
	0.0173
	0.0177
	0.0173
	0.0177

	Sediment (mg/kg

wet wt.)
	0.134
	0.138
	0.134
	0.138
	0.0524
	0.0536
	0.0524
	0.0536

	Agricultural soil

(mg/kg wet wt.)
	0.0144
	0.0147
	0.0106
	0.0107
	5.6110-4
	5.7510-4
	4.1410-4
	4.1710-4

	Pore water of

agricultural soil

(µg/l)
	0.0054
	0.0055
	0.0040
	0.0040
	0.0108
	0.0110
	0.0080
	0.0080

	Natural soil

(mg/kg wet wt.)
	0.0155
	0.0156
	0.0155
	0.0156
	4.65 x 10-4
	4.69 x 10-4
	4.65 x 10-4
	4.69 x 10-4

	Note: a) No recycling of PVC products and no incineration of sewage sludge in the regional model.

b) Recycling of PVC products but no incineration of sewage sludge in the regional model.

c) No recycling of PVC products but incineration of sewage sludge in the regional model.

d) Recycling of PVC products and incineration of sewage sludge in the regional model.

e) Emission to soil were allocated to either “natural” or “agricultural”, and “industrial/urban” soil was not considered as differentiated from “natural soil.


As can be seen from the results presented in Table 5.9, the regional concentrations are relatively insensitive to the different emission scenario estimates, but do vary depending on whether the properties of the ‘general’ or ‘acidic’ environment are chosen. The highest values reported here for the ‘general’ and ‘acidic’ environments (emboldened values in Table5.9) are used as the regional background concentrations for the local concentrations estimated in the following Sections. The draft cadmium RAR summarised the available monitoring data for cadmium in the EU for surface water, sediment, soil and air. The report concluded that the natural background level of cadmium in surface water was around 0.21 µg/l, the background cadmium concentrations in sediment were around 1-10 mg/kg (and may be dominated by historic contamination), the natural background cadmium concentrations in soil were around 0.3 mg/kg and the background cadmium concentrations in air were around <1-510-6 mg/m3 in rural locations, 5-1510-6 mg/m3 in urban locations and 15-50 mg/m3 in industrial locations. Similar measured background concentrations were reported by WS Atkins (1998a). As these are based on measured levels, they necessarily include contributions from all sources of cadmium (including natural sources) and not just those considered in this report. They do, however, indicate that in most cases the regional concentrations arising from the cadmium sources considered in this report, contribute only a small proportion of the total background cadmium concentration.

5.5.3 Estimation of Local PECs

Overview

Local PECs are estimated for the point source releases of cadmium identified in this report. The methods used are those given in the Technical Guidance. The EUSES model has been used to carry out many of the calculations, but some example calculations have also been presented below to allow transparency in the methods used. Sample EUSES printout has been attached as Annex 5 (note: there are some very small differences between the results calculated here and those presented in the EUSES printout – these are mainly as a result of rounding errors).

Aquatic Compartment (Surface Water and Sediment)

The local PECs can be estimated using the methodology outlined in the EU Technical Guidance Document which is also implemented in EUSES. The following values are used.

Clocalinf = Elocalwater x 103
                     EFLUENTstp
Where
Elocalwater = local emission rate to waste water treatment plant (kg/day)

EFFLUENTstp = effluent discharge rate of waste water treatment plant

(m3/day) – default value is 2,000 m3/day

Clocalinf = concentration in influent to waste water treatment plant (mg/l)

Clocaleff = Clocalinf x Fstpwater
Where
Fstpwater = fraction of emission directed to water in the waste water treatment

plant. For cadmium this is taken as 0.1 (i.e. 90% of the cadmium is removed

during biological waste water treatment by adsorption onto sewage sludge,

with 10% going to the effluent).

Clocalwater =                                   Clocaleff                                     .
                           (1 + Kpsusp x SUSPwater x 10-6) x DILUTION

where
Kpsusp = solids-water partition coefficient for suspended matter = 130,000 l/kg

for the general situation or 7,900 l/kg for acidic environments

SUSPwater = concentration of suspended matter in river (mg/l) – default value =

15 mg/l

DILUTION = dilution factor for effluent in receiving water – default value =

10

Clocalwater = local concentration in surface water during emission episode.

Clocalwater,ann = Clocalwater x Temission

                                                          365

where
Temission = number of days per year that emission takes place

Clocalwater,ann = annual average local water concentration

PEClocalwater = Clocalwater + PECregional
and PEClocalwater,ann = Clocalwater,ann + PECregional
where
PECregional = 9.2210-3 – 9.4810-3 µg/l for the general environment and

0.0592-0.0612 µg/l for the acidic environment.

PEClocalsed = Ksusp-water x PEClocalwater x 1000

                        RHOsusp
Where
Ksusp-water = suspended matter-water partitioning coefficient (m3/m3) =

3.24104 m3/m3 for the general environment and 1.98103 m3/m3 for the acidic

environment.

RHOsusp = bulk density of suspended sediment = 1,150 kg/m3.

PEClocalsed = predicted local concentration in sediment.

Pigment Manufacturing Sites

Site specific information on the releases to surface water from the five pigment manufacturing sites in the EU were reported by WS Atkins (1998a). More up-to-date information has been obtained for two of these sites, and the data are shown in Table 5.10. Calculations and results are presented for a general environment only since no manufacturing facility is in an area having and “acidic” environment.

	Table 5.10: Emissions to Surface Water from Pigment Manufacturing Sites in the EU



	Parameter
	Pigment Manufacturing Site

	
	A
	B
	C
	D
	E

	Use Pattern identity in

EUSES printout
	1 Formulation
	1 Processing
	1 Private use
	1 Recovery
	2 Formulation

	Losses of Cd to surface

watera (kg/year)
	0.60
	4.02
	4.8
	2.6
	13.4

	Number of days of

manufacture
	230
	231
	276
	230
	145

	Loss to surface water/day

(kg/day)
	0.003
	0.0174
	0.0174
	0.0113
	0.0924

	Volume of effluent

(m3/day)
	131
	5,112
	199
	1,418
	2,121

	Total Cd concentration in

effluent (µg/l)
	22.9
	3.4
	87
	8.0
	43.5

	Flow rate of receiving

water (m3/day)
	6,000
	5,045,760
	135,000
	-

(354,500c)
	89,856,000

	Dilution factorb
	46.8
	988
	680
	250
	42,372

	Clocalwater (µg/l) –

general environment
	0.144
	0.0012
	0.044
	0.011
	0.00035

	Clocalwater, ann (µg/l) –

general environment
	0.091
	0.00076
	0.033
	0.0068
	0.00014

	PEClocalwater (µg/l) –

general environment
	0.147
	0.00385
	0.0463
	0.0135
	0.00303

	PEClocalsediment (mg/kg

wet wt.) – general

environment
	4.14
	0.109
	1.30
	0.380
	0.0855

	Note: a) losses are to surface water after on-site treatment

b) dilution factor = daily effluent flow/(daily effluent flow + daily flow of receiving water)

c) flow rate not given – estimated from known dilution


Stabiliser Manufacturing Sites

Site specific information on the releases from stabiliser manufacturing sites in the EU were presented by WS Atkins (1998a). No further site specific information was obtained as part of this update and so the original data are shown in Table 5.11. There is a voluntary agreement to phase out the use of cadmium stabilisers and the current production is of the order of 30 tonnes/year compared with the 270 tonnes/year reported by WS Atkins. The production will reportedly fall to zero within a year. No specific information has been obtained as to which sites are still producing cadmium stabilisers. Therefore, calculations will be undertaken for all sites using the WS Atkins emission data, but scaled down according to the reduced level of production (i.e. it will be assumed that both the amounts produced (and hence total emissions) and the number of days of production at the sites will be around 9 times less than considered in the WS Atkins report. This approach gives the same daily emission as before, but assumes that the emission occurs over fewer days, and so is consistent with the reduced production of these substances. Calculations and results are presented for a general environment only since no manufacturing facility is in an area having and “acidic” environment.

	Table 5.11: Site Specific Emissions to Waste Water and Surface Water from Stabiliser

Manufacturing Sites in the EU (Modified) from WS Atkins (1998a)

	Parameter
	Stabiliser manufacturing site

	
	F
	G
	H
	I
	J
	K

	Use pattern identity in

EUSES printout
	3 Formulation
	3 Processing
	3 Private use
	3 Recovery
	4 Formulation
	4 Processing

	{Emission to sewer

(waste water treatment plant) (kg/year) – from

WS Atkins report}
	-
	{0.5}
	-
	{0.1}
	-
	{4.1}

	Emissions to sewer

(waste water treatment

plant) (kg/year) –

assumed heree
	0.0556
	0.0111
	0.456
	
	
	

	Size of WWTP

EFFLUENTstp (m3/day)
	-
	2,000d
	-
	2,000d
	-
	2,000d

	{Losses of Cd to surface

watera (kg/year) – from

WS Atkins report}
	{0.03}
	-
	{0.78}
	-
	{0}
	-

	Losses of Cd to surface

watera (kg/year) –

assumed heree
	3.3310-3
	
	0.0867
	
	0
	

	{Number of days of

manufacture – from WS

Atkins report}
	{20}
	{48}
	{60}
	{unknown}
	{13}
	{12}

	Number of days of

manufacture – assumed

heree
	2.22
	5.33
	6.67
	unknown –  assume 5
	1.44
	1.33

	Daily emission to waste

water treatment plant

(Elocalwater) (kg/day)
	-
	0.0104
	-
	0.0011
	-
	0.342

	Clocalinf (mg/l)
	-
	0.0052
	-
	0.00055
	-
	0.171

	Daily loss to surface

watera (kg/day)
	0.0015
	-
	0.013
	-
	0
	-

	Volume of effluent

(m3/day)
	1,490
	-
	2,571
	-
	unknown
	-

	Total Cd concentration in

effluent (Clocaleff) (µg/l)
	1.01
	0.52
	5.06
	0.11
	0
	17.1


	Flow rate of receiving

water (m3/day)
	725,760
	-
	259,200
	-
	unknown
	-

	Dilution factorb 
	487
	10d
	101
	10d
	10d
	10d

	Clocalwater (µg/l) –

general environment
	0.0007
	0.018
	0.017
	0.0038
	0
	0.58

	Clocalwater, ann (µg/l) –

general environment
	4.310-6
	0.00026
	0.00031
	5.210-5
	0
	0.0021

	PEClocalwater (µg/l) –

general environment
	0.00327
	0.0208
	0.0198
	0.00657
	0.00275
	0.583

	PEClocalsediment (mg/kg

wet wt.) – general

environment
	0.0921
	0.585
	0.557
	0.185
	0.0775
	16.4

	Notes for Table 5.11

 a) losses are to surface water after on-site treatment

b) dilution factor = daily effluent flow/daily flow of receiving water

c) dilution factor not given – estimated from known dilution

d) TGD default value

e) emissions and number of days reduced by 9 to take account the reduction in production since the original data were obtained (see main text)


Stabilisers – PVC Product Manufacturing Sites

This relates to the use of cadmium stabilisers in window profiles. No site specific release information is available for this use. The process is, however, a dry process and there will not generally be any drains within the facility. The only source of emissions will be to air. These are considered later. As there are negligible emissions to water or waste water from this use it is not appropriate to calculate a PEClocal for soil or sediment.

Pigments – “A and C” Manufacturing Sites

This relates to the use of cadmium pigments in plastics (“A”) and glass/ceramics/enamels (“C”). No site specific release information is available for this use. The major source of emissions are likely to be to air. These are considered later. As there are negligible emissions to water or waste water from this use it is not appropriate to calculate a PEClocal for soil or sediment.

Artists Colours (Formulation)

The major source of emissions from this process appear to be to landfill, with negligible amounts going to waste water. There are thought to be around 18 companies carrying this operation in the EU, with a total of around 33.2 tonnes/year of cadmium being used in the process. Information has been received from one company that used 2 tonnes/year of cadmium which indicated that around 0.037 kg/year was emitted to waste water. No indication on the number of days on which 

formulation would be carried out was provided. The default value from the TGD for this type of process is usually 300 days. In this case, since the actual quantity of cadmium involved is relatively small, this is likely to be an overestimate and so a smaller number of days (20) will be assumed in this calculation. Based on this information, the following scenario can be developed.

	Table 5.12: Emissions to Waste Water and Surface Water from Artists Colours Formulation

	Parameter
	Artists Colours Formulation Site

	Use pattern identity in EUSES printout
	5 Formulation

	Emissions to sewer (waste water treatment plant) (kg/year)
	0.037

	Size of WWTP EFFLUENTstp (m3/day)
	2000

	Number of days of formulation
	20

	Daily emission to waste water treatment plant (Elocalwater) (kg/day)
	0.00185

	Clocalinf (mg/l)
	9.310-4

	Removal during WWTP
	90% to sludge

	Total Cd concentration in effluent (Clocaleff) (µg/l)
	0.093

	Dilution factorb
	10

	Clocalwater (µg/l) – general environment
	0.0031

	Clocalwater (µg/l) – acidic environment
	0.0083

	Clocalwater, ann (µg/l) – general environment
	0.00017

	Clocalwater, ann (µg/l) – acidic environment
	0.00045

	PEClocalwater (µg/l) – general environment
	0.00587

	PEClocalwater (µg/l) – acidic environment
	0.0260

	PEClocalsediment (mg/kg wet wt.) – general environment
	0.165

	PEClocalsediment (mg/kg wet wt.) – acidic environment
	0.0448


Cadmium Plating Sites

There are reported to be 21 sites in the UK and more in Italy and Spain, with only one site in Germany. Overall it is estimated that there are around 100 sites in the whole of the EU. It has been estimated that <50 kg/year are emitted to sewer (waste water) from the sites in the United Kingdom, and around 250 kg for all sites in the EU. The highest emission from a single site is 16 kg/year to waste water and this will be used to estimate the worst case PEClocal. Again, no information was provided as to the number of days of operation of this process, but in this case a figure of around 300 days will be assumed. This is based on information reported in the Use Category Document on the metal finishing industry (BRE, 1997). This indicated that at the time around 80 tonnes/year of cadmium were used in the UK for plating, the typical surface area produced was 11.6 m2 per kg of cadmium used, and the typical rate of production was 12 m2/hour. Assuming 21 sites in the UK, the average surface area produced per site would be 44,190 m2/year, and it would take around 3,683 hours to produce that area. Assuming a 12 hour working day, this equates to around 307 days.

	Table 5.13: Emissions to Waste Water and Surface Water from Cadmium Plating Sites

	Parameter
	Cadmium Plating Sites

	Use pattern identity in EUSES printout
	6 Processing

	Emissions to sewer (waste water treatment plant) (kg/year)
	16

	Size of WWTP EFFLUENTstp (m3/day)
	2000

	Number of days of plating
	300

	Daily emission to waste water treatment plant (Elocalwater) (kg/day)
	0.0533

	Clocalinf (mg/l)
	0.027

	Removal during WWTP
	90% to sludge

	Total Cd concentration in effluent (Clocaleff) (µg/l)
	2.7

	Dilution factorb
	10

	Clocalwater (µg/l) – general environment
	0.090

	Clocalwater (µg/l) – acidic environment
	0.24

	Clocalwater, ann (µg/l) – general environment
	0.074

	Clocalwater, ann (µg/l) – acidic environment
	0.197

	PEClocalwater (µg/l) – general environment
	0.0923

	PEClocalwater (µg/l) – acidic environment
	0.258

	PEClocalsediment (mg/kg wet wt.) – general environment
	2.60

	PEClocalsediment (mg/kg wet wt.) – acidic environment
	0.443


Plated Metal Use

In the Atkins report, the loss from cadmium plated items in during use was essentially assumed to be evenly distributed across the whole of the EU, resulting in 46.7% being lost to soil, 51.9% to the marine environment and 1.6% to surface water.

A hypothetical model was considered in which 100% of cadmium plated items were used in aircraft, and with all components associated with the landing gear of planes.  It was further assumed that all losses were local to airports and associated with take-off and landing. Based on this model, it was predicted that very significant levels of cadmium should be emitted locally to water and soil leading to very significant predicted environmental concentrations. However, preliminary discussions have been held with the authorities at Heathrow who have indicated that significant levels of cadmium have not been observed - although further confirmatory information has not been forthcoming. Since the hypothesis is in disagreement with observed levels of cadmium local to this very large airport, the hypothetical model must be disregarded.

In the absence of any hypothesis or model that is in accord with monitored environmental concentrations, the default pattern of non-localised emissions as used in the Atkins report has again been used in this study. Since the emissions to the environment are not localized, no local predicted environmental concentrations have been estimated.

Waste Incinerators

Emissions of cadmium from incineration of waste and/or sewage sludge can occur to air (see later) or landfill. Emissions to waste water or surface water are likely to be negligible and so local PECs are not calculated for water or sediment.

To Air

The following methodology is used in the TGD to estimate air concentrations:

Clocal air   Elocal air  Cstd air
Clocal air,ann   Clocalair Temission

                                                365

PEClocalair, ann   Clocalair, ann   PECregionalair

where:
Elocalair = emission rate to air during an emission episode (kg/day).

Cstdair = concentration in air at source strength of 1 kg/day = 2.7810-4 mg/m3.

Temission = number of days per year on which emission occurs

Clocalair = local concentration in air during emission episode

Clocalair, ann = annual average concentration in air 100 m from source.

PECregionalair = regional air concentration = 3.7310-8 – 4.2610-8 mg/m3

The TGD also gives equations for estimating the aerial deposition flux of aerosolbound and gaseous compounds. For cadmium, it will be assumed that it is all associated with the aerosol/particulate phase, with the amount being present in the free gaseous phase being negligible compared to this. The equations for estimating the deposition flux then become:

DEPtotal   Elocalair DEPstdaer

DEPtotalann   DEPtotal  Temission

                                                 365

where:
DEPtotal = total deposition flux during an emission episode

DEPtotalann = annual average total deposition flux

DEPstdaer = standard deposition flux of aerosol-bound compounds at a source

strength of 1 kg/day = 110-2 mg/m2/day

In the calculations, it is assumed that there are no air emissions of cadmium from waste water treatment plants.

Pigment Manufacturing Sites

Site specific information on the releases to surface water from the five pigment manufacturing sites in the EU were given in the WS Atkins report. More up-to-date information has been obtained for two of these sites, and the data are shown in Table 5.15.

	Table 5.15: Atmospheric Emissions from Pigment Manufacturing Sites

	Parameter
	Pigment Manufacturing Site

	
	A
	B
	C
	D
	E

	Use Pattern identity in

EUSES printout
	1 Formulation
	1

Processing
	1

Private use
	1

Recovery
	2 Formulation

	Emission of Cd to air

(kg/year)
	1.15
	1.66
	6.4
	5.3
	0.2

	Number of days of

manufacture – Temission
	230
	231
	276
	230
	145

	Emission of Cd to air/day -

Elocalair (kg/day)
	0.0050
	0.0072
	0.0232
	0.0230
	0.0014

	DEPtotal (mg/m2/day)
	5.010-5
	7.210-5
	2.3210-4
	2.310-4
	1.410-5

	DEPtotalann (mg/m2/day)
	3.210-5
	4.610-5
	2.410-4
	1.410-4
	5.610-6

	Clocalair (mg/m3)
	1.3910-6
	2.0010-6
	6.4510-6
	6.4110-6
	3.8310-7

	Clocalair, ann (mg/m3)
	8.7610-7
	1.2610-6
	4.8710-6
	4.0410-6
	1.5210-7

	PEClocalair (mg/m3)
	1.3910-6
	2.0010-6
	6.4510-6
	6.4110-6
	3.8710-7

	PEClocalair, ann (mg/m3)
	8.8010-7
	1.2710-6
	4.8810-6
	4.0410-6
	1.5610-7


Stabiliser Manufacturing Sites

Site specific information on the releases from stabiliser manufacturing sites in the EU were presented by WS Atkins (1998a). As discussed earlier, no further site specific information have been obtained but the total emissions and the number of days of emission have been reduced by a factor of 9 to take into account the recent reduction in use in this application - as shown in Table 5.16.

	Table 5.16: Atmospheric Emissions from Stabiliser Manufacturing Sites (modified from WS

Atkins, 1998a)

	Parameter
	Stabiliser manufacturing site

	
	F
	G
	H
	I
	J
	K

	Use pattern identity

in EUSES printout
	3

Formulation
	3

Processing
	3

Private use
	3

Recovery
	4

Formulation
	4

Processing

	{Emission of Cd to

air (kg/year) – from

WS Atkins report}
	{0.09}
	{0.8}
	{0.5}
	{0.1}
	{0.7}
	{0.04}

	Emission of Cd to air

(kg/year) – assumed

here
	0.01
	0.0889
	0.0556
	0.0111
	0.0778
	0.00444

	{Number of days of

manufacture –

Temission – from

WS Atkins report}
	{20}
	{48}
	{60}
	unknown
	{13}
	{12}

	Number of days of

manufacture –

Temission – assumed

here
	2.22
	5.33
	6.67
	Unknown – assume 5
	1.44
	1.33

	Emission of Cd to

air/day - Elocalair

(kg/day)
	0.0045
	0.0167
	0.00833
	0.00222
	0.0539
	0.0033

	DEPtotal

(mg/m2/day)
	4.510-5
	1.710-4
	8.310-5
	2.210-5
	5.410-4
	3.310-5

	DEPtotalann

(mg/m2/day)
	2.710-7
	2.510-6
	1.510-6
	3.010-7
	2.110-6
	1.210-7

	Clocalair (mg/m3)
	1.2510-6
	4.6410-6
	2.3210-6
	6.1710-7
	1.5010-5
	9.1710-7

	Clocalair, ann (mg/m3)
	7.610-9
	6.810-8
	4.210-8
	8.510-9
	5.910-8
	3.310-9

	PEClocalair (mg/m3)
	1.2510-6
	4.6410-6
	2.3210-6
	6.2110-7
	1.5010-5
	9.2110-7

	PEClocalair, ann

(mg/m3)
	1.1210-8
	7.1210-8
	4.6210-8
	1.2210-8
	6.1210-8
	7.1910-9


Stabilisers – PVC Product Manufacturing Sites

This relates to the use of cadmium stabilisers in window profiles. No site specific release information is available for this use area. Air emissions as dust have been estimated for this use, but it is assumed that these would eventually end up in landfill (80% of the total) or incinerated (20% of the total). The emissions from incinerators are considered separately later. Therefore, no PEClocal has been estimated for air at PVC product manufacturing sites.

Pigments –Manufacturing Sites for pigmented plastics and ceramics “A and C”

This relates to the use of cadmium pigments in plastics and glass/ceramics/enamels. No site specific release information is available for this use. The major source of emissions are likely to be to air. Similar to the case with stabilisers at PVC product manufacturing sites, these are thought to eventually end up in landfill (80% of total) or incinerated (20% of total). The emissions from incinerators are considered separately later. Therefore, no PEClocal has been estimated from air at “A and C” manufacturing sites.
Artists Colours (Formulation)

The major emissions from this process appear to be to landfill, with negligible amounts going to air. Therefore, no PEClocal is estimated for this use.

Cadmium Plating Sites

The major emissions from this process appear to be to waste water, with negligible amounts going to air. Therefore, no PEClocal is estimated for this use.

Metal Plating Use

The emissions from this application are likely to be directly to surface water or soil. Therefore, no PEClocal is estimated for this use.

Waste Incinerators

Emissions of cadmium from incineration of waste and/or sewage sludge occur to air and to landfill. From Table 5.8, the total emissions to air from incinerators have been estimated as 846 kg/year from waste incineration and 0.8 kg/year from sewage sludge incineration in scenario (a) that assumes no recycling of PVC containing cadmium stabilisers, and 629 kg/year from waste incineration and 0.8 kg year from sewage sludge incineration in the scenario (b) that assumes PVC containing cadmium stabilisers is recycled. 

Table 5.17 gives local PECs calculated for a municipal waste incinerators emitting 8.9 or 36.7 (worst case) kg cadmium per year to air. These emissions are as proposed in the draft TRAR on Ni-Cd batteries.

	Table 5.17: Atmospheric Emissions from Incinerators

	Parameter
	Sewage sludge

incinerator
	Waste incinerator –

Scenario A
	Waste incinerator –

Worst Case

	Use Pattern identity in

EUSES printout
	8 Recovery
	8 Recovery
	

	Emission of Cd to air (kg/year)
	0.08
	8.9
	36.7

	Number of days of manufacture – Temission
	300
	300
	300

	Emission of Cd to air/day -

Elocalair (kg/day)
	2.67 x 10-4
	0.0297
	0.122

	DEPtotal (mg/m2/day)
	2.67 x 10-6
	2.97 x 10-4
	0.00122

	DEPtotalann (mg/m2/day)
	2.19 x 10-6
	2.44 x 10-4
	0.00101

	Clocalair (mg/m3)
	7.41 x 10-8
	8.25 x 10-6
	3.40 x 10-5

	Clocalair, ann (mg/m3)
	6.09 x 10-8
	6.78 x 10-6
	2.80 x 10-5

	PEClocalair (mg/m3)
	7.79 x 10-8
	8.29 x 10-6
	3.40 x 10-5

	PEClocalair, ann (mg/m3)
	6.47 x 10-8
	6.82 x 10-6
	2.80 x 10-5


Considerable caution should be applied to the figures derived above mainly because retention efficiencies for municipal waste incinerators have been increased in recent years, driven by more stringent EU regulations.  Monitored retention efficiencies greater than 99.9% are now regularly achieved, with monitored efficiencies greater than 99.99% being achievable (Table 4.7a). It is likely that the annual emissions from individual MSW incinerators will already be lower than those used in Table 5.17.

Terrestrial (Soil) Compartment

Agricultural Soil and Grassland

The TGD provides a method for estimating the concentrations in soil, taking into account both aerial deposition of a substance and application of sewage sludge containing the substance. The method is implemented in the EUSES model and this has been used to estimate the resulting concentrations in soil here. The local emissions to air and waste water are as outlined previously.

In order to use the model appropriately for cadmium the following data were used as input. From the total rate constants estimated for soil (see Table 5.7), the residence times (1/rate constant) in agricultural soil and grass land can be estimated. These are 2,245 years for agricultural soil and 1,565 years for grassland in the general environment and 99 years for agricultural soil and 50 years for grassland in the acidic environment. These values are longer than used by WS Atkins (1998a), which were a residence time of 100 years for the general environment and 10 years for the acidic environment, but are within the upper limits of the residence times (1,000 years and greater; approximately and order of magnitude lower in acidic environments) given by WS Atkins (1998a). The resulting local PECs for the various endpoints are shown in Table 5.18.

	Endpoint
	Use pattern

identity in EUSES

printout
	Local PEC in agricultural

soil, averaged over 180 days

(mg/kg wet wt.)
	Local PEC in grassland,

averaged over 180 days

(mg/kg wet wt.)
	Local PEC in groundwater

under agricultural soil (mg/l)



	
	
	General
	Acidic
	General
	Acidic
	General
	Acidic

	Pigment

manufacturing site A
	1 Formulation
	0.00827
	Not relevant
	0.0163
	Not relevant
	3.1010-6
	Not relevant

	Pigment

manufacturing site B
	1 Processing
	0.00837
	Not relevant
	0.0166
	Not relevant
	3.1410-6
	Not relevant

	Pigment

manufacturing site C
	1 Private use
	0.00977
	Not relevant
	0.0195
	Not relevant
	3.6610-6
	Not relevant

	Pigment

manufacturing site D
	1 Recovery
	0.00947
	Not relevant
	0.0188
	Not relevant
	3.5510-6
	Not relevant

	Pigment

manufacturing site E
	2 Formulation
	0.00797
	Not relevant
	0.0157
	Not relevant
	2.9910-6
	Not relevant

	Stabiliser

manufacturing site F
	3 Formulation
	0.00787
	Not relevant
	0.0156
	Not relevant
	2.9510-6
	Not relevant

	Stabiliser

manufacturing site G
	3 Processing
	0.00797
	Not relevant
	0.0157
	Not relevant
	2.9910-6
	Not relevant

	Stabiliser

manufacturing site H
	3 Private use
	0.00787
	Not relevant
	0.0157
	Not relevant
	2.9510-6
	Not relevant

	Stabiliser

manufacturing site I
	3 Recovery
	0.00787
	Not relevant
	0.0156
	Not relevant
	2.9510-6
	Not relevant

	Stabiliser

manufacturing site J
	4 Formulation
	0.00787
	Not relevant
	0.0157
	Not relevant
	2.9510-6
	Not relevant

	Stabiliser

manufacturing site K
	4 Processing
	0.00807
	Not relevant
	0.0157
	Not relevant
	3.0310-6
	Not relevant

	Artists colours

formulation
	5 Formulation
	0.00787
	2.3610-4
	0.0156
	4.6910-4
	2.9510-6
	4.5310-6

	Cadmium plating
	6 Processing
	0.00787
	2.5610-4
	0.0156
	4.7910-4
	2.9510-6
	4.9210-6

	Waste incineration

(8.9 kg/year to air)
	8 Recovery
	0.0105
	0.00278
	0.0209
	0.00531
	3.9510-6
	5.3410-5

	Waste incineration

(36.7 kg/year to air)
	8 Recovery
	0.0189
	0.0107
	0.0376
	0.0204
	7.0810-6
	2.0610-4

	Sewage sludge

incineration
	9 Recovery
	0.0079
	2.58 x 10-4
	0.0162
	9.59 x 10-4
	2.9610-6
	4.9610-6


Landfills

Waste containing cadmium is disposed of to landfill. These have been quantified for the various sources considered in this report (see Table 5.8). However, the TGD does not provide a methodology for estimating concentrations or carrying out a risk characterisation for releases to landfills and so it is not possible to estimate PECs for this endpoint. In terms of the behaviour of cadmium, significant volatilisation from landfills is unlikely as cadmium has a negligible vapour pressure. Leaching from landfill is theoretically possible, particularly under acidic conditions, but in many instances the cadmium-containing waste will be disposed of in controlled sites, which further minimises the potential for leaching.

Non-compartment Specific Exposure Relevant for the Food Chain

In the TGD, two aspects are considered. Firstly exposure of higher mammals and birds via their food chain (secondary poisoning) and secondly the exposure of humans through environmental routes.

Secondary Poisoning

The EUSES model has been used to estimate the concentrations in the food chain for higher mammals and birds, using the release estimates and partition coefficients outlined earlier. Sample EUSES printout is attached as Annex 5. The results are shown in Table 5.19.

	Table 5.19: Estimated Concentrations for Secondary Poisoning

	Endpoint
	Use Pattern

Identity in

EUSES Printout
	Concentration in Fish

(mg/kg wet wt.)
	Concentration in

Earthworms (mg/kg wet

wt.)

	
	
	General
	Acidic
	General
	Acidic

	Pigment manufacturing site A
	1 Formulation
	0.00196
	Not relevant
	0.237
	Not relevant

	Pigment manufacturing site B
	1 Processing
	1.3910-4
	Not relevant
	0.238
	Not relevant

	Pigment manufacturing site C
	1 Private use
	8.5810-4
	Not relevant
	0.249
	Not relevant

	Pigment manufacturing site D
	1 Recovery
	3.2810-4
	Not relevant
	0.246
	Not relevant

	Pigment manufacturing site E
	2 Formulation
	1.1410-4
	Not relevant
	0.235
	Not relevant

	Stabiliser manufacturing site F
	3 Formulation
	1.1810-4
	Not relevant
	0.234
	Not relevant

	Stabiliser manufacturing site G
	3 Processing
	2.7610-4
	Not relevant
	0.235
	Not relevant

	Stabiliser manufacturing site H
	3 Private use
	2.7310-4
	Not relevant
	0.234
	Not relevant

	Stabiliser manufacturing site I
	3 Recovery
	1.7810-4
	Not relevant
	0.234
	Not relevant

	Stabiliser manufacturing site J
	4 Formulation
	1.0410-4
	Not relevant
	0.234
	Not relevant

	Stabiliser manufacturing site K
	4 Processing
	3.9610-4
	Not relevant
	0.235
	Not relevant

	Artists colours formulation
	5 Formulation
	1.7010-4
	0.0688
	0.234
	0.0152

	Cadmium plating 
	6 Processing
	0.00165
	0.408
	0.235
	0.0156

	Waste incineration

(8.9 kg/year to air)
	8 Recovery
	1.0410-4
	0.0532
	0.254
	0.0564

	Waste incineration

(36.7 kg/year to air)
	8 Recovery
	1.0410-4
	0.0532
	0.317
	0.185

	Sewage sludge incineration
	9 Recovery
	1.0410-4
	0.0532
	0.234
	0.0156

	Note: a) these concentrations depend on the predicted concentrations in surface water. As mentioned

earlier, these are highly uncertain for this application.


Exposure of Man via the Environment

Estimation of exposure of man via the environment has been carried out using the methods outlined in the TGD based on the partition coefficients and release estimates outlined earlier. Some of the partition coefficients available for cadmium are not in a form that can readily be entered in the EUSES program and so some of the calculations have been carried out by spreadsheet (Annex 4), which also highlights the intermediate concentrations in food. This relates particularly to the concentrations in plants. The resulting daily human intake figures that are required for the risk characterisation are outlined in Table 5.20 (opposite). The basic assumption in the local calculations is that humans take all their intake from air, drinking water, and food (fish, meat, milk, roots crops and leaf crops) from areas close to the source/site of release (and hence reflect the local concentrations in air, soil and surface water) and so represent a worst case that may not occur in reality. The calculations also assume no removal of cadmium during purification of drinking water.

For the general environment, the calculations indicated that uptake from soil into food was a significant source of exposure in the general environment but when the acidic environment was considered uptake into fish was a significant contributor to the total daily dose.

	Table 5.20: Estimated Daily Human Intake Figures

	

	Endpoint 
	Total Daily Human Intake from Environmental Sources

(mg/kg bw/day)

	
	General Environment
	Acidic Environment

	Pigment manufacturing site A
	3.2910-5
	Not relevant

	Pigment manufacturing site B
	2.7210-5
	Not relevant

	Pigment manufacturing site C
	3.4010-5
	Not relevant

	Pigment manufacturing site D
	3.1310-5
	Not relevant

	Pigment manufacturing site E
	2.5910-5
	Not relevant

	Stabiliser manufacturing site F
	2.5610-5
	Not relevant

	Stabiliser manufacturing site G
	2.6210-5
	Not relevant

	Stabiliser manufacturing site H
	2.5810-5
	Not relevant

	Stabiliser manufacturing site I
	2.5710-5
	Not relevant

	Stabiliser manufacturing site J
	2.5510-5
	Not relevant

	Stabiliser manufacturing site K
	2.6710-5
	Not relevant

	Artists colours formulation
	2.5710-5
	1.1510-4

	Cadmium plating
	3.0610-5
	6.7910-4

	Waste incineration

(8.9 kg/year to air)
	3.4210-5
	1.0610-4

	Waste incineration

(36.7 kg/year to air)
	6.1210-5
	1.5710-4

	Sewage sludge incineration
	2.5610-5
	8.9610-5

	
	
	

	Note: a) the uptake from fish makes an important contribution to these levels for this application (56-57% of the total for the general environment and >99% for the acidic environment). As mentioned earlier, these calculations are highly uncertain for this use.


6. EFFECTS OF CADMIUM

6.1 Overview

Cadmium is a non-essential element and, as such, is not required for any biological process. There had been extensive research into the effects of cadmium upon both humans and the environment.

WS Atkins presented a considerable amount of data on environmental toxicity (see Appendix D of WS Atkins, 1998a). In this report, reliance has been placed on the recent comprehensive data set compiled for the Belgian authorities (De Win et al, 1999). Although some data on human toxicity were presented by WS Atkins, it was considered insufficient by CSTEE. For this reason, we present the findings of a comprehensive review which draws heavily on information compiled in the US (NTIS, 1999).

6.2 Environmental Toxicity

6.2.1 Data Sources

There is a significant body of literature on the ecotoxicity of cadmium. A comprehensive database has been established on toxicity of cadmium in the environment, with the co-operation of the International Cadmium Association, for the purposes of the risk assessment on cadmium oxide prepared by the Belgian authorities under the Existing Substances Regulation (De Win, 1999). This is considered to be the most up to date source of data (as confirmed by the International Cadmium Association at the meeting on 17 May 2000). The Belgian authorities have given their permission for this data set to be used in this work. The data in this set were screened by the Belgian rapporteur using a set of criteria, and the same criteria have been applied here. The full data set is attached as Annex 6; a summary of the selected data is included in this part of the report. Environmental factors which may affect the toxicity of cadmium, such as pH, hardness in water, clay content in soils, will be discussed in the relevant section.

6.2.2 Aquatic toxicity

The test results in the data set were assigned a Reliability Index (RI) according to the following criteria (De Win, 1999):

RI 1: standard test (OECD approved tests) and performed according to the standard procedures;

RI 2: no standard test but complete background information is given, i.e. the following information is present:

a) water hardness (either measured or calculated from Ca and Mg concentrations);

b) pH;

c) measured Cd concentrations in test systems for all data < 1 g l-1;

d) measured Cd concentrations or indications that nominal concentrations are close to measured concentrations;

e) information that actual Cd concentrations were maintained during the test;

f) statistical analysis of the dose-response relationship;

g) no varying metal contamination along with increasing Cd application;

h) the control must be tested along with at least two Cd concentrations above the

1. control;

i) information about the origin of the test organisms; and

j) information on the test concentration range.

RI 3: no standard test and one or more of the following information from the abovementioned list is missing as background information: b), d), e), f), i), or j). All other information from that list is present; and

RI 4: no standard test and one or more of the following information from the abovementioned list is missing as background information: a), c), g) or h). The requirement c) is critical since some tests have reported toxic effects below 1 g l-1 nominal Cd concentrations. Background Cd concentrations in filtered water typically range between 0.05 and 0.2 g l-1 and the lack of reporting the background concentration may underestimate the Cd concentration at which the first toxic effects are found. Some tests were included that did not show Cd toxicity up to the highest Cd concentration tested. These tests cannot be used for risk assessment (no NOEC can be found) and were considered unreliable (RI4) but were quoted in the tables for illustration.

The data selected in this way in the draft RAR (De Win, 1999) includes NOEC, LOEC and EC values. For the purpose of this work only the NOEC values have been used. The resulting values are in Table 6.1.

A number of factors are considered to affect the toxicity of metals in water, the primary ones being hardness, pH and dissolved organic carbon. Very few of the test reports in the database include the dissolved organic carbon content, but a significant proportion report the hardness and pH. To investigate the significance of these parameters for cadmium, the NOEC values were plotted against hardness or pH. For data with a Reliability Index of 1 or 2, there are no obvious trends with either parameter (see Figures 6.1 and 6.2). When data with RI 3 are added (Figures 6.3 and 6.4), the lowest values do occur at the lowest hardness values, but there are also low NOEC values from tests in high hardness waters. Considering the data set in two groups, those tested at hardness levels <50 mg CaCO3/l and those above, there is little difference between the lowest values found in each group: 0.47 and 0.6 g/l for the low hardness group and 0.8 and 0.85 g/l for the high hardness group.

On the basis of this analysis it is concluded that the data cannot be separated by hardness and so all of the values will be used in deriving the PNEC irrespective of the hardness or other properties of the water used. The set of data with RI 1-2 contains 17 values. There are two values for the same endpoint for Daphnia magna (reproduction) in waters of different hardness; the higher value has been excluded so that only one value for each species is included.

Table 6.1: Aquatic Toxicity Data for Cadmium

	Species
	Group
	Hardness

(mg CaCO3/l)
	pH
	NOEC

(g/l)
	Endpoint
	RI

	Selenastrum capricornutum
	A
	49
	9.05
	2.5
	cell number
	1

	Coelastrum proboscideum
	A
	32
	5.3
	6.3
	Biomass
	2

	Asterionella formosa
	A
	121
	8
	0.85
	growth rate
	2

	Chlamydomonas reinhardii
	A
	42
	6.7
	7.5
	steady state cell number
	3

	Scenedesmus quadricauda
	A
	55
	31
	
	Biomass
	3

	Lemna paucicostata
	A
	120
	6
	5
	number of fronds
	3

	Lemna paucicostata
	A
	120
	5.1
	10
	number of fronds
	3

	Lemna paucicostata
	A
	5.1
	10
	
	number of fronds
	3

	Ankistrodesmus falcatus
	A
	34
	500
	
	cell number
	3

	Daphnia magna
	I
	11
	8
	0.6
	Reproduction
	2

	Daphnia magna
	I
	300
	8
	0.8
	Reproduction
	2

	Aplexa hypnorum
	I
	45.3
	7.45
	4.41
	Growth
	2

	Physa integra
	I
	46
	7.4
	8.3
	Mortality
	2

	Daphnia magna
	I
	240
	8
	2.5
	reproductive impairment
	3

	Daphnia pulex
	I
	240
	8
	7.5
	reproductive impairment
	3

	Daphnia magna
	I
	45
	7.7
	1
	weight/animal
	3

	Daphnia pulex
	I
	65
	7.7
	1
	Longevity
	3

	Crustacean plankton communities
	I
	120
	
	2.5
	crustacean density
	3

	Daphnia magna
	I
	90
	
	2
	Reproduction
	3

	Daphnia magna
	I
	200
	8.4
	1
	Mortality
	3

	Daphnia magna
	I
	224
	8.1
	3.2
	intrinsic rate of natural increase
	3

	Daphnia galeata mendotae
	I
	120
	
	2
	number of individuals
	3

	Daphnia magna
	I
	150
	8.4
	2.5
	biomass production/female
	3

	Ceriodaphnia reticulata
	I
	67
	7.5
	3.4
	Reproduction
	3

	Salmo salar
	V
	23.5
	6.9
	0.47
	total biomass
	2

	Catostomus commersoni
	V
	45
	7.6
	4.2
	Biomass
	2

	Esox lucius
	V
	45
	7.6
	4.2
	
	2

	Oncorhyncus kisutch
	V
	45
	7.6
	1.3
	biomass (sac fry)
	2

	Salvelinus namaycush
	V
	45
	7.6
	4.4
	
	2

	Salvelinus fontinalis
	V
	45
	7.6
	1.1
	
	2

	Salmo trutta
	V
	45
	7.6
	1.1
	
	2

	Salvelinus fontinalis
	V
	44.5
	7.5
	0.9
	weight of young/female in second generation
	2

	Jordanella floridae
	V
	44
	7.45
	4.1
	reproduction, growth
	2

	Salmo gairdneri
	V
	382.5
	8.3
	12
	Mortality
	2

	Brachydanio rerio
	V
	100
	7.2
	1
	Reproduction
	3

	Oryzias latipes
	V
	200
	6
	
	mortality, behaviour
	3

	Oryzias latipes
	V
	100
	3
	
	mortality, behaviour
	3

	Xenopus laevis
	V
	170
	9
	
	inhibition of larvae
	3

	Salmo gairdneri
	V
	100
	8.3
	4
	median survival time
	3

	Pimephales promelas
	V
	202.5
	7.65
	13
	Reproduction
	3

	Pimephales promelas
	V
	202.5
	7.65
	14
	Reproduction
	3

	Notes: Group: A = algae; I = invertebrate; V = vertebrate; and RI = Reliability Index


The 16 remaining values cover a range of species. Algae are represented by both chlorophyta and diatoms; invertebrates include cladocerans and snails; the fish include species which feed on other fish as well as those feeding on insects. It is considered appropriate to use the statistical extrapolation method on these data, in order to make use of all the values rather than base the PNEC on a single result. The method has been applied assuming a log-logistic distribution of NOEC values. The fit of the data set to this distribution was tested using the Kolmogorov-Smirnov goodness-of-fit test. This did not reject the hypothesis that the data came from such a distribution, at a significance level of 0.05. A plot of expected and observed cumulative frequencies is shown in Figure 6.5.

The method of Aldenberg and Slob was used (as in the risk assessment report on cadmium oxide, De Win et al 1999) to obtain the HC5 value from the distribution, using the 50% confidence limit on this value. This value was taken as the PNEC for surface water, giving a value of 0.44 g/l.

6.2.3 Sediment

The available database on toxicity to sediment organisms is included in Annex 6. The range of species included in the set with results of Reliability Index 1-3 is limited to four. Although there are 14 test results, many of these involve the same organisms tested with different composition sediments. The available results come from tests with relatively short exposure times (up to 10 days), and are only concerned with mortality rather than endpoints such as reproduction. They could therefore be considered to be extended acute studies. As a result, they are not considered appropriate to use in a statistical extrapolation.

Instead the equilibrium partitioning method will be used based on the PNEC for the aquatic compartment. It is recognised that the partitioning behaviour of metals is potentially more complex than the situation with organic substances. However, some of this can be considered to be included by using measured partition coefficients between suspended matter and water. Values for the suspended matter-water partition coefficient for cadmium were selected in the section on distribution in this report: 1.3 x 105 l/kg dw for the general environment, and 7,900 l/kg dw for the acidic environment. These values are used here.

Properties which may affect the toxicity in sediments include the hardness and pH of the interstitial and superficial water as well as the composition of the sediment itself. One specific aspect for sediments is the presence of acid volatile sulphide (AVS). In anaerobic sediments, metals may form poorly soluble metal-sulphide complexes with AVS which can precipitate the metals and make them unavailable. Carlson et al (1991) and Di Toro et al (1992) demonstrated that little or no toxicity was observed in sediments when the molar concentration ratio between cadmium and AVS was less than 1. For ratios above this, mortality increased significantly. It is difficult to apply this concept to general situations, for a number of reasons. The levels of AVS can vary between sediments. AVS act on a range of heavy metals, so that the ‘spare’ capacity will depend on the amounts of other metals present as well as cadmium. AVS are also found in deeper anaerobic sediments; the surface layers are more aerobic and AVS are virtually absent. Therefore for the purpose of this assessment the influence of AVS will be neglected. In effect this is a worst case assumption that there are no AVS present or that they are already saturated.

Applying the partition coefficient for suspended matter - water from above for the general environment to the PNEC for water of 0.44 g/l gives a PNEC sediment of 12.4 mg/kg wet weight, or 12.4 mg/kg dry weight (assuming the standard sediment composition from the Technical Guidance Document). A similar calculation for the acidic environment gives a PNEC of 0.76 mg/kg wet weight.

6.2.4 Soil

The tests on soil organisms in the data set were assigned a Reliability Index (RI) according to the following criteria (De Win et al, 1999):

RI 1: standard test. Two such test included are the OECD 207 acute toxicity test with Eisenia fetida in OECD-soil and the ISO 1994: soil quality effects of soil pollutants on Collembolla (Folsomia candida): method for the determination of effects on reproduction;

RI 2: no standard test but complete background information is given, i.e. the following information is present:

a) soil pH

b) soil organic matter or carbon content

c) texture (class or texture fractions)

d) total Cd content of the soil at zero Cd application if the NOEC or LOEC value is below 2g g-1
e) equilibration time after soil contamination and prior to the test

f) statistical analysis of the dose-response relationship

g) no varying metal contamination along with increasing Cd application

h) the control soil must be tested along with at least two Cd concentrations above

the background concentration

i) the soil must be homogeneously mixed with the metal prior to the test;

RI 3: no standard test and one or more of the following information from the abovementioned list is missing as background information: b), c), e) or f). All other information from that list is present; and

RI 4: no standard test and one or more of the following information from the abovementioned list is missing as background information: a), d), g), h) or i). The requirement d) is critical since some tests reporting LOEC values < 2 g g-1 are considered unreliable. Background Cd concentrations in soil typically range between 0.1 and 0.5 g g-1 and the lack of reporting the background concentration may underestimate the total Cd concentration in soil at which the first toxic effects are found. Some tests were included that did not show Cd toxicity up to the highest Cd concentration tested. These tests cannot be used for risk assessment (no NOEC can be found) and were considered unreliable (RI4) but were quoted in the tables for illustration.

The data set of values with RI 1 or 2 has been used in the derivation of the PNEC for soil. This set includes a number of results for the same species and the same endpoint in different soils. In these cases the lowest value for each species for that endpoint has been used, and the others removed from the dataset. The resulting values are summarised in Table 6.2.

	Table 6.2: Toxicity Data for Soil Organisms

	Species
	Endpoint
	NOEC (mg/kg)
	Group
	RI

	native soil microflora
	substrate induced respiration rate
	3.6
	sm
	2

	native soil microflora
	substrate induced respiration rate
	3.6
	sm
	2

	native soil microflora
	NO3 prod rate, +NH4 substrate
	10
	sm
	2

	native soil microflora
	substrate induced respiration rate
	14.3
	sm
	2

	native soil microflora
	24h respiration
	14.3
	sm
	2

	native soil microflora
	NO3 prod rate, -NH4 substrate
	50
	sm
	2

	native soil microflora
	NO3 prod rate, -NH4 substrate
	50
	sm
	2

	native soil microflora
	glutamic acid decomposition time
	55
	sm
	2

	native soil microflora
	NO3 prod rate, +NH4 substrate
	100
	sm
	2

	native soil microflora
	glutamic acid decomposition time
	150
	sm
	2

	native soil microflora
	respiration
	150
	sm
	2

	native soil microflora
	respiration
	150
	sm
	2

	native soil microflora
	respiration
	200
	sm
	2

	native soil microflora
	respiration
	200
	sm
	2

	native soil microflora
	respiration
	500
	sm
	2

	Dendrobaena rubida
	cocoon production
	10
	sf
	2

	Dendrobaena rubida
	hatching success
	10
	sf
	2

	Folsomia candida
	fresh weight at 45% MC
	80
	sf
	2

	Caernorhabditis elegans
	mortality
	112
	sf
	2

	Folsomia candida
	number of offspring
	148
	sf
	2

	Lumbriculus rubellus
	weight
	150
	sf
	2

	Picea sitchensis
	root length
	1.8
	hp
	2

	Triticum aestivum
	shoot dry weight
	7.1
	hp
	2

	Notes: Group: sm = soil microflora; sf = soil fauna; hp = higher plants; and MC = moisture content


Soil properties can have an effect on the toxicity of cadmium. In general terms, factors which increase the mobility of cadmium (for example decreasing soil pH, decreasing organic matter content) tend to increase the toxicity. However there are examples in the data base of exceptions to these general effects. In the risk assessment report on cadmium oxide (De Win et al 1999) the data with RI 1-3 were used to test the relationship between toxicity and the pH and clay content of soils. For pH, no clear relationship was found; although there appears to be a trend of increasing NOEC values (ie decreasing toxicity) with pH up to pH values of 5-6, the data are very scattered especially beyond pH 6. Considering the data in two groups, pH 6.0 and pH > 6.0, these gave almost identical results for extrapolated PNEC values. For clay content, again there was no clear relation between % clay and log NOEC. When the data were considered in two groups, with clay content 10% and >10%, the extrapolated PNEC value for the higher clay content was double that for the lower clay content. The authors commented that it is not clear if this is a real relationship.

Values for LOECs and ECxs were also compared to the total soil cadmium and to the soluble cadmium concentration. Conversion to the soluble cadmium concentration did not lead to any significant relationships. It was concluded that at present it is not justifiable to normalise cadmium soil toxicity data on the basis of dissolved cadmium or any other soil parameters. Therefore in this work the data values have been used as they were determined, without any adjustment for soil properties.

The three types of organisms represented in the soil toxicity database are soil fauna, higher plants and soil microflora. The last of these can be considered to be different from the others in that they are not single species but are communities of mixed species. As such it is possible that although a metal may have a deleterious effect on certain parts of the community, other parts may be able to take advantage of this, with the net effect being that the function of the system is maintained. This could mean that effects on overall function are not seen at concentrations which are in fact harmful to components of the system. Figure 6.6 compares the data for these three types of organism, using the full data set with RI 1-3 (so that there are duplicate entries for some species). This shows that there is not a great deal of difference between the values for soil microflora and the other organisms. The lowest NOEC values are obtained for higher plants, but these are only a factor of 2 below the lowest values for soil microflora (note that the plot is of log (NOEC)).

Despite this apparent lack of difference in sensitivity it was decided to consider the soil toxicity data in two parts - soil microflora in one part, and fauna and plants in the other. The statistical extrapolation method was used as there are considered to be sufficient data in the two groups (15 for the microflora, 8 for the fauna and plants) with RI 1 or 2. The method was also applied to the whole data set of 23 values. For the two groups and the whole data set the fit of the data to a log-logistic distribution was tested with the Kolmogorov-Smirnov test. In all three cases the test did not reject the hypothesis that the data came from such a distribution, at a significance level of 0.05. The results of the extrapolation procedure are in Table 6.3.

	Table 6.3: PNEC values derived for soil organisms

	Data set
	Number of values
	PNEC (mg/kg)

	Soil microflora
	15 
	3.65

	Soil fauna and plants
	9
	1.37

	Combined data
	24
	2.64


Plots of the observed and expected cumulative frequencies in each of these groups are shown in Figures 6.7 to 6.9 and a plot of the expected relative frequencies in each group is shown in Figure 6.10. As a worst case estimate the PNEC for soil fauna and plants is taken as the PNEC for soil, i.e. 1.37 mg/kg. It is not clear from the source report (De Win et al, 1999) whether the soil effect concentrations are on a wet weight or dry weight basis, but the PNEC values are described as being on a dry weight basis. Considering the value derived here to be on a dry weight basis, and using the default water content for soil from the Technical Guidance Document (20%) the PNEC for soil on a wet weight basis is 1.21mg Cd/kg wet soil. (The concentrations in soil estimated earlier in this report are on a wet weight basis.)
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6.3 Human Toxicity

6.3.1 Overview

Cadmium is toxic to humans. It is not required for any biological process. It is a nonessential metal and therefore unlike the trace elements such as, potassium and zinc, it cannot be present in concentrations that are too low. Cadmium is therefore assessed in this review in terms of concentrations that are high enough to result in toxic effects.

Occupational exposure to cadmium and other cadmium compounds may occur in industrial plants where cadmium is produced, used or extracted.

In the general population, both non-smokers and smokers, i.e. those not working in industries using or producing cadmium, intake of cadmium occurs primarily during ingestion of food or drinking water contaminated by cadmium and/or cadmium compounds. Exposure may also occur by inhalation of air containing cadmium and cadmium products. These exposures are the result of the release/presence of significant quantities of cadmium and cadmium compounds in the environment and its transfer/presence in soil, water and air.

Consumers may also be exposed to cadmium and cadmium products through using products, which may be cadmium compounds or preparations or items containing cadmium compounds.

The effects, which have occurred in humans and animals, vary depending on the route and duration of exposure. For each cadmium compound under consideration, the routes of exposure, in order of importance, have therefore been considered in terms of the effects on health, including, death, systemic, immunological, neurological, reproductive, developmental, genotoxic and carcinogenic effects. These data have then been discussed in terms of duration of exposure, i.e. acute (14 days or less), intermediate (15 - 364 days) and chronic (365 days or more).

6.3.2 Exposure by Inhalation

Overview

The information on the health effects of inhalation exposure to cadmium in humans is derived from studies of workers exposed to cadmium fumes or dusts in pigment production, metal plating, stabiliser production and use and battery manufacture. Occupational exposure occurs primarily by inhalation of fumes and/or dust. Some GI tract exposure may also occur when dust is removed from the lungs by mucocilliary clearance and subsequently swallowed or by ingestion of dust on hands, cigarettes or food (Adamsson et al, 1979). Similarly in toxicity studies with animals, some ingestion may also occur after exposure by the inhalation route due to mucocilliary clearance or from grooming. Cadmium oxide is the form of cadmium most commonly found in occupational exposure. The effects of cadmium oxide, cadmium chloride, cadmium sulphate and cadmium sulphide have been investigated in toxicity 
studies in laboratory animals which have been exposed to the compounds by the inhalation route. In general, the different cadmium compounds have similar toxicological effects when exposure occurs by the inhalation route, although quantitative differences may be the result of different absorption and distribution characteristics, particularly for the less soluble cadmium pigments (e.g. cadmium sulphide and cadmium selenium sulphide) (NTIS, 1999).

Death - Acute Exposure (< 15 days)

Studies in Humans

Fatal acute exposures by inhalation have occurred in occupational accidents. During and immediately afterwards the symptoms are relatively mild. However within a few days severe pulmonary oedema and pneumonitis develop leading to death as a result of respiratory failure (Beton et al, 1966; Lucas et al, 1980; Patwardhan & Finckh, 1976; and Seidal et al, 1993). Elinder (1986) estimated that an exposure to 1-5 mg/m3 for 8 hours would be immediately dangerous (cited in NTIS, 1999).

Studies in Animals

A single exposure to cadmium oxide has caused death in rats, mice, rabbits, guinea pigs, dogs and monkeys. The incidence of death was apparently related to the product of the duration of exposure and the concentration of cadmium in the atmosphere by Barrett et al (1947). The LC50 7 days after exposure was 7.5 hr-mg Cd/m3 for rats, based on a 15-minute exposure to 30 mg Cd/m3 (Barrett et al, 1947 – cited in NTIS, 1999). Rusch et al (1986) produced a high incidence of mortality (25/32 within 7 days) among Sprague-Dawley rats using a 2-hour exposure period to cadmium fumes at 112 mg Cd/m3. A two hour exposure to cadmium carbonate, at 132 mg Cd/m3 resulted in a lower incidence of deaths (3/22 by day 30). A 2-hour exposure to 99 mg Cd/m3 of cadmium sulphide or 97 mg Cd/m3 cadmium selenium sulphide (cadmium red pigment) did not cause death (Rusch et al, 1986 - cited in NTIS, 1999). Two of 36 rats died after a two hour, nose only exposure to 0.45 mg Cd/m3 of cadmium oxide dust (Grose et al, 1987 – cited in NTIS, 1999). Exposure to cadmium chloride aerosol at a concentration of 61 mg Cd/m3 for one hour per day, for three days resulted in 17/18 deaths (Snider et al, 1973, - cited in NTIS, 1999). In another study no deaths were reported in rats exposed to 6.29 mg Cd/m3 cadmium yellow (CdS) pigment for 10 days, 6 hours/day (Klimisch, 1993 – cited in NTIS, 1999). It appears from the above data that the relatively more soluble cadmium chloride, cadmium oxide fumes, and cadmium carbonate compounds are more toxic than the relatively less soluble sulphide compounds following acute exposure. However, Glaser et al (1986 as cited in NTIS, 1999) demonstrated that there is not a strict correlation between toxicity and solubility and that the solubility of cadmium oxide, for example, was greater in biological fluids than in water.

These and further data are summarised in Table 6.4.

	Table 6.4: Summary of Animal Studies for Death following Acute Exposure

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	0.9 Cd
	CdO dust (2 hrs @0.45 mg/m3)
	Rats (nose only)
	2/36
	Grose et al, 1987

	7.5 Cd
	CdO (15 mins @30 mg/m3)
	Rats
	7d LC50
	Barrett et al, 1947

	12* Cd
	CdO (15 mins @46.7 mg/m3)
	Mice
	7d? LC50
	Barrett et al, 1947

	51* Cd
	CdO (15 mins @204 mg/m3)
	Guinea pigs
	7d? LC50
	Barrett et al, 1947

	57* Cd
	CdO (15 mins @230 mg/m3)
	Dogs
	7d? LC50
	Barrett et al, 1947

	183 Cd
	CdCl2 (1 hr @61 mg/m3 for 3d)
	Rats
	17/18
	Snider et al, 1973

	194 Cd
	CdSeS (2hrs @97 mg/m3)
	Rats?
	No deaths
	Rusch et al, 1986

	198 Cd
	CdS (2hrs @99 mg/m3)
	Rats?
	No deaths
	Rusch et al, 1986

	219* Cd
	CdO (15 mins @940 mg/m3)
	Monkeys
	7d? LC50
	Barrett et al, 1947

	224 Cd
	Cd fume (2hrs @112 mg/m3)
	Sprague-Dawley rats
	25/32 within 7d
	Rusch et al, 1986

	264 Cd
	CdCO3 (2hrs @132mg/m3)
	Rats
	3/22 within 30d
	Rusch et al, 1986

	377 Cd
	CdS (6hrs @6.3

mg/m3 for 10d)
	Rats
	No deaths
	Klimisch, 1993

	* The authors considered these values to be approximations because of inadequacies in the data and/or the small number of animals used.


Death - Intermediate Exposure (15 - 364 days)

Studies in Humans: No studies on deaths in humans from intermediate term exposures were found.

Studies in Animals

Various studies have been undertaken into the effects of repeated exposures to cadmium compounds over a period of weeks. Table 6.5 summarises some of the studies cited in NTIS (1999).

Death - Chronic Exposure (1 year or more)

Studies in Humans

One study (Friberg, 1950) attributes the deaths of two workers (aged 57 and 60) to exposure to an average of 6.8 mg Cd/m3 (range 3-15 mg/m3) cadmium dust for 14 or 25 years.

	Table 6.5: Summary of Animal Studies for Death following Intermediate Exposure

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	145 Cd
	CdO dust (22 hrs/d for 63d @0.105 mg/m3)
	Rats (female)
	5/12
	Oldiges & Glaser, 1986

	159 Cd
	CdO dust (24 hrs/d for 63d @0.105 mg/m3)
	Rats (female)
	5/12
	Prigge, 1978a

	394 Cd
	CdCl2 (6 hrs/d for 62d @1.06 mg/m3)
	Rats
	5/54
	Kutzman et al, 1986

	500 Cd
	CdO dust (5 hrs/d for 100d @1mg/m3)
	Rats (female)
	100% dead
	Baranski & Sitarek, 1987

	Source: References cited in NTIS, 1999.


A detailed post mortem of the elder worker revealed the presence of emphysema and hyaline casts in renal tubules and slight nephrotic changes. Pneumonia, an acute complication of chronic bronchitis and pulmonary emphysema was the cause of death. The exposure was estimated from 6 samples taken in 1946, and though conditions were thought to be similar in earlier years this exposure value must be considered as an approximation/guide to exposure spanning 34 years.

Studies in Animals

Takenaka et al (1983, cited in NTIS, 1999) reported that 5/40 rats died as a result of exposure to cadmium chloride at a concentration of 0.0508 mg Cd/m3 for 23 hours/day, 7 days/week for 18 months. However, the most comprehensive study on chronic exposure was undertaken by Oldiges et al (1989, cited in NTIS, 1999) which evaluated the long term effects of inhaling cadmium as cadmium oxide, cadmium chloride, cadmium sulphate or cadmium sulphide. Rats were exposed to aerosols 22 hours/day, 7 days/week, for 18 months and observed during a 12 month posttreatment period. If mortality reached 25% in the test animals during the exposure period or reached 75% of the animals during the treatment-free period which followed the period was terminated. In these studies the order of toxicity (most to least) was found to be cadmium chloride > cadmium sulphate = cadmium oxide dust > cadmium sulphide. All the cadmium compounds studied caused death. Of note is that Oldiges & Glaser (1986, cited in NTIS, 1999) reported that at the concentrations tested in their chronic studies, cadmium toxicity appeared to be more related to the long-term lung retention of the bioavailable cadmium than to the solubility of the various compounds in water. The associated results are given in Table 6.6.

Respiratory Effects - Acute Exposure (< 15 days)

Studies in Humans

In humans, inhalation exposure to high levels of cadmium oxide fumes or dust is intensely irritating to respiratory tissue, but symptoms can be delayed. Precise estimates of cadmium concentrations leading to acute respiratory effects in humans are not currently available.

	Table 6.6: Summary of Animal Studies for Death following Chronic Exposure

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	241 Cd
	CdCl2 (22 hrs/d for

12m @0.03 mg/m3)
	Rats (m & f)
	75% dead
	Oldiges et al,

1989

	460 Cd
	CdO dust (22 hrs/d for

7m @0.09 mg/m3)
	Rats (male)
	>25% dead
	Oldiges et al,

1989

	640 Cd
	CdCl2 (23 hrs/d for

18m @0.0508 mg/m3)
	Rats
	5/40
	Takenaka et al,

1983

	722 Cd
	CdO dust (22 hrs/d for

11m @0.09 mg/m3)
	Rats (female)
	>25% dead
	Oldiges et al,

1989

	1182 Cd
	CdSO4 (22 hrs/d for

18m @0.09 mg/m3)
	Rats (male)

Rats (female)
	>25% dead 18m

>75% dead 30m
	Oldiges et al,

1989

	1182 Cd
	CdS (22 hrs/d for 18m

@0.09 mg/m3)
	Rats (m & f)
	no deaths in 18m

>75% dead 30m
	Oldiges et al,

1989

	Source: References cited in NTIS, 1999.


During and immediately after (up to 2 hours) an acute exposure for 5 hours of 8.63 mg/m3, Beton et al (1966) reported that the symptoms of toxicity were limited to coughing and slight irritation of the throat and mucosa. Four to 10 hours postexposure, influenza-like symptoms began to appear, including cough, tight chest, pain in chest on coughing, dyspnea, malaise, ache, chilling, sweating, shivering, and aching pain in back and limbs. Eight hours to seven days post-exposure, the pulmonary response included severe dyspnea and wheezing, chest pain and precordial constriction, persistent cough, weakness and malaise, anorexia, nausea, diarrhoea, nocturne, abdominal pain, hemoptysis, and prostration.

Acute, high-level exposures can be fatal, and those who survive may have impaired lung function for years after a single acute exposure. Barnhart & Rosenstock (1984) report that a 34-year-old worker exposed to cadmium fume from soldering for 1 hour (dose not determined) had persistent impaired lung function when examined 4 years following the exposure. Initial symptoms were dyspnea, cough, myalgia, and fever. An initial chest X-ray revealed infiltrates. Townshend (1982) reported the case of a male welder who developed acute cadmium pneumonitis from a single exposure (dose not determined). Nine years after the exposure, this worker continued to show signs of progressive pulmonary fibrosis and had no improvement in respiratory function.

Studies in Animals

In rats, a single 1-5 hour exposure to a concentration of 5-10 mg/m3 cadmium oxide dust, cadmium oxide fumes or cadmium chloride has been found to cause moderate – severe changes in the lungs, including increased weight, interstititial pneumomitis, diffuse alveolitis with haemorrhage, inhibition of macrophages, focal interstitial thickening, oedema and necrosis of alveolar type 1 cells leading to type 2 cell hyperplasia and fibroblasts (Boudreau et al, 1989; Buckley & Basset, 1987; Bus et al, 1978; Grose et al, 1987; Hart et al, 1989a; and Palmer et al, 1986).

These and some further results are summarised in Table 6.7.

	Table 6.7: Summary of Animal Studies for Respiratory Effects following Acute Exposure

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	5 Cd
	CdCl2 (30 mins @10

mg/m3)
	Hamsters
	severe

pneumonitis
	Henderson et al,

1979

	9 Cd
	CdO dust (2 hrs @4.5

mg/m3)
	Rabbits
	severe

pneumonitis
	Grose et al, 1987

	10 Cd
	CdCl2 (6 hrs/d for 10d

@0.17 mg/m3)
	Rats
	absolute lung

weight +16%
	Klimisch, 1993

	5-50 Cd
	CdO & CdCl2 (1-5hrs

@5-10 mg/m3)
	Rats
	severe changes
	as given in text above

	30-91 Cd
	CdCl2 (1 hr/d for 5,10 &

15 @0.61 mg/m3 &

1 hr/d for 3d @61 mg/m3
	Rats
	emphysema and

pulmonary

haemorrhage

respectively
	Snider et al,,

1973

	224 Cd
	CdO fumes (2 hrs @112

mg/m3)


	Rats
	rales, laboured

breathing and

discolouration of

the lungs
	Rusch et al, 1986

	264 Cd
	CdCO3 (2 hrs @132

mg/m3)
	Rats
	rales, rapid

breathing and 2-

3-fold increases

in lung weight
	Rusch et al, 1986


Some cadmium compounds are more toxic than others. Cadmium acetate is similar to cadmium chloride in that exposure to 1-5 mg/m3 resulted in severe respiratory effects. In addition a single intra-tracheal instillation of 0.5 mg/kg body weight (estimated to be 2.4 mg/m3) resulted in changes in the levels of lung enzymes, e.g. depressed levels of catalase and superoxide dismutase, increases in non protein sulfhydryl, glucose-6- phosphate dehydrogenase and glutathione peroxidase in lung tissue and increases in lactic dehydrogenase and protein in bronchoalveolar lavage fluid (Salovsky et al, 1992). Exposure to cadmium sulphide at a concentration of 6.29 mg/m3 for 6 hours daily for 10 days caused an 8% increase in absolute lung weight compared to the 16% increase seen above with cadmium chloride (Klimisch, 1993). Neither 99 mg/m3 cadmium sulphide nor 97 mg/m3 cadmium selenium sulphide had any effect on the respiratory tract after a 2 hour exposure (Rusch et al, 1986).

Persistent damage following a single exposure has been reported. Fibrosis caused by acute exposure was observed up to 12 months post-exposure (Dervan & Hayes, 1979). Driscoll et al (1992) also reported that in rats exposed once, via intratracheal instillation, to cadmium chloride at levels of 25, 100 or 400 g/kg significant increases in BALF, LDH, total protein and NAG levels were present 3 and 7 (except LDH and NAG at the low dose) days post-exposure and that total protein was still elevated in the high level group 28 days post exposure. Neutrophil and lymphocyte numbers were increased initially but returned to control levels by days 14 and 28 respectively. Alveolar macrophage numbers increased after day 7 and remained elevated. Macrophage fibronectin also increased (in a dose related manner) and remained high 28 days post-exposure. Cell viability was not affected.

Hydroxyproline levels increased at the 2 higher levels. Histopathological changes in the lung consisted of chronic interstitial inflammation characterised by increase thickening of the alveolar wall, increased numbers of mononuclear cells, type 2 cell hyperplasia, and at times brown pigment-laden macrophages. Alveolar spaces were variably collapsed with dilatation of some terminal bronchioles, alveolar ducts and adjacent alveoli. The overall histopathological response was more severe 90 days post-exposure than 28 days post-exposure. Fibrosis, indicated by minimal to moderate prominence of collagen, was also more severe after 90 than 28 days.

In other studies similar transient increase in BALF enzymes or other indicators of pulmonary pneumonitis were seen, though histopathological changes were also found to be transient. For example in a study by Hart (1986) rats, exposed to 1.6 mg/m3 of cadmium oxide for 3 hours, daily for 5 days/week for 1-6 weeks, developed interstitial pulmonary pneumonitis (indicated by changes in the levels LDH, ALP, acid phosphatase, protein and polymorphonuclear leucocytes in the airways) in the 1st 2 weeks. The levels of these biochemical indicators and cytological indicators of toxicity and the associated histopathological alterations returned to expected levels in the following 3 weeks despite the fact that cadmium continued to accumulate in the lung. The author suggested that the adaptive synthesis of Cd-binding protein (presumptive metallothioneins) in the lung served to sequester cadmium and protect the tissue from further toxicity. Palmer et al (1986) in a study which, evaluated the role of thyroid hormones in the pulmonary repair process in rats exposed to 10 mg/m3 cadmium chloride for 2 hours, suggested that the persistence of lung damage or the development of further damage for a given level of acute exposure is probably related to the capacity of the pulmonary repair mechanisms and to adaptive responses such as the production of metal binding proteins to sequester free cadmium away from target

sites.

Respiratory Effects - Intermediate Exposure (15 - 364 days)

Studies in Humans

The initial symptoms of respiratory distress observed in the acute exposures to high concentrations of cadmium do not occur following lower-level, longer-term inhalation exposures (Friberg, 1950). Longer-term occupational exposure to levels of cadmium below those causing lung inflammation, however, have been reported to cause emphysema and dyspnea in humans (Bonnell, 1955; Friberg 1950; Lane & Campbell, 1954; and Smith et al, 1960). Kjellstrom et al (1979) reported a significant increase in deaths due to respiratory diseases in cadmium-exposed battery factory workers exposed for longer than 5 years.

A significant, dose-dependent excess in the ratio of observed to expected deaths from bronchitis (i.e. Standardised Mortality Ratio = 434) but not emphysema was found among 6,995 men occupationally exposed to cadmium for an average of 11 years (Armstrong & Kazantzis, 1983). Dose level was not determined and there was no control for the health effects of cigarette smoking. There is some evidence that cadmium may accelerate the development of emphysema in smokers. Leduc et al (1993) reported the case history of a 59-year-old male worker who smoked a pack of cigarettes per day since age 16, but had no prior history of respiratory disease in 1975 until developing emphysema in 1979 after inhaling various concentrations of cadmium (range of 0.0164 - 1.192 mg/m3, mean of 0.446 mg/m3, about nine times the threshold value of 0.050 mg/m3) for 4 years as a furnace operator. Very high levels of cadmium in air samples at the workplace and in the patient's blood, urine, and lung tissue confirmed massive exposures. Lung-function tests declined rapidly, with a faster than usual onset of emphysema compared to other smokers. The mean concentration of cadmium in a removed section of lung was 580 g/g dry tissue, compared to 14 g/g in three unexposed controls matched for age, sex, and smoking habit who had also under-one resection of a bronchial carcinoma. The authors stated that this case supports the hypothesis for an etiological role of cadmium fume inhalation in the development of emphysema.

More recent studies that controlled for smoking report lung impairment in cadmium-exposed workers (Chan et al, 1988; Cortona et al, 1992; Davison et al, 1988; and Smith et al, 1976). Cortona et al (1992) measured respiratory function parameters in 69 smoking and non-smoking male subjects (average age 45) who were exposed to concentrations of 0.008 - 1.53 mg/m3 of cadmium fumes over a period of several years in a factory that produced cadmium alloys (silver-cadmium-copper). There was a significant increase in ‘residual volume’ (but NOT of other lung functions) of more than 8% in exposed workers; this effect was notably greater in those with higher cumulative exposures to cadmium (> 10%). It is uncertain how much of a factor on the increased RV was due to the tendency of smokers to develop an initial emphsematous alteration in lung tissue due to smoking.

Studies in Animals

Exposure levels in the concentration range 0.4 - 4 mg Cd/m3 generally result in serious damage to the lungs. Some examples are presented in Table 6.8.

	Table 6.8: Summary of Animal Studies for Respiratory Effects

following Intermediate Exposure

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	48-72 Cd
	CdCl2 (6 hrs/d, 5d/wk,

4-6wks @0.4 mg/m3)
	Rabbits
	type 2 cell

hyperplasia and

interstitial

inflammation
	Johansson et al,

1984

	120-144 Cd
	CdO (3 hrs/d for 25-

30d @1.6 mg/m3 
	Rats
	type 2 cell

hyperplasia and dry

weight of the lungs

+41%
	Hart et al, 1989a

	293 Cd
	CdCl2 (24 hrs/d for

21d @0.581 mg/m3)
	Pregnant rats
	emphysema and

bronchiolitis
	Prigge, 1978b

	394 Cd
	CdCl2 (6 hrs/d for 62d

@0.106 mg/m3)
	Rats
	fibrosis with a

significant increase

in collagen
	Kutzman et al, 

1986

	2268 &

2704 Cd
	Cd dust (3 hrs/d, 21 &

23 d/m, 9 & 7m @4 &

5.6 mg/m3)
	Rabbits
	chronic pneumonia

and emphysema
	Friberg, 1950


As the exposure period lengthens increasingly lower doses result in respiratory toxicity. Cadmium oxide dust for example, has been shown to induce emphysema and histiocytic cell granulomas in rats when administered continuously at a concentration of 0.105 mg Cd/m3 for 62 days (Prigge, 1978a). The continuous administration of cadmium oxide at a lower dose of 0.025 mg Cd/m3 for 90 days produced less severe toxicity, as evidenced by hypercellularity in the bronchoalveolar region and an increase in the relative weight of the lungs. Glaser et al (1986) also found bronchoalveolar hypercellularity when 0.098 mg Cd/m3 cadmium oxide dust, 0.105 mg Cd/m3 cadmium chloride and 1.034 mg Cd/m3 cadmium sulphide were administered for 22 hours daily for 30 days. Cadmium sulphide appears to be less toxic than cadmium oxide or cadmium chloride when administered as a single or repeated dose.

A degree of tolerance may develop as the duration of the dose/exposure period increases so that lung lesions that developed after a few weeks of exposure are not seen to progress and sometimes regress after longer exposures (Hart, 1986; Hart et al, 1989a). These authors believe multiple mechanisms including the synthesis of lung metallothionein and an increase in type 2 cells are involved in this apparent tolerance. Oberdorster et al (1994) compared the responses of rats and mice to long term exposure to cadmium chloride at 100 g Cd/m3, 6 hrs/d, 5 d/wk for 4 wks. The parameters monitored included metallothionein, levels of cadmium in the lung, BALF neutrophil counts, -glucuronidase and LDH, cell proliferation, measured by bromodeoxyuridine (BrdU) incorporation into lung tissue, lung morphology (using histochemical staining), and induction of metallothionein concentration in lung tissue. Mice were found to be more susceptible to exposure to cadmium chloride than rats under these conditions. There was a greater response in the following parameters: inflammation in the lungs, cell proliferation, the baseline metallothionein level was higher, lung metallothionein was more inducible and the lung burden of cadmium metallothionein was twice as high as that in the rats. Due to the higher respiratory rate in mice the higher burdens were not unexpected. In addition to the increase in cell proliferation, the mice also responded with a significant induction of metallothionein in the epithelial cells of the conducting airways and alveolar region. No such response was seen in the rats. The authors suggested that the enhanced responses in mice may contribute to the lack of pulmonary carcinogenicity found in mice as increased metallothionein levels may provide more protection against the development of lung tumours in proliferating cells. The authors also noted that an increase in the rate of cell proliferation does not necessarily lead to an increased risk of tumour development as the rat in which, the proliferative response is lower, is more prone to lung tumours from inhaled cadmium.

Respiratory Effects - Chronic Exposure (1 year or more)

Studies in Humans

Davison et al (1988) evaluated lung function in 101 men who had manufactured copper-cadmium alloy in a plant in England for one or more years since 1926. The exposed men were compared to controls from the factory's other seven divisions matched for age and employment status. The number of smokers among exposed and control men was similar. Between 1951 and 1983, 933 measurements of airborne cadmium had been made, 697 with static samplers and 236 with personal samplers. The various sampling methods used before 1964 are no longer considered to be reliable, so estimates of air concentrations were made based on changes in production techniques, ventilation, levels of production, and discussions with occupational health physicians, industrial hygienist, the management, and the workers. Cadmium concentrations in air from 1926 to 1972 were determined to have declined from 0.6 to 0.156 mg/m3. In 1973, concentrations were 0.085 mg/m3, then from 1974 to 1983 concentrations ranged from 0.034 - 0.058 mg/m3. The lung function of 77 of the men occupationally exposed to cadmium was significantly impaired compared to the unexposed controls, with the greatest abnormalities in the highest-dose group. Regression of the lung transfer coefficient versus cadmium exposure indicated a linear relationship with no apparent threshold.

Smith et al (1976) studied the pulmonary function of 17 high-exposure workers, 12 low-exposure workers, and 17 controls. Cadmium air concentrations where high-exposure subjects worked were >0.2 mg/m3. High-exposure subjects had worked at the plant a median of 26.4 years, with a maximum of 40.2 years, and low-exposure subjects had worked a median of 27.1 years, with a maximum of 34.8 years. Workers with high exposure to cadmium had significantly decreased forced volume capacity (FVC) compared to low-exposure workers and controls. Chest X-rays indicated mild or moderate interstitial fibrosis in 29% of high exposure workers. A dose-response relationship was found between forced vital capacity and urinary cadmium, and with months of exposure to cadmium fume but not cadmium sulphate aerosol. In an analysis of the smoking habits, there was no significant difference between the two cadmium-exposed groups with respect to the proportion of present or past cigarette smokers, the intensity or duration of cigarette smoking, or cigar or pipe smoking habits. The control subjects, however, had a significantly (p<0.05) "higher" exposure to cigarette smoke than the cadmium exposed workers with substantially greater numbers of pack-years, cigarettes smoked per day, and years smoked. A step-down and multiple regression analyses with a dependent variable of FVC (as percent of predicted), and the independent variables, age-height, cigarette pack-years, and urinary cadmium, resulted in no indication that an interaction between the independent variables led to the observed relationship between FVC and cadmium excretion.

Other studies, however, have not shown a cadmium-related increase in impaired respiratory function. Edling et al (1986) studied Swedish workers occupationally exposed to cadmium oxide (CdO) fume from cadmium-containing solders. Cadmium-containing solder had been used at the plant from 1955 to 1978. The results from the lung-function analysis showed no significant difference in symptoms or lung function between the Cd-exposed and the reference group. The exposed and the reference groups were similar with respect to sex, age, and height. There was a higher percentage of smokers in the reference group (52%) than in the exposed group (42%), but the difference was not statistically significant. The authors could not explain why significant differences in effects were not seen in these workers since other studies have shown significant effects at comparable cadmium exposure levels. The authors suggest that a possible bias could have been introduced if people who had worked for more than 5 years in the plant had changed their occupation because of lung disease, so that only "healthy" workers remained. Significant effects may also have been found if the reference group included workers other than those who worked with solder, but the purpose of the study was to resolve the effects of cadmium exposure among workers with similar occupations. An analysis that factored out smoking by evaluating the data from smokers and non-smokers separately also showed no significant impairment function between smoking exposed and smoking unexposed or non-smoking exposed and non-smoking unexposed. The lung impairment due to smoking was observed in that smokers in both the exposed and unexposed groups had a somewhat deteriorated closing volume and other lung function indicators in accordance with previous studies on the effects of smoking. These results support the hypothesis that the response to occupational dust exposure differs from the response to tobacco smoking.

Another possible reason for differing results is that lung injury caused by high-level cadmium exposure may be partially reversible (Bonnell, 1955 and Chan et al, 1988), with a return towards normal several years after exposures have been significantly reduced. Chan et al (1988) studied a cohort of 36 female and 8 male workers at a Singapore cadmium battery factory exposed to cadmium oxide dust. Cadmium concentrations in air were 0.03-0.09 mg/ m3 (geometric means). Lung function was measured using spirometry, helium dilution, tidal sampling, X-ray, and respiratory symptoms. The recovery of lung function after reduction or cessation of occupational exposure to cadmium dusts was assessed. Total lung capacity increased following reduction of exposure and, following cessation of exposure, vital capacity, FEV, and prevalence of respiratory symptoms all improved. Blood and urine cadmium concentrations were considerably lower with the reduction or cessation of exposure and were consistent with a decrease in the cadmium air levels.

Additional respiratory symptoms less frequently reported in workers occupationally exposed to cadmium are chronic rhinitis and impairment or loss of the sense of smell (Adams et al, 1969; Bonnell, 1955; Friberg, 1950; and Rose et al, 1992). The cause of these effects may be chronic irritation or necrosis of the nasal membranes, as these findings are generally found only in individuals who have been exposed to cadmium at a high concentration.

Studies in Animals

There are few chronic inhalation exposure studies in animals that specifically address respiratory effects. Oldiges & Glaser (1986) reported an unspecified increase in lung weights of rats exposed to cadmium sulphate at a concentration of 0.092 mg Cd/m3 or cadmium sulphide at a concentration of 0.254mg Cd/m3 for 22 hours daily for 413- 455 days. Takenaka et al (1983) observed hyperplasia in the bronchoalveolar region in rats exposed to cadmium chloride at 0.0134 mg Cd/m3 for 23 hours daily for 18 months.

Cardiovascular Effects

Studies in Humans

Evidence of toxicity which could be related to cadmium has not been found in the majority of occupationally exposed workers.

In some studies, the mortality from cardiovascular disease was lower in the cadmium-exposed population. Armstrong & Kazantzis (1983) reported that a cohort of 6,995 British men occupationally exposed to cadmium for an average duration of 11 years had a significantly lower mortality from vascular disease.

Fifty-three male workers exposed to cadmium and lead and 52 male controls were examined for correlations in urine levels and blood pressure. The average duration of exposure was 12.5 years. Correlations between blood pressure and urinary cadmium in exposed workers were not significant after controlling for age or age and heart rate. Exposure to lead was a significant confounding factor (de Kort et al, 1987).

Friberg (1950) investigated the health of workers in a manufacturing plant that made cadmium-containing electrodes. Fifty-eight workers (30-50 years of age) were divided into 2 groups based on number of years at the plant. Workers were clinicall examined for subjective symptoms and corresponding morphological or functional changes of the respiratory, cardiovascular, and excretory systems. The cardiovascular exam was largely unremarkable. Only a slight rise in blood pressure in a few cases was observed in Group 1. Electrocardiograms (ECG) were not significantly different from a matched control group in Group 1. Group 2 had neither increased blood pressure nor altered ECGs.

Kazantzis et al (1988) studied mortality in a cohort of 6,958 cadmium-exposed male workers with average occupational exposures of 12 years. This was a follow-up study to the work of Armstrong & Kazantzis (1983). There was a significant deficit in deaths from cerebrovascular disease among men occupationally exposed to cadmium. There was no significant excess risk from hypertensive or renal disease. Smith et al (1980) studied 16 male high-exposure production workers and 11 male low-exposure office and supervisory workers for renal function. Average duration of exposure was 25 years. High-exposure workers were exposed to CdO concentrations of 0.23 - 45.2 mg/m3 and CdS concentrations of 0.04 - 1.27 mg/m3. No difference was found in hypertension between high- and low-exposure workers, adjusted for age and weight or cigarette smoking. 

Sorahan & Waterhouse (1983) examined mortality rates in a cohort of 3,205 nickel-cadmium battery workers (2,559 males and 466 females). Cadmium levels in air ranged from 0.05 to 2.8 mg/m3, primarily as CdO. Duration of exposure ranged from 1 year to more than 6 years. No increase in mortality from diseases of the circulatory system (e.g., hypertension) were seen in cadmium-exposed workers.

Staessen & Lowerys (1993), in a study known as the Cadmibel Study (a cross-sectional population study), evaluated 2,327 people from a random sample of the population of four Belgian districts chosen to provide a wide range of environmental exposure to cadmium. Participants completed a questionnaire regarding their medical history, current and past occupations, smoking habits, alcohol consumption, and intake of medications. Urine and blood samples were taken, and pulse rate, blood pressure, height, and weight were recorded. Exposure to cadmium was considered to be by both the oral and inhalation routes. Cadmium levels in blood and urine were significantly increased in the high-exposure areas compared to the low-exposure areas (p<0.001). Blood pressure was not correlated with the urine or blood cadmium levels. The prevalence of hypertension or other cardiovascular diseases was similar in all four districts, and was not correlated with urine or blood cadmium levels. These results do not support a hypothesis that cadmium increases blood pressure, prevalence of hypertension', or other cardiovascular diseases.

One study found a statistically significant increase in blood pressure in exposed workers compared to controls (Thun et al, 1989), but mortality in this cohort was lower than expected (Thun et al, 1985).

 Exposure to cadmium by the inhalation route does not appear to have significant effects on the cardiovascular system.

Studies in Animals

Only one study was found regarding effects in animals after exposure to cadmium via the inhalation route. In this study Kutzman et al (1986) reported an increase in the relative weight of the heart in rats exposed to 1.06 mg Cd/m3 cadmium chloride for 6 hrs/d, 5 d/wk for 62 days. The body weights of these animals were also significantly reduced after this exposure and in the absence of absolute weights of the heart the toxicological significance of this observation is equivocal.

Gastrointestinal Effects

Studies in Humans

Friberg (1950), found no relationship between the exposure of workers to cadmium by the inhalation route, and gastrointestinal toxicity. Symptoms that had been reported in case histories from the 1920s included pain or tenderness at the epigastrum, and nausea and constipation. None of the other human studies reported any cadmium related GI toxicity following exposure by inhalation.

Studies in Animals

Rusch et al (1986), in the only animal study found, observed erosion in the stomach of rats following whole-body exposure to cadmium carbonate at a concentration of 132 mg Cd/m3 for 2 hours when the animals were examined at post mortem 1, 3, 7, and 30 days post-exposure. After the exposure the rats were vacuumed to remove any cadmium carbonate dust adhering to the fur. The dose used was relatively high and 3/10 rats died during the exposure period. The significance of the change in the stomach is uncertain.

Haematological Effects

Studies in Humans

The evidence concerning the toxicological effects of cadmium on haematological parameters and systems is conflicting. Lowered haemoglobin concentrations and decreased packed cell volumes have been observed in some workers exposed occupationally to cadmium (Bernard et al, 1979; Friberg, 1950; and Kagamimori et al, 1986), but not in others (Bonnell, 1955; Chan et al, 1988; and Davison et al, 1988). The observed changes were often not statistically significant (Bernard et al, 1979; and Friberg, 1950), and examination of the bone marrow smears of some workers with low haemoglobin levels detected no abnormalities (Friberg, 1950).

Studies in Animals

Cadmium has produced conflicting results on haematological parameters as illustrated

in Table 6.9.

	Table 6.9: Summary of Animal Studies for Haematological Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	112 Cd
	CdO dust (24 hrs/d for

90d @0.052 mg/m3
	Rats
	increase in levels of

haemoglobin and

haematocrit
	Prigge, 1978a

	103-293 Cd
	CdCl2 (24 hrs/d for

21d @0.204, 0.394

and 0.581 mg/m3)
	Rats
	increase in levels of

haemoglobin and

haematocrit
	Prigge, 1978b

	471 Cd
	Cd (24 hrs/d for 218d

@0.09mg/m3)
	Rats
	No effect
	Oldiges & Glaser,

1986

	744 Cd
	CdS (24 hrs/d for 30d

@1.034 mg/m3)
	Rats
	No effect
	Glaser et al, 1986

	2268 Cd
	CdO dust (3 hrs/d, 21

d/m, 9m @4 mg/m3)
	Rabbits
	eosinophilia and a

slightly lower

haemoglobin level
	Friberg 1950


A possible, if partial, explanation for these conflicting results may be that the primary cause of cadmium induced anaemia is impaired absorption of iron from the diet following GI exposure to cadmium and the GI exposure following cadmium inhalation is variable depending on the form and dose level.

Musculoskeletal Effects

Studies in Humans

Calcium deficiency, osteoporosis, or osteomalacia was observed in some workers after long term occupational exposure to high levels of cadmium (Adams et al, 1969; Blainey et al, 1980; Bonnell, 1955; Kazantis, 1979; and Scott et al, 1980). Generally effects on bone appear after kidney damage has been detected and they are likely therefore to be secondary to the associated changes in calcium, phosphorus and vitamin D metabolism (Blainey et al, 1980).

However, Staessen et al (1999) concluded that skeletal demineralisation, resulting in an increase in bone fragility and an increase in the risk of fractures, was probably promoted by a low level of environmental exposure to cadmium. Similarly, Alfven et al (2000) concluded that environmental and or occupational exposure to low levels of cadmium is associated with an increase in the risk of osteoporosis.

Studies in Animals: No studies of muscoskeletal effects in animals were found.

Hepatic Effects

Studies in Humans

Liver effects are not usually associated with exposure to cadmium via the inhalation route. Non-specific signs of liver disease were observed in some workers, exposed to cadmium for 20 years, in their occupation Friberg (1950). The tests, indicators of cirrhosis or hepatitis, performed are generally not in current use, The significance of the findings in relation to cadmium exposure is questionable as subsequent studies on workers exposed to cadmium in the air have not detected toxic effects on the liver (Adams et al, 1969; and Bonnell, 1955).

	Table 6.10: Summary of Animal Studies for Hepatic Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	72 Cd
	Cd (24 hrs/d for 30d

@0.1 mg/m3)
	Rats
	transient (2m postexposure)

increase

in serum ALT,

indicative of liver

damage
	Glaser et al, 1986

	159 Cd
	CdO dust (24 hrs/d for

63d @0.105 mg/m3
	Rats
	No effect
	Prigge, 1978a

	177 Cd
	CdCl2 (24 hrs/d for

255d @0.029mg/m3)
	Rats
	No effect
	Oldiges & Glaser,

1986

	293 Cd
	CdCl2 (24 hrs/d for

21d @0.581 mg/m3)
	Rats
	No effect
	Prigge, 1978b

	394 Cd
	CdCl2 (6 hrs/d for 62d

@1.06 mg/m3)
	Rats
	an increase in

relative weights of

the liver
	Kutzman et al,

1986

	471 Cd
	CdO (24 hrs/d for

218d @0.09mg/m3)
	Rats
	No effect
	Oldiges & Glaser,

1986


Studies in Animals

Effects on the liver have occasionally been found in the liver as illustrated in Table 6.10. Cadmium accumulates in the liver as well as the kidney, the main target organ for cadmium toxicity. The resistance of the liver may be related to a higher capacity to produce metallothionein that would bind to cadmium and thus lower the concentrations of free cadmium ions.

Renal Effects

Studies in Humans

There is very strong evidence that the kidney is the main target organ of cadmium toxicity following extended inhalation exposure to cadmium. The sensitivity of the kidney to cadmium was recognised in an early investigation of workers exposed to cadmium oxide dust and cadmium fumes in a factory producing nickel-cadmium batteries (Friberg, 1950). These workers suffered from a high incidence of abnormal renal function, indicated by proteinuria and a decrease in glomerular filtration rate. Similar signs of renal damage have been observed in many other studies of workers occupationally exposed to cadmium (Adams et al, 1969; Beton et al, 1966; Bernard et al, 1979; Bonnell, 1955; Bustueva et al, 1994; Chia et al, 1989; Elinder et al, 1985a, 1985b; Falck et al, 1983; Gompertz et al, 1983; Iwata et al, 1993; Jakubowski et al, 1987; Jarup & Elinder, 1993; Jarup et al, 1988; Kjellstrom et al, 1977; Mason et al, 1988; Piscator, 1966; Roels et al, 1981b; Rose et al, 1992; Smith et al, 1980; and Thun et al, 1989).

The proteinuria caused by cadmium exposure is characterised by the presence of a number of low-molecular-weight proteins in urine, including 2-microglobulin, lysozyme, ribonuclease, immunoglobulin light chains, and retinol-binding protein (Piscator, 1966). These low-molecular-weight proteins are all readily filtered by the glomerulus and are normally reabsorbed in the proximal tubules of the kidney. Elevated urinary excretion of these proteins is indicative of proximal tubular damage. Urinary excretion of high-molecular-weight proteins such as albumin has also been reported in occupationally exposed workers (Bernard et al, 1979; Elinder et al, 1985b; Mason et al, 1988; Roels et al, 1989; Thun et al, 1989), but there is some debate as to whether this represents glomerular damage (Bernard et al, 1979; Roels et al, 1989) or severe tubular damage (Elinder et al, 1985a; Mason et al, 1988; Piscator, 1984).

The tubular proteinuria caused by cadmium exposure may be accompanied by depressed tubular resorption of other solutes such as enzymes, amino acids, glucose, calcium, copper, and inorganic phosphate (Elinder et al, 1985a, 1985b; Falck et al, 1983; Gompertz et al, 1983; Mason et al, 1988). It has been suggested that the urinary concentrations of some of these solutes, particularly renal enzymes, are more sensitive than low-molecular-weight proteins for detecting tubular dysfunction in exposed humans.

An additional effect on the kidney seen in workers after high levels of inhalation exposure to cadmium is an increased frequency of kidney stone formation (Elinder et al, 1985a; Falck et al, 1983; Kazantzis, 1979; Scott et al, 1978; and Thun et al, 1989). This effect is likely to be secondary to disruption of calcium metabolism due to kidney damage.

Tubular dysfunction generally develops only after cadmium reaches a minimum threshold in the renal cortex. This threshold is often referred to as the ‘critical concentration’. Care must be taken in its interpretation because it is not invariant, but depends on a number of variables (Foulkes, 1990). The critical concentration of cadmium in the renal cortex associated with increased incidence of renal dysfunction in an adult human population chronically exposed to cadmium has been estimated to be about 200 g/g wet weight by several investigators (Friberg et al, 1974; Kjellstrom et al, 1977a, 1984; and Roels et al, 1983).

Several quantitative evaluations of kidney toxicity have been performed using cumulative dose (exposure duration times cadmium concentration) as the independent variable. An early study found a 10% prevalence of proteinuria at an average 30-year exposure to cadmium oxide dust of 0.017 mg Cd/m3 (Kjellstrom et al, 1977a), but a subsequent follow-up study found only a 4% prevalence at this level of exposure (Jarup et al, 1998). The definition of proteinuria used in these studies is an excretion exceeding the 95th percentile of a normal population. Thus, a prevalence of 5% or less was considered to be unrelated to cadmium exposure. Among the workers in the follow-up study, the prevalence of proteinuria was 1.1 % in the lowest exposure group with a 30-year exposure to 0.00437 mg Cd/m3 and 9% at 0.023 mg/m3 (Jarup et al, 1998). Logistic regression generated a prevalence of 4% at a 30-year exposure to 0.017 mg/m3, which was considered to be the NOAEL for this cohort. Other recent analyses have found 30-year thresholds for proteinuria of 0.027 mg/m3 (Thun et al, 1989), 0.033 mg/m3 (Elinder et al, 1985b), or 0.0367 mg/m3 (Mason et al, 1988). In another cohort, with an average 30-year exposure to cadmium fume of 0.026 mg/m3, the average exposures of workers with and without proteinuria were 0.038 and 0.015 mg/m3, respectively (Falck et al, 1983).

Cessation of cadmium exposure generally does not lead to a decrease in proteinuria in occupationally exposed workers (Elinder et al, 1985b; Mason et al, 1988; Piscator, 1984; Thun et al, 1989), possibly because the kidney cadmium level declines very slowly after cessation of exposure. Kidney damage may continue to worsen after exposure ceases. A progressive reduction of the glomerular filtration rate in excess of the usual age-related decline was found in 23 workers 5 years after they were removed from cadmium exposure because of proteinuria and/or albuminuria (Roels et al, 1989). End-stage renal disease is not a common cause of death among workers occupationally exposed to cadmium, but it is significantly elevated over expected values in some occupational cohorts (Elinder et al, 1985c; Kazantzis et al, 1988).

To further evaluate the reversibility of proteinuria, Roels et al (1997) studied the progression of Cd-induced renal tubular dysfunction in cadmium workers according, to the severity of the microproteinuria at the time the exposure was substantially decreased. A total of 32 cadmium male workers were divided into two groups on the basis of historical records of urinary cadmium concentration (CdU) covering, the period until 1984. The workers with CdU values of > 10 g Cd/g creatinine were subdivided further on the basis of the urinary concentration of 2-microglobulin (2- MG-U) measured during the first observation period (1980-1984). In each group, the tubular microproteinuria as reflected by 2-MG-U and the concentration of retinal-binding protein in urine, as well as the internal cadmium dose as reflected by the concentration of cadmium in blood and urine, were compared between the first and second (1990-1992) observation periods. Increased microproteinuria was often diagnosed in cases with CdU values of >10 g Cd/g creatinine. The progression of tubular renal function was found to depend on the extent of the body burden of cadmium (as reflected by CdU) and the severity of the initial microproteinuria at the time high cadmium exposure was reduced or ceased. When cadmium exposure was reduced and 2-MG-U did not exceed the upper reference limit of 300 g/g creatinine, the risk of developing tubular dysfunction at a later stage was likely to be low, even in cases with historical CdU values occasionally >10 but always < 20 g/g creatinine. When the microproteinuria was mild (2-MG-U >300 and < 1,500 g/g creatinine) at the time exposure was reduced, and the historical CdU values had never exceeded 20 g/g creatinine, there was indication of a reversible tubulotoxic effect of cadmium. When severe microproteinuria (2-MG-U > 1,500 g/g creatinine) was diagnosed in combination with historical CdU values exceeding 20 g/g creatinine, cadmium-induced tubular dysfunction was progressive in spite of reduction or cessation of cadmium exposure.

Studies in Animals

Renal damage has been found in animal studies following exposure to cadmium via the inhalation route. Rabbits exposed to cadmium metal dust at 4 mg/m3 for 3 hours/day, 21 days/month for 4 months, developed mild proteinuria. Histological lesions were found after an additional 3-4 months of exposure (Friberg 1950). Proteinuria has not been found in most subsequent studies, because the levels of exposure (1-5 mg/m3 in intermediate exposure and 0.2-2 mg/m3 in chronic exposure) and the duration of the follow up periods which produce serious respiratory effects are not high enough to produce a toxicologically important concentration in the kidney (Glaser et al, 1986; Kutzman et al, 1986; and Prigge 1978a, 1978b).

Dermal Effects

Studies in Humans

Dermal toxicity is not a significant effect of inhalation exposure to cadmium. Studies of workers occupationally exposed to cadmium have not reported dermal effects following acute or chronic exposure (Barnhart & Rosenstock, 1984; Bonnell, 1955; and Friberg, 1950).

Studies in animals: No studies were found that specifically investigated dermal toxicity in animals following inhalation exposure to cadmium.

Ocular Effects

Studies in Humans

Ocular toxicity is not a significant effect of inhalation exposure to cadmium. Studies of workers occupationally exposed to cadmium have not reported ocular effects following acute or chronic exposure (Barnhart & Rosenstock, 1984; Bonnell, 1955; and Friberg, 1950).

Studies in Animals

In rats exposed to approximately 100 mg Cd/m3, as cadmium pigments, in a single 2 hour exposure period excessive lacrimation was observed 4 hours after exposure (Rusch et al, 1986); this effect is probably due to a local contact irritation of the eyes rather than a systemic effect.

Body Weight Effects

Studies in Humans: No data have been found regarding the effects of inhaled cadmium on body weight in humans.

Studies in Animals

Cadmium has been shown to significantly reduce body weights in animals as illustrated in Table 6.11.

	Table 6.11: Summary of Animal Studies for Body Weight Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	6.5 Cd
	CdCl2 (1 hr @6.5

mg/m3)
	Rats (male)
	significant

reduction in body

weight
	Bus et al, 1978

	9 Cd
	CdCl2 (2 hrs @4.5

mg/m3)
	Rats (male)
	significant

reduction in body

weight
	Grose et al, 1987

	13.8 Cd
	CdO dust (3 hrs @4.6

mg/m3)
	Rats (male)
	significant

reduction in body

weight
	Buckley &

Bassett, 1987

	224 Cd
	CdO fumes (2 hrs

@112 mg/m3)
	Rats (male)
	significant

reduction in body

weight
	Rusch et al, 1986

	264 Cd
	CdCO3 (2 hrs @132

mg/m3)
	Rats
	weight gain

reduced
	Rusch et al, 1986


A range of NOAEL (no observable adverse effect level) values have also been derived as summarised in Table 6.12.

	Table 6.12: Summary of Animal Studies for NOAEL (Body Weight Effects)

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	0.9 Cd
	CdCl2 (2 hrs @0.45

mg/m3)
	Rats
	NOAEL
	Grose et al, 1987

	10.2 Cd
	CdCl2 (6 hrs/d for 10d

@0.17 mg/m3)
	Rats
	NOAEL
	Klimisch, 1993

	12 Cd
	CdCl2 (2 hrs @6

mg/m3)
	Rats
	NOAEL
	Palmer et al,

1986

	>58 Cd
	CdO dust (>15d

@0.16 mg/m3)
	Rats (female)
	NOAEL
	Baranski &

Sitarek, 1987

	>119 Cd
	CdCl2 (>15d @0.33

mg/m3)
	Rats
	NOAEL
	Kutzman et al,

1986

	>142 Cd
	CdCl2 (>15d @0.394

mg/m3)
	Rats (nonpregnant f)
	NOAEL
	Prigge, 1978a

	>162 Cd
	CdO dust (>15d

@0.45 mg/m3)
	Rabbits (male)
	NOAEL
	Grose et al, 1987

	>183 Cd
	CdCl2 (>15d @0.508

mg/m3)
	Rats (male)
	NOAEL
	Takenaka et al,

1983

	198/194 Cd
	CdS/CdSeS (2 hrs

@99/97 mg/m3 resp.)
	Rats
	NOAEL
	Rusch et al, 1986

	>372 Cd
	CdS (>15d @1.034

mg/m3)
	Rats (male)
	NOAEL
	Glaser et al, 1986

	>8322 Cd
	CdSO4 (>365d @0.95

mg/m3)
	Rats
	NOAEL
	Oldiges & Glaser,

1986


Other Systemic Effects

Studies in Humans

Yellow discolouration of the teeth has been occasionally observed in workers who have been exposed to high levels of cadmium in the work place (Friberg, 1950). No data has been found that indicates this finding was due to any functional impairment (NTIS, 1999)

Studies in Animals: No studies were found that specifically investigated teeth abnormalities in animals following inhalation exposure to cadmium.

Immunological and Lymphoreticular Effects

Studies in Humans

There is limited evidence that inhalation exposure to cadmium has effects on the immune system. Leucocytes in the blood of workers exposed to cadmium for 1-14 years had a slight, statistically significant decrease in ability to generate reactive oxygen species when compared to unexposed controls (Guillard & Lauwerys, 1989). The toxicological significance of this effect is unknown.

Serum IgG, IgM and IgA, as well as the cadmium concentrations of blood and urine, were measured in a group of 37 males employed in zinc/cadmium smelters and a small Cd-electroplating plant. Cadmium concentrations in blood (5.55 versus 2.01 g/g creatinine, p<0.05) and urine (2.39 versus 0.69 g/100 ml) were significantly higher in exposed workers compared to controls. There were no differences between the concentrations of IgG, IgM and IgA in the serum of the exposed and non-exposed groups. With the possible exception of monocyte counts, which were significantly increased, there were no changes in the differential white cell counts in either group.

Studies in Animals

Cadmium has been found to have effects on the immune system in some animal experiments as shown in Table 6.13.

	Table 6.13: Summary of Animal Studies for Immunological and

Lymphoreticular Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	0.22 Cd
	CdCl2 (2 hr @0.11

mg/m3)
	Mice
	NOAEL
	Graham et al,

1978

	0.38 Cd
	CdCl2 (2 hr @0.19

mg/m3)
	Mice
	suppression of the

primary humoral

immune response
	Graham et al,

1978

	199 Cd
	CdCl2 (24 hrs/d for

21d @0.394 mg/m3)
	Rats
	increase in relative

weight of spleen
	Prigge, 1978b

	394 Cd
	CdCl2 (6 hrs/d for 62d

@1.06 mg/m3)
	Rats
	increase in relative

weights of spleen and

lymphoid hyperplasia
	Kutzman et al,

1986


Other studies such as that conducted by Daniels et al (1987) have found no effects on the activity of natural killer cells or viral induction of interferon in exposed mice. Evidence of the effects of exposure to cadmium on resistance to infection is conflicting in the opinion of Bouley et al (1982) because the same exposure decreases resistance to bacterial infection while at the same time increasing resistance to viral infection.

Neurological Effects

Studies in Humans

Neurotoxicity is not generally associated with exposure to cadmium though a few studies have specifically looked for neurological effects in humans. In a group of 31 men occupationally exposed to cadmium for an average of 14.5 years, Hart et al (1989b) reported there was some correlation between cadmium exposure and decreased performance in neuropsychologic tests to measure attention, psychomotor speed and memory. The small group size made it difficult to evaluate the significance of these findings.

Studies in Animals

Cadmium has been found to produce limited neurological effects in some animal experiments as shown in Table 6.14.

	Table 6.14: Summary of Animal Studies for Neurological Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	71 Cd
	Cd fume (30d @0.098

mg/m3)
	Rats
	no neurological effect
	Glaser et al, 1986

	76 Cd
	CdCl2 (30d @0.105

mg/m3)
	Rats
	no neurological effect
	Glaser et al, 1986

	123 Cd
	CdCl2 (6hr/d for 62d

@0.33 mg/m3)
	Rats
	no neurological effect
	Kutzman et al,

1986

	224 Cd
	Cd fume (2 hr @112

mg/m3)
	Rats
	reduced activity
	Rusch et al, 1986

	264 Cd
	CdCO3 (2 hrs @132

mg/m3)
	Rats
	tremors
	Rusch et al, 1986

	385 Cd
	CdCl2 (6hr/d for 62d

@1.034 mg/m3)
	Rats
	increase in relative

weight of brain
	Kutzman et al,

1986

	744 Cd
	CdS (30d @1.034

mg/m3)
	Rats
	no neurological effect
	Glaser et al, 1986


Reproductive Effects

Studies in Humans

There is insufficient evidence to determine whether exposure to cadmium via the inhalation route is associated with reproductive effects.

Gennart et al (1992) studied male reproductive effects of cadmium in 83 occupationally exposed blue-collar Belgian workers in 2 smelting operations. The workers were exposed to cadmium in dust and fumes. Information was recorded on age, residence, education, occupational and health history, actual and previous occupations, smoking habits, and coffee and alcohol consumption. Fertility parameters included dates of birth of wife and husband, date of marriage, and the number of children born alive and their dates of birth. Blood and urine samples were also collected from each worker. Some cadmium workers had been excessively exposed; 25% of them already had signs of kidney dysfunction as evidenced by microproteinuria and/or a serum creatinine level above 13 mg/l. No effects were observed on male fertility as evidenced by no significant influence of cadmium on the probability of a live birth. The limitation of this study, as described by the authors, included the fact that the wives were not interviewed and, therefore, factors that could have influenced their reproductive ability were not considered.

Men occupationally exposed to cadmium at levels causing renal damage had no change in testicular endocrine function, as measured by serum levels of testosterone, luteinizing hormone, and follicle stimulating hormone (Mason, 1990).

Noack-F_ller et al (1993) measured concentrations of cadmium, lead, selenium, and zinc in whole semen and seminal fluid of 22 unexposed men (13 were smokers) to evaluate intra-individual variability and to examine the statistical association between element concentrations and semen characteristics and sperm motion parameters.

None of the men had any known occupational exposure to cadmium.

Concentrations of cadmium were similar in semen and seminal plasma (0.400.23 and 0.34±0.19 g/l, respectively). Sperm motility (p<0.02), linear velocity (p<0.001), and curvilinear velocity (CV) (p<0.002) were significantly correlated with semen cadmium levels. Intra-individual coefficients of variation for sperm count (CV=46±4%) and sperm concentration (CV=37±6%) showed the highest variability. No positive correlation was found between cadmium concentration in semen and sperm density. The smokers had slightly elevated levels of cadmium. The concentrations of cadmium in semen of these volunteers was very low. Additional studies are needed (preferably with larger sample sizes) to evaluate the robustness of this association between cadmium (at the low levels detected) and sperm motion parameters. Saaranen et al (1989) measured cadmium, selenium, and zinc in seminal fluid and serum in 64 men, half of whom were smokers. Smokers had significantly higher serum cadmium concentration than non-smokers. Seminal fluid cadmium was also elevated in smokers, and was higher than serum cadmium in smokers consuming more than 20 cigarettes daily. Semen quality was measured for volume, sperm density, morphology, motility, and number of immature germ cells. No differences were found in semen quality or fertility between smokers and non-smokers. There was no significant correlation between seminal fluid cadmium levels and semen quality or fertility.

Xu et al (1993a) measured trace elements in blood and seminal plasma and their relationship to sperm quality in 221 Singapore men (age range 24-54; mean 34.8) who were undergoing initial screening. for infertility. Men with significant past medical history and those who had been occupationally exposed were excluded. Parameters monitored included semen volume and sperm density, motility, morphology, and viability. Graphite furnace atomic absorption was used to determine cadmium concentration in blood and semen. No differences were observed in sperm quality (density, motility, morphology, volume, and viability) of the 221 men compared to a cohort of 38 fertility proven men (wives had recently conceived). Cadmium levels in blood did have a significant inverse relationship with sperm density (r=-0. 15, p<0,05) in oligospermic men (sperm density below 20 million/ml), but not in normospermic men. There was a significant reduction in sperm count in men with blood cadmium of >1.5 g/l. Also, there was a weak negative correlation between defective sperm and concentration of cadmium in semen (r=-0.21, p<0.05). The volume of semen was inversely proportional to the cadmium concentration in semen (r=-0.29, p<0.05). These findings suggest that cadmium may have an effect on the male reproductive system. Limitations of the study include lack of control for potential confounding factors such as the lower levels of zinc in seminal plasma, and the validity of using infertile men as the study group (i.e., again because of confounding factors that may be affecting both cadmium levels and sperm levels).

A post-mortem study of men occupationally exposed to cadmium who died from emphysema found high levels of cadmium in their testes, but no histological lesions other than those attributable to terminal illness (Smith et al, 1960). Russian women occupationally exposed to cadmium concentrations up to 35 mg/m3 had no irregularities in their menstrual cycles (Tsvetkova, 1970). Fertility and other indices of reproductive function were not measured. No studies were located that showed reproductive effects in women following inhalation exposure to cadmium.

Studies in Animals

Some effects have been observed in animal studies as summarised in Table 6.15.

	Table 6.15: Summary of Animal Studies for Reproductive Effects

	Dose

(hr-mg/m3)
	Exposure
	Target
	Effect
	Author

	372 Cd
	Cd (6hr/d for 62d

@1.0 mg/m3)
	Rats (m & f)
	no loss of

reproductive

performance but

relative weight of the

testes was increased
	Kutzman et al,

1986

	500 Cd
	CdO dust (5hr/d for

100d @1 mg/m3)
	Rats (female)
	longer oestrus cycle
	Baranski &

Sitarek, 1987

	>4000 Cd
	CdSO4 (60 d @2.8

mg/m3)
	Rats (female)
	longer oestrus cycle

(in 50% of animals)
	Tsvetkova, 1970


Developmental Effects

Studies in Humans

Russian women occupationally exposed to cadmium at concentrations ranging from 0.02 to 35 mg/m3 had offspring with decreased birth weights compared to unexposed controls, but without congenital malformations (Tsvetkova, 1970). No association was found between birth weights of offspring and length of maternal cadmium exposure. Moreover, no control was made for parity, maternal weight, gestational age, or other factors known to influence birth weight (Tsvetkova, 1970). A nonsignificant decrease in birth weight was found in offspring of women with some occupational exposure to cadmium in France; however, no adverse effects were documented in these newborns (Huel et al, 1984). Huel et al (1984) used hair samples to estimate exposure, and this method is limited without controls to distinguish between erogenous and endogenous sources. No other studies were located regarding developmental effects in humans after inhalation exposure to cadmium.

Studies in Animals

Developmental toxicity, as evidenced by delayed ossification, decreased locomotor activity, and impaired reflexes in the offspring), was found in the offspring of female rats exposed to cadmium oxide at a concentration of 0.02 mg Cd/m3 5 hours/day, 5 days/week, for 4-5 months prior to mating and during the first 20 days of gestation. At a higher concentration, 0.16 mg/m3 decreases in body weight gain, osteogenesis and viability were noted (Baranski, 1985).

In rats exposed to cadmium chloride aerosols, at concentrations of 0.204, 0.394, or 0.581 mg/m3, during gestation, maternal weight gain and foetal weight were reduced (Prigge, 1978b).

Genotoxic Effects

Studies in Humans

Examination of lymphocytes from workers occupationally exposed to both cadmium and lead have shown statistically significant increases in chromosomal aberrations (Bauchinger et al, 1976, Deknudt & Leonard 1975, Deknudt et al, 1973), though not in men exposed primarily to Cadmium (Bui et al, 1975, O’Riordan et al, 1978).

Studies in Animals: No studies have been found on the genotoxic effects of exposure to cadmium by the inhalation route.

Cancer

Studies in Humans

The relationship between occupational exposure to cadmium and increased risk of cancer, particularly lung and prostate cancer has been investigated in a number of epidemiological studies. The data and some of the analyses for lung cancer are conflicting. Controls for confounding factors such as co-exposure with other metal carcinogens and smoking have been included in only a few studies (NTIS, 1999). Overall, the results provide little evidence of an increased risk of lung cancer in humans following long term exposure to cadmium by inhalation. The early studies indicated that the incidence of prostate cancer was increased in men occupationally exposed to cancer (Kipling & Waterhouse, 1967; Kjellstrom et al, 1979; and Lemen, 1976). Later investigations however found slight, nonsignificant increase or no increases (Elinder et al, 1985; Kazantis et al, 1988, 1992; Sorahan, 1987; and Thun et al, 1985).

Some increases in lung cancer have been found in occupationally exposed cohorts in UK, and Sweden (Ades & Kazantizis, 1988; Elinder, 1985c; Kazantzis, 1988; and Sorahan 1987, 1995). Sorahan (1995), in a recent study on mortality rates from lung cancer and non-malignant respiratory diseases amongst 347 copper cadmium alloy workers in the UK concluded that exposure to Cadmium oxide fumes increases the risk of mortality from non-malignant diseases respiratory system but does not increase the risk from lung cancer.

An increased risk of lung cancer was reported in studies on the only US cohort, a group of workers in a cadmium recovery plant in Colorado (Thun et al, 1985; Stayner, 1992). More recent studies have attributed the increase in risk to exposure to arsenic and/or smoking (Lamm et al, 1992, 1994; and Sorahan et al, 1997).

The US EPA has classified cadmium as a probable human carcinogen when administered via the inhalation route (Group B1), based on limited evidence of an increase in lung cancer in humans (Thun et al, 1985) and sufficient evidence of lung cancer in rats (IRIS, 1996; and Takenaka et al, 1983). US EPA has calculated an inhalation unit risk (the risk corresponding to lifetime exposure to 1 g/m3) of 1.8 x 10-3 (IRIS, 1996). The National Toxicology program (NTP) has classified cadmium and certain cadmium compounds as substances that are reasonably anticipated to be carcinogens (NTP, 1994). The IARC on the other hand has classified cadmium as carcinogenic in humans (Group1), based on sufficient evidence for carcinogenicity in both human and animal studies (IARC, 1993).

Studies in Animals

Studies in rats, mice, and Syrian golden hamsters provide evidence of the carcinogenic potential of chronically inhaled cadmium to the lung.

Oldiges et al (1989) found a definite dose related increase in the incidence of lung tumours in rats following an 18-month continuous exposure to cadmium compounds. Increased incidence of lung tumours were observed for cadmium chloride and oxide at concentration of 0.03 mg/m3 and for cadmium sulphate and sulphite at concentrations of 0.09 mg/m3.

A study by Takenaka et al (1983) confirmed that cadmium chloride aerosols containing 0.0134, 0.0257 and 0.0508 mgCd/m3, when administered to male rats for 18 months, was carcinogenic.

Heinrich et al (1989) in a study similar to that conducted by Oldiges (1989) did not observe an increase in lung tumours in male or female Syrian golden hamsters following chronic exposure to cadmium oxide dust or fumes, cadmium chloride, cadmium sulphate, or cadmium sulphide. According to the same author, in female mice the incidence of lung tumours increased at all levels. There was a high incidence in the controls and the cadmium induced increases were not statistically significant. With the exception of cadmium oxide fumes (weak increase) the incidence of lung tumours in the cadmium treated mice did not increase in a dose related manner.

6.3.3 Inhalation Toxicity

Cadmium chloride and cadmium oxide tend to be most toxic compounds while the effects of cadmium sulphide and cadmium selenium sulphide (red pigment) are much less severe (by 1 or 2 orders of magnitude). The findings of the review presented above are summarised in Table 6.16.

	Table 6.16: Summary of Cadmium Toxicity due to Inhalation

	Effect
	
	Acute (< 15 days)
	Intermediate

(15 - 364 days)
	Chronic (>1 year)

	Death
	H
	Occupational accidents

have led to deaths
	No data
	Unreliable data only

	
	A
	Rats: LOAEL < 0.9 CdO

(to nose)
	Rats: LOAEL <145 CdO
	Rats: LOAEL <241 CdCl2

	Respiratory
	H
	LOAEL < 40 Cd
	Limited data
	Conflicting data

	
	A
	Hamsters: LOAEL < 5

CdCl2
	Rabbits: LOAEL < 48

CdCl2
	Rats: LOAEL <169 CdCl2

	Cardiovascular
	H
	No significant effect in humans

	
	A
	No data
	Rats: LOAEL < 394 CdCl2
	No data

	Gastrointestinal
	
	No significant effect in humans/animals

	Haemotological
	
	Conflicting evidence suggests no significant effects in humans/animals

	Musculoskeletal
	
	Some effects observed in workers after high occupational exposure

	Hepatic
	H
	No effects in human observed

	
	A
	No data
	Rats: NOAEL 471 CdO

but

Rats: LOAEL <72 Cd
	No data

	Renal
	H
	No data
	No data
	NOAEL/LOAEL: 30 years

@0.004 mg/m3

	
	A
	Very high doses required to effect kidneys in mammals

	Dermal
	
	No significant effect in humans/animals

	Ocular
	
	No significant effect in humans/animals

	Body weight
	H
	No effects in humans observed

	
	A
	Rats: LOAEL<6.5 CdCl2

but NOAEL 12 CdCl2
	Rats: NOAEL >183 CdCl2
	No data

	Other Systemic
	
	Some teeth discolouration in workers but no relevant animal studies

	Immune System
	H
	Limited effects in humans observed
	
	

	
	A
	Mice: NOAEL 0.22 CdCl2
	Rats: LOAEL <199 CdCl2
	No data

	Neurological
	H
	No significant effects in humans observed

	
	A
	Rats: LOAEL < 224 Cd
	Rats: NOAEL >123 CdCl2
Rats: LOAEL <385 CdCl2
	No data

	Reproductive
	H
	No significant effects in humans observed

	
	A
	No data
	Rats: LOAEL <372 Cd
	No data

	Development
	H
	No significant effects in humans observed

	
	A
	No data
	Rats: LOAEL <9 Cd
	No data

	Genotoxic
	
	Conflicting evidence on significant effects in humans - but no animal data

	Cancer
	H
	Conflicting evidence on human carcinogenicity

	
	A
	No data
	No data
	Rats: LOAEL < 176 CdCl2

	Note: H relates to human effects and A to animal effects, units are hr-mg/m3


6.3.4 Exposure by the Oral Route

Overview

Information on health effects of oral exposure to cadmium in humans is derived mainly from studies of residents of areas polluted with cadmium. The exposure of these populations is usually estimated by measuring the levels of cadmium in blood and/or urine. Exposure is generally via the diet, though smokers are also exposed to  cadmium by inhalation. Smoking by itself, however is not a route of exposure but a variable, because of the large number of other toxic compounds present in cigarette smoke, and the primary objective is to study the effects of cadmium and cadmium compounds (NTIS, 1999). In water, cadmium is more often found in the free ionic form, while in food the cadmium generally exists as a complex with ligands, including proteins such as metallothionein (Crews et al, 1989; Groten et al, 1990; and Nordberg et al, 1986 - cited in NTIS, 1999).

The soluble cadmium salts (particularly cadmium chloride) have generally been used in toxicology studies in animals to investigate the effect of exposure to cadmium in food and water and oral administration (gavage).

Death

Studies in Humans

Doses estimated to be 25 and 1,840 mg/kg of cadmium iodide and cadmium chloride respectively have been ingested to commit suicide (Buckler et al, 1986; and Wisniewska-Knypl et al, 1971). Death, due to fluid loss, oedema and organ damage occurred within 7 days and 33 hours of ingestion.

Studies in Animals

In rats and mice, acute oral LD50 values for cadmium range from 100-300 mg/kg/day Baer & Benson, 1987; Bassinger et al, 1988; Kostial et al, 1978; Kotsonis & Klaassen, 1978; and Shimizu & Morita 1990). The lowest dose causing death (2 of 20 animals) was 15.3 mg/kg in Sprague-Dawley rats (Borzelleca et al, 1989). Very young animals have lower LD50 values than adults (Kostial et al, 1978, 1989).

Deaths related to medium term exposure to cadmium have been observed in the only 2 studies found. In both studies, cadmium chloride was administered. Baranski & Sitarek (1987) used Wistar rats, and administered the compound by gavage at 40 mg Cd/kg, 5 days/week for up to 14 weeks. Four of 13 rats died by week 8. In female albino Swiss mice, used by Blakley (1986), to study the effect of the compound on chemical and viral induced tumour production, the cadmium chloride was administered in the drinking water for 280 days at doses of 0, 5, 10, or 50 ppm. These mice have a high incidence of spontaneous lypmhocytic leukemia of thymic origin. A significant 33% increase (p=0.0228, chi-square analysis) in deaths from virally induced leukaemia was observed from exposure to 1.9 ppm, or 9.5 mg Cd/kg/day. The author attributed the deaths to the impairment of the immunosurveillance mechanisms that control expression of the murine lymphocytic leukaemia virus.

Respiratory Effects

Studies in Humans: No studies of the effects of exposure to cadmium by the oral route on the respiratory system were found.

Studies in Animals

Various studies on animals provide information on respiratory effects as summarized in Table 6.17.

	Table 6.17: Summary of Animal Studies for Respiratory Effects

	Intake

(mg/kg/day)
	Exposure
	Target
	Effect
	Author

	1.2
	Cd 200d in water
	Sprague-

Dawley rats

(male)
	reduced static

compliance and

unspecified lung

lesions
	Petering et al,

1979

	2.4
	CdCl2 6-16 wks
	Rats
	Fibrosis
	Miller et al,

1974b

	3.62
	Cd 120d in water
	Sprague-

Dawley rats

(male)
	emphysema
	Petering et al,

1979

	4
	CdCl2 9y via diet
	Rhesus

monkeys
	No respiratory

effect
	Masaoka et al,

1994

	8
	Cd in water
	Sprague-

Dawley rats

(male)
	no

histopathological

lesions
	Kotsonis and

Klaassen, 1978

	16
	Cd 90d in water
	Wistar rats
	no effects on lung

weight
	Prigge, 1978a


Cardiovascular Effects

Studies in Humans

Studies investigating cardiovascular effects in humans after oral exposure to cadmium have concentrated on the relationship between blood pressure and biomarkers of cadmium exposure such as cadmium levels in the blood, urine or other tissues (NTIS, 1999). Smoking is an important confounding factor as smokers generally have higher levels of cadmium in blood, urine and tissues (NTIS, 1999). When smoking has been adequately controlled generally no association between dietary exposure and hypertension in case-control and cohort epidemiological studies (Beevers et al, 1980, Cummins et al, 1980, Ewers et al, 1985, Lazebnik et al, 1989, Shiwen et al, 1990). Conflicting results such as positive or negative correlations have also been reported by Geiger et al (1989), Tulley and Lehmann (1982) and Kagamimori et al (1986) and Stassen et al (1984) respectively. Contradictory results have also been reported in the analysis of death rates from cardiovascular disease among populations exposed to cadmium in the diet. Disorders of the cardiac conduction system, lower blood pressure and decreased frequency of ischemic changes were found in elderly women with a previous history of dietary exposure to cadmium (Kagamimori et al, 1986). Ventricular fibrillation and other rythmic disturbances were seen in an individual who had ingested 25 mg/kg of cadmium iodide (Wisniewska-Knypl et al, 1971).

Studies in Animals

In some studies oral exposure of rats, rabbits and monkeys to cadmium for intermediate and chronic periods has been found to increase blood pressure (Akahori et al, 1994; Boscolo & Carmignani, 1986; Carmignani & Boscolo, 1984; Kopp et al, 1982; Perry et al, 1989; and Tomera and Harakal 1988), but not in others (Fingerle et al, 1982; Kotsonis & Klaassen, 1978; Loeser & Lorke, 1977a, 1977b; Mangler et al 1988; and Willis et al, 1981). In general, the effects were small and the control groups had lower blood pressure in studies where an effect was found than the controls in studies in which no effect was seen (NTIS, 1999). Some examples of studies on animals are summarised in Table 6.18.

	Table 6.18: Summary of Some Animal Studies for Cardiovascular Effects

	Intake

(mg/kg/day)
	Exposure
	Target
	Effect
	Author

	0.35
	Cd 3 y
	Rats
	Enlarged and

arteriosclerotic

hearts
	Schroeder et al,

1965

	2.5
	Cd in diet 7wk
	Rats
	congestion and

separation of

muscle fibres at the

histopathological

examination
	Jamall et al, 1989

	2.79
	Cd 100d
	Rats
	Enlarged and

arteriosclerotic

hearts
	Wilson et al,

1941

	150
	Cd (single dose)
	Sprague-

Dawley rats
	no effect on blood

pressure
	Kotsonis and

Klaassen, 1978


Overall there is evidence that oral exposure to cadmium causes slight cardiovascular toxicity (NTIS, 1999).

Gastrointestinal Effects

Studies in Humans

Oral exposure to high concentrations of cadmium has been found to cause severe irritation to the epithelium of the GI tract (Andersen et al, 1988; and Frant & Kleeman, 1941). The symptoms most commonly observed after ingesting food or drink containing high concentrations of cadmium include nausea, vomiting, salivation, abdominal pain, cramp and diarrhoea (Baker & Hafner, 1961; Buckler et al, 1986; Frant & Kleeman, 1941; Nordberg et al, 1973; Shipman, 1986; and Wisniewska-Knypl et al, 1971). Although exact doses were not determined GI symptoms have been seen in children by 13-16 mg/l. Assuming an intake of 0.15 l and a body weight of 35 kg Nordberg et al ( 1973) have calculated that the emetic dose is 0.07 mg/kg.

Studies in Animals

In rats and mice, histopathological lesions including severe necrosis, haemorrhage and ulcers, have been observed in the epithelium of the GI tract after acute oral , gavage, exposure to cadmium at doses of greater than 30 mg/kg/day (Andersen et al, 1988; Basinger et al, 1988; and Machemer & Lorke, 1981), but not after 8 mg/kg/day in the drinking water for 24 weeks (Kotsonis and Klaassen 1978).

Haematological Effects

Studies in Humans

Oral exposure to cadmium reduces the gastrointestinal uptake of iron, and anaemia can develop if the content of iron in the diet is low (NTIS, 1999). Kagamimori et al (1986) found anaemia among humans with chronic exposure to cadmium in the their diet. Roels et al (1981a) and Shiwen et al (1990), found no relationship between exposure to cadmium in the diet and anaemia. Other findings were hypoproteinaemia and hypoalbuminaemia in a male who had ingested 25 mg/kg of cadmium iodide (Wisniewska-Knypl et al, 1971).

Studies in Animals

Anaemia, which can be prevented by the use of additional iron, has been observed in laboratory animals after oral exposure to cadmium in a number of studies (Decker et al, 1958; Groten et al, 1990; Hays & Margaretten, 1985; Itokowa et al, 1974; Kawamura et al, 1978; Kelman et al, 1978; Kozolowska et al, 1993; Ogoshi et al, 1989; Pleasants et al, 1992, 1993; Pond & Walker, 1975; Sakata et al, 1988; Sorell & Graziano, 1990; Stowe et al, 1972; Watanabe et al, 1986; Webster, 1978; and Wilson et al, 1941). These typically involved oral intake by rats of 2-14 mg/kg/day for an intermediate duration. There were some exceptions principally in rat studies using similar dose levels, which were performed by Kotsonis and Klaassen (1978), Loeser and Lorke (1977a), Petering et al (1979) and Prigge (1978a).

The results of studies on animals are summarised in Table 6.19.

	Table 6.19: Summary of Animal Studies for Haemotological Effects

	Intake

(mg/kg/day)
	Exposure
	Target
	Effect
	Author

	0.75
	Cd intermediate
	Mice

Rabbits

Dogs
	Anaemia

Anaemia

No anaemia
	Webster, 1978

Stowe et al, 1972

Loeser & Lorke, 1977b

	0.79
	Cd in water 12m
	Rats
	No anaemia
	Decker et al,

1958

	2-14
	Cd intermediate
	Rats
	Anaemia and no

anaemia
	various

	4
	Cd in diet 90d
	Monkeys
	Some signs of

anaemia
	Masoka et al,

1994

	57
	Cd in water 12m
	Mice
	Decrease in no. of

erythroid progenitor

cells (bone marrow)
	Hays and

Margaretten,

1985

	65.6
	Cd 10d
	Rats (male)
	Slight increases in

haemoglobin,

haematocrit, and

erythrocytes
	Borzelleca et al,

1989

	150
	Cd (single dose)
	Sprague-

Dawley rats
	Not anaemic after

14d
	Kotsonis &

Klaassen, 1977


Musculoskeletal Effects

Studies in Humans

In some humans exposed to cadmium in food bone disorders including ostomalacia, osteoporosis and spontaneous, and painful bone fractures (Itai-Itai disease) have been observed. This disease and osteomalacia have been found to frequently affect women with poor nutrition and frequent pregnancies living in a cadmium contaminated area in Japan (Shigematsu, 1984). Kido et al (1989b) found an increased incidence of osteoporosis and osteomalacia in other populations of Japanese women (and men) exposed to cadmium in their diet. The degree of loss of bone density is correlated with urinary excretion of 2-microglobulin, the index of renal injury (see below) (Kido et al, 1990a). There were 56 cases of Ita-Itai disease, 26 of which were associated with ostomalacia and 26 cases of Itai-Itai disease alone, in a population of elderly Japanese women who were exposed by ingesting drinking water, rice and fish contaminated with cadmium during World Wars 1 and 2 and continued exposure (low-grade) through ingestion of agricultural produce (Kagamimori et al, 1986).

As already noted, it has been reported that low levels of cadmium exposure may lead to skeletal demineralisation (Staessen et al, 1999) and osteoporosis (Alfven et al, 2000).

Studies in Animals

In rats, exposure to cadmium has been shown to affect the skeleton. A decrease in the calcium content of bone and an increase in the excretion of calcium in the urine are common findings in studies of exposure to 2-8 mg Cd/kg/day for periods of intermediate and chronic duration (Kawamura et al, 1978; Nogawa et al, 1981; Pleasants et al, 1992; and Watanabe et al, 1986).

Kotsonis and Klaassen (1978) and Kelman et al (1978) found no changes in bone calcification after rats were exposed in drinking water to 8 mg/kg/day for 24 weeks and female rats exposed to 3.8 mg/kg/day in drinking water for 22 days during gestation respectively.

Adverse effects on bone are exacerbated by a calcium deficient diet (Itokawa et al, 1974; Kimura et al, 1974; Larssen & Piscator, 1971; Wang & Bhattacharyya, 1993; and Wang et al, 1994), by exposure at an age when the bones are growing (Ogoshi et al, 1989), by ovarectomy (Bhattacharyya et al, 1988c), and repeated gestation and lactation periods (Bhattacharyya 1988b).

Ogoshi (1989) assessed the strength of the femurs of 19-22 young (21 days old), 18- 25 adult (24 weeks old) and 25-27 old (1.5 years old) female rats following 4 weeks exposure to cadmium chloride at various dose levels in drinking water. Femur compression and bending strengths, and the cadmium and zinc content of bone were determined. In the young rats 5 and 10 ppm (Note: 1 ppm = 1 mg/l) reduced bone strength, while in the adult and old rats there was no change up to doses of 160 ppm. Bone strength was found to correlate well with the cadmium content of bone, but not with that of liver or kidney. The accumulation of cadmium in the bones was greatest in young rats (100 and 150 ng/g dry weight at 5 and 10 ppm respectively In the adult and old rats accumulation was 65 ng/g at 160 ppm.

In non pregnant mice given a calcium deficient diet the addition of cadmium at concentrations of up to 25 ppm significantly increased bone resorption immediately, according to the levels in serum and faeces(Wang and Bhattacharyya 1993). In pregnant mice fed a calcium deficient diet exposure to cadmium in the diet induced an Itai-Itai like syndrome. Almost all of the cadmium lost from the dams appeared in the pups, 20% during gestation and 80% via the dam’s milk during lactation (Wang et al, 1994). In mice some investigators have detected effects in bone prior to the development of proteinuria or histopathological kidney damage was detectable (Bhattacharyya et al, 1988a,1988b, Ogoshi 1989, Watanabe et al, 1986). These results indicate that disturbances in calcium metabolism may occur prior to proteinuria following long term/chronic exposure to cadmium.

Hepatic Effects

Studies in Humans

Liver damage is not usually associated with exposure to cadmium via the oral route, unless the levels are very high. In humans a fatal dose of cadmim iodide or chloride can cause marked liver damage (Buckler et al, 1986, Wisniewska-Knypl et al, 1971). Increased serum concentration of the urea-cycle amino acids at levels which reflect liver damage, among individuals exposed to cadmium in the diet have been reported (Nishino et al, 1980).

Studies in Animals

Exposure to cadmium via the oral route has caused effects in the liver of mice, rats and rabbits as summarised in Table 6.20.

	Table 6.20: Summary of Animal Studies for Hepatic Effects

	Intake

(mg/kg/day)
	Exposure
	Target
	Effect
	Author

	0.75
	Cd 3m
	Dogs
	No effects on liver
	Loeser & Lorke,

1977b

	0.05-10
	Cd intermediate/ chronic
	Rats
	decreased

cytochrome c

oxidase in

mitochondria and

increased ALT and

AST activity
	Groten et al,

1990; Muller &

Stacey, 1988; and

others

	1.6-15
	Cd intermediate/

chronic
	Rats
	Necrosis
	Cha, 1987; Gill et

al, 1989; and

others

	3
	Cd in diet intermediate

/chronic
	Rats
	No effect on liver
	Loeser and Lorke

1977a

	5.95
	Cd in diet 6wk
	Rats (male)
	Decreased liver

weight
	Kozloska et al,

1993

	8
	Cd in water 24wk
	Rats
	No effect on liver
	Kotsonis &

Klaassen, 1978

	13.9
	Cd in water 10d
	Rats
	No effect on liver
	Borzellaca et al,

1989

	14
	Cd in water 6wk
	Rats
	No effect on liver
	Hopf et al, 1990

	30-138
	Cd (gavage) acute
	Rats
	Necrosis
	Andersen et al,

1988; Basinger et

al, 1988;

Borzelleca et al,

1989; Shimizu

and Morita, 1990

	150
	Cd (single dose)
	Sprague-

Dawley rats
	No

histopathological

evidence of damage

to the liver
	Kotsonis &

Klaassen, 1977


Renal Effects

Studies in Humans

The kidney is identified as the main target organ of cadmium toxicity following long term exposure in numerous studies. The effects are similar to those seen following exposure by the inhalation route (see above). Increased incidences of tubular proteinuria have been found in many epidemiological studies of populations residing in the cadmium-polluted areas of Japan (Nogawa et al, 1980, 1989), Belgium (Buchet et al, 1990; Roels et al, 1981a; and others) and China (Shiwen et al, 1990).

A recent study of Belgians (aged 20-80 years) from polluted and nonpolluted urban and rural areas found abnormal rates of urinary excretion of 2-microglobulin, retinal binding protein, N-acetyl--glucosaminidase, amino acids, and calcium in individuals with cadmium excretion rates >2 lg/day (Buchet et al, 1990). The cadmium excretion rate of 2 lg/day was estimated to correspond to a cadmium level of 50 lg/g wet weight in the renal cortex (Buchet et al, 1990). This study suggests that the critical concentration may be lower in members of the general population than in workers (Buchet et al, 1990). However, data from Japanese residents of cadmium-polluted areas support a critical concentration of 200 lg/g wet weight, as found in occupationally exposed workers (Roels et al. 1983). Quantitative analysis of the prevalence of elevated urinary 2-microglobulin as a function of cadmium ingestion indicates that after a total intake of approximately 2,000 mg cadmium (for a 53-kg person), renal damage will occur (Nogawa et al, 1989). This intake corresponds to a 50-year dose of approximately 0.0021 mg/kg/day. A kinetic model of cadmium metabolism predicts that this intake will produce elevated 2-microglobulin levels in about 5% of a non-smoking European population (body weight=70 kg) and about twice that rate in a Japanese population (body weight=53 kg), assuming a log-normal distribution in critical concentrations with 10% of the population having a critical concentration of 180 lg/g or less and 50% having a critical concentration at 250 lg/g or less (Kjellstrom, 1986). This kinetic model also assumes that kidney concentrations will be log-normally distributed in a population with a given intake(Kjellstrom, 1986); it has been suggested that the standard deviation for this distribution is 1.75 rather than 2, and that intakes to produce a given probability of renal effects are 50% higher than predicted by the model (Piscator, 1985). Possible reasons for the discrepancy of the model with the Buchet et al (1990) study, but agreement with the Nogawa et al. (1989) study, include differences in the cutoffs for elevated 2-microglobulinuria and differences in estimation of dietary cadmium absorption.

Proteinuria does not decrease when oral exposure to cadmium stops. Renal tubular dysfunction and reduced glomerular filtration increase in severity after cessation of environmental exposure (Iwata et al, 1993; Kido et al, 1990b). Although kidney failure is not the primary cause of death among populations environmentally exposed to cadmium, increased rates of mortality from renal disease have been observed in populations of Belgium (Lauwerys and De Wals, 1981), England (Inskip and Beral 1982) (although not significant), and Japan (Nakagawa et al, 1987) (significant for females and not significant for males). The increased calcium excretion associated with cadmium-induced renal damage may also increase the risk for osteoporosis, particularly in post-menopausal women (Buchet et al, 1990).

Studies in Animals

Studies by Andersen et al (1988), Bernard et al (1980, 1988, 1992), Bomhard et al, 1984 and others in mice rats and rabbits have found that oral exposure to cadmium causes proteinuria and tubular damage. Histopathological findings include focal necrosis of proximal tubular epithelial cells and cloudy swelling in renal tubules (Cha, 1987).

Other studies (Basinger et al, 1988; Borzelleca et al, 1989; Boscolo & Carmignani, 1986; Groten et al, 1990; Jamall et al, 1989; and Loeser & Lorke 1997a, 1977b) have shown that exposure to cadmium via the oral route has no effect on renal function. Proteinuria (Bernard et al, 1988a; Cardenas et al, 1992a, 1992b; Kotsonis & Klaassen, 1978; and others) and histopathological lesions (Gatta et al, 1989; Itokawa et al, 1974; Kotsonis & Klaassen, 1978; and Wilson et al, 1941) have often been found in intermediate duration oral exposure studies in rats given cadmium at dose levels of 2- 30 mg/kg/day. At these levels decreased renal clearance (Kawamura et al, 1978) and increases and decreases in the relative weights of the kidney have been reported by Pleasants et al (1992, 1993) and Kozlowska et al (1993).

Other relevant studies include:

· in dogs, cadmium at a dose level of 0.75 mg/kg/day for 3 months had no effect on the kidney (Loeser and Lorke 1977b);

· in rabbits, a dose level of 14.9 mg/kg/day cadmium for 200 days caused interstitial fibrosis (Stowe et al, 1972);

· in rhesus monkeys exposed to cadmium for 9 years renal dysfunction was observed at a dose level of 1.2 mg/kg/day though not at 0.4 mg/kg/day (Masaoka et al, 1994); and

· in rats following chronic-duration exposure to cadmium at dose levels ranging from 1.8 –12.5 mg/kg /day, via the oral route proteinuria (Bernard et al, 1992, Bomhard et al, 1984) and histopathological damage (Fingerle et al, 1982, Mangler 1988) are common findings.

The hypothesis that a concentration of approximately 200 lg/g in the renal cortex is required to produce proteinuria is generally supported by the animal data (Bhattachayya et al, 1988c; Kotsonis & Klaassen, 1978; Mangler et al, 1988; Shaikh et al, 1989; and Viau et al, 1984 – cited in NTIS 1999).

Endocrine Effects

Studies in Humans: No studies of the effects, of previous exposure to cadmium by the oral route, on the endocrine organs in humans were found.

Studies in Animals

The evidence of the effect(s) of oral exposure to cadmium is based on histopathological examination of the endocrine organs. Examples of animal studies include:

· in rats given 2.79 mg/kg/day in the diet for 100 days, atrophy of the pancreas and pancreatitis were observed (Wilson et al, 1941);

· in Wistar rats given 3 mg/kg/day in the diet for 3 months there was no effect on the adrenal glands, the pituitary gland, thyroid glands and the thymus (Loeser and Lorke, 1977a);

· in female Wistar and male Sprague-Dawley rats exposed to 8 mg Cd/kg/day via the drinking water for 90 days and 24 weeks respectively, there was no adverse effect on the parathyroid gland (Kawamura et al, 1978) and adrenal gland (Kotsonis and Klaassen, 1977); and

· in rabbits exposed to 14.9 mg Cd/kg/day via the drinking water for 200 days moderate concentrations of cadmium were found in the pancreas but there were no pathological changes observed (Stowe et al, 1972).

Dermal Effects

Studies in Humans: No studies of the effects, of previous exposure to cadmium by the oral route, on the skin of humans were found.

Studies in Animals: No dermal effects after oral exposure to cadmium, which were relevant to humans were found.

Ocular Effects

No studies investigating the ocular effects in humans or animals following oral

exposure to cadmium were found.

Body Weight Effects

Studies in Humans: No data have been found regarding the effects of previous oral exposure to cadmium on body weight in humans.

Studies in Animals

Lower body weight and reduced rates of growth are common observations in animals exposed to cadmium by the oral route as indicated in Table 6.21.

Metabolic Effects

Studies in Humans

Hypothermia and metabolic acidosis were reported in a human male who had ingested 25 mg/kg cadmium in the form of cadmium iodide (Wisniewska-Knypl et al, 1971).

Studies in Animals: No studies of metabolic effects in animals after oral exposure to cadmium were found.

	Table 6.21: Summary of Animal Studies for Bodyweight Effects

	Intake

(mg/kg/day)
	Exposure
	Target
	Effect
	Author

	0.4
	Cd 9y
	Rhesus

monkeys
	No effect
	

	1.2
	
	
	Decrease in growth

rate
	Masaoka et al,

1994

	3-232
	Cd intermediate
	Rats
	Decrease in

bodyweight
	Pleasants et al,

1992,1993;

Carmignani and

Boscolo, 1984;

Jamall et al,

1989; and others

	14.9
	Cd 200d
	Rabbits
	Small decrease in

bodyweight
	Stowe et al, 1972

	< 15
	Cd intermediate
	Rats
	No decrease in

bodyweight
	Kostial et al,

1993; Prigge,

1978a; Viau et al,

1984; and others

	15.3
	Cd 10d
	(m) Sprague-

Dawley rats
	79% decrease in

bodyweight gain
	Borzellaca et al,

1989

	57
	Cd in water 12m
	Mice
	Decrease in

bodyweight
	Hays and

Margaretten,

1985

	100
	Cd (single dose)
	Sprague-

Dawley rats
	No decrease in

bodyweight
	Kotsonis &

Klaassen, 1977

	150
	Cd (single dose)
	
	12% decrease in

bodyweight
	


Immunological and Lymphoreticular Effects

Studies in Humans: No studies of immunological effects in humans after oral exposure to cadmium were found.

Studies in Animals

Cadmium has affected the immune system in studies in mice, rats and monkeys, however the clinical significance of these effects is equivocal as the effects are often contradictory and the models used inappropriate indicators of the immune response in the general human population.

Neurological Effects

Studies in Humans

An association between environmental cadmium exposure and neurological function has been reported in a few studies. The parameters affected included verbal IQ, acting out short attention span and disruptive behaviour. The value of these data is equivocal because of the possibility of simultaneous lead exposure and other variables, which were not adequately controlled.

Studies in Animals

Cadmium induced neurotoxicity has been observed in acute and intermediate duration animal studies.

Reproductive Effects

Studies in Humans: No studies of reproductive effects in men or women exposed to 

cadmium were found.

Studies in Animals

Exposure to cadmium has been shown to have adverse effects on the reproductive systems of male and female animals. Specific examples include:

· acute exposure to near lethal doses (60-100 mg/kg) have been reported to cause testicular atrophy (Andersen et al, 1988; Bomhard et al, 1987; Borzelleca 1989) and consequently a decrease in fertility (Kotsonis and Klaassen 1978) in male mice and rats;

· intermediate periods (10-117 weeks) of exposure to lower doses (5.8-12.9 mg/kg/day) have caused an increase in the absolute and relative weight of the testes, necrosis, atrophy of the seminiferous tubule epithelium, seminiferous tubule damage, decreased sperm count, and decreased motility (Cha, 1987; Pleasants et al, 1992; Saxena et al, 1989);

· exposure to higher levels of cadmium was necessary to elicit reproductive toxicity in female rats. In a study by Borzelleca et al, 1989 a dose of 65.6 mg Cd/kg/day, administered for 10 days, caused testicular atrophy and loss of spermatogenic element in male rats but 138 mg Cd/kg/day had no effect on their female counterparts; and

· in female rats exposed to 61.32 mg Cd/kg/day, but not 18.39 or lower, for days 6- 15 of gestation there was a decrease in the % of females which successfully mated and which subsequently became pregnant (Machemer and Lorke 1981).

Developmental Effects

Studies in Humans

Data on the effects of cadmium on development in humans is limited. The concentration of cadmium in the urine of women 3 days after giving birth was measured by Cresta et al (1989). The smoking habits and the birth weights of the offspring were compared. In non-smoking women cadmium levels, expressed as lg/l, were higher, though, when expressed as lg/g creatinine they were lower in women with offspring of lower than normal birth weight. In women in the smoking group cadmium levels, expressed as lg/l or lg/g creatinine, were lower in women with offspring of lower than normal birth weight.

Studies in Animals

In rats and mice oral exposure to cadmium prior to gestation and during gestation has resulted in fetotoxicity. This is generally manifested as reduced fetal or pup weight (Ali et al, 1986; Baranski, 1987; Gupta et al, 1993; Petering et al, 1979; Pond and Walker, 1975; Sorell and Graziano, 1990; and others). At dose levels in the 1-20 mg/kg/day range, malformations, particularly of the skeleton or skeletal effects including sireomelia, amelia, and delayed ossification of the sternum and ribs (Baranski 1985), dysplasia of facial bones and rear limbs, oedema, extenteration, cryptorchism and palatoschisis (Machemer and Lorke 1981) and sharp angulation of the tail (Schroeder and Michener 1971) have been reported.

The most sensitive indicator of the developmental toxicity of cadmium appears to be neurobehavioural development. Offspring of female rats exposed to 0.04 mg/kg/day via the oral route prior to and during gestation, had reduced locomotor activity and reduced performance on the rota rod at 2 months of age (Baranski et al, 1983). Pups from dams exposed 0.7 mg/kg/day during gestation also had neurobehavioural problems (learning difficulties and increased locomotor activity).

Behavioural and functional neurotoxicological changes have been reported in a three generation study of reproduction in rats (Nagymajtenyi et al (1997). Cadmium chloride at dose levels of 3.5, 7.0, or 14.0 mg Cd/kg was administered orally by gavage to three consecutive generations of Wistar rats over the period of pregnancy, lactation and up to 8 weeks after weaning. Behavioural (open field) and electrophysiological (spontaneous and evoked cortical activity, etc.) parameters of the male rats of each generation were investigated when they were 12 weeks of age. The principal behavioural findings were increased rearing (vertical exploration activity)and increased exploration of an open-field centre. There were dose and generation dependent changes in spontaneous and evoked electrophysiological parameters (represented by increases in the frequencies in the EEG, lengthened latency and duration of evoked potentials etc.), indicating a change in neural function. The results indicate that the exposure of 3 generations of rats to low-levels of cadmium affected nervous function.

Cadmium associated changes in behaviour and neurological function in rats were further investigated by Desi et al (1998). Female Wistar rats were given the same doses as in the previous study at 3 different intervals: days 5-15 of pregnancy, days 5- 15 of pregnancy and + 4 weeks of lactation, and days 5-15 of pregnancy + 4 weeks of lactation followed by the same oral treatment of male rats of the F1 generation for 8 weeks. Behavioural (open field) and electrophysiological (spontaneous and evoked cortical activity, etc.) parameters of the F1 male rats were investigated when they were 12 weeks of age. The results confirmed those of the previous study that cadmium altered the spontaneous and evoked electrophysiological function in a dose-related and treatment time dependent manner. The results indicate that pre- and postnatal exposure to low levels of cadmium affects the electrophysiological and higher order functions of the nervous system (NTIS, 1999).

The concentrations of zinc and cadmium in the brains of neonates of dams exposed to 5-6.3 mg/kg/day of cadmium acetate in drinking water during gestation and 7-8 mg/kg/day during a 21 day lactation period, was studied by Gupta et al (1993). Pup brain and body weights were significantly decreased in the cadmium exposed pups on lactation days 7-21. Cadmium brain accumulation was significantly increased in exposed pups on lactation day 7 and remained at similar levels on days 14 and 21 of lactation.

Saxena et al, 1986 reported that exposure to 21 mg Cd/kg/day via drinking water during days 0-20 had no effect on developmental parameters in rats(?). In this study the simultaneous exposure to 20 mg/kg/day lindane via gavage on gestation days 6-14 and cadmium acetate in drinking water at doses that did not individually cause maternal or developmental effects. Maternal toxicity was only observed in the cadmium plus lindane group. Fetal body weight was significantly decreased, as were intrauterine death and the incidence of skeletal anomalies.

Genotoxic Effects

Studies in Humans

The results on the genotoxicity of oral exposure to cadmium are conflicting. Examination of the lymphocytes from women (Itai-Itai patients) exposed to cadmium in the environment has shown an increase in chromosome aberrations (Shiraishi and Yoshida, 1972) and no co-effect (Bui et al, 1975). A third more recent study of inhabitants of a cadmium-polluted area in China found an increase in the incidence of chromosomal aberrations that was correlated with the levels of cadmium in urine (Tang et al, 1990).

Studies in Animals

Exposure to cadmium at a concentration of 600 ppm in the diet for 1 month had no effect on bone marrow (Deknudt and Gerber 1979). However abnormalities were observed in the bone marrow of mice after daily exposure to cadmium at a dose level of 3.52 mg/kg/day for 1-3 weeks (Mukherjee et al, 1988b). However, no evidence of germ cell mutation was found in male rats orally exposed to cadmium in a dominant lethal test (Sutou et al, 1980).

Cancer

Studies in Humans

A few studies of cancer rates among humans orally exposed to cadmium have been performed. No significant increase in cancer rates was found by Inskip and Beral (1982) when they studied the residents of a cadmium polluted village in the UK.

Studies in Animals

In the studies, of the effects chronic oral exposure to cadmium, performed in rats and mice in the 1960-1980s increased incidences of cancer or specific tumour types were not reported. The dose levels used were low, 1mg/kg/day in mice and 3.5mg/kg/day in rats and in general the histopathological examination was limited compared to current standards. In long term studies performed to investigate non-neoplastic effects, the dose levels, though higher, were still low, 4.01 and 8 mg/kg/day in rats and mice respectively (NTIS, 1999).

Studies performed more recently to evaluate e.g. the effects of chronic dietary zinc deficiency on the carcinogenic potential of cadmium in male Wistar rats (Waalkes and Rehm, 1992) employed cadmium concentrations of 25, 50, 100 or 200 ppm and concentrations of 60 (adequate)or 7 (deficient) ppm of zinc in the diet for 77 weeks. In addition, a complete necropsy and ?complete histopathological examination was performed. In this study cadmium did not affect survival rate or food consumption. The incidence of prostatic proliferative lesions both hyperplasias and adenoma was increased when compared with controls (1.8%) in both the zinc adequate (20%) and deficient (14%) groups. In the zinc deficient groups the incidence of prostatic lesions in all the cadmium treated was much lower, though the effect was not dose-related, possibly because the reduced intake of zinc was associated with a marked increase in the incidence of atrophy of the prostate gland. Cadmium treatment resulted in an increase in the incidence of leukaemia in both the zinc groups. In the “adequate”group the increase was significant at 50 and 100 but not 200 ppm. Zinc deficiency reduced the potency of cadmium to induce leukaemia, the increase achieving significance only at the 200 ppm concentration. The incidence of benign interstitial tumours of the testes was increased only in animals given 200 ppm in diets containing adequate levels of Zinc. A significant trend was noted for development of testicular neoplasia as the concentration of cadmium increased. In this study exposure to cadmium by the oral route was associated with tumours of the prostate, testes and haemopoietic system in rats. Diet deficient in zinc has complex apparently inhibitory effects on the carcinogenic potential of cadmium when administered by this route.

In a study in B6C3F1 mice the effects of cadmium exposure on tumour incidence at various times after the initiation of the carcinogenic process were studied (Waalkes 1993). The possible role of metallothionein in the susceptibility of transformed cells to cadmium induced cytotoxicity was also investigated. The 5 week old mice were given an IP injection of 90 mg/kg NDEA. At 2, 4, 8, 16 or 32 weeks post-NDEA the mice received 1000ppm cadmium ad libitum for up to 48 weeks post-NDEA exposure. There was a marked reduction in the incidence of liver tumours, generally adenomas, when given 32 weeks after the NDEA treatment. Cadmium alone eliminated the incidence of liver tumours (0/25) compared to controls (5/25). Exposure to cadmium also resulted in a reduction in the incidence of lung tumours, statistically significant, only for the 16-48 week cadmium treated group pre-treated with NDEA. Cadmium alone ?eliminated the incidence of spontaneously occurring lung tumours compared to the controls. Cadmium also reduced the multiplicity of tumours by 50-80%. The overall size of the tumours in the NDEA plus cadmium treatment groups was smaller than those in the NDEA only groups. Immunochemical and biochemical techniques (liver only) indicated that relatively little metallothionein was present in the liver carcinomas, liver adenomas and lung adenomas. The authors concluded that cadmium can “impair tumour formation in the lungs and liver of male B6C3F1 mice and appears to be able to selectively destroy existing preneoplastic and/or tumour cells (adenomas).

Overall, NTIS (1999) concluded that neither the human nor the animal studies provide sufficient evidence to determine whether or not cadmium is a carcinogen by the oral route.

6.3.5 Toxicity via Oral Exposure

Cadmium chloride and cadmium oxide tend to be the most toxic compounds while the effects of cadmium sulphide and cadmium selenium sulphide (red pigment) are much less severe (by 1 or 2 orders of magnitude). The findings of the review presented above are summarised in Table 6.22.

	Table 6.22: Summary of Cadmium Toxicity due to Oral Exposure

	Effect
	
	Acute (< 15 days)
	Intermediate

(15 - 364 days)
	Chronic (>1 year)

	Death
	H
	Deaths at 25 mg/kg CdI

and 1840 mg/kg CdCl2
	No data
	No data

	
	A
	Rats: LOAEL < 15 mg/kg

Rats/mice: LD50 100-300

mg/kg
	Mice: LOAEL < 9.5 mg/kg
	No data

	Respiratory
	H
	No data

	
	A
	No data to suggest effects
	S-D rats: LOAEL < 1.2

mg/kg
	R. monkeys: NOAEL > 4

mg/kg

	Cardiovascular
	H
	Conflicting evidence suggests no significant effects in humans

	
	A
	No evidence to suggest

effects even at high doses
	Rats: LOAEL < 2.5 mg/kg

but small effects and other

contradictory evidence
	Rats: LOAEL < 0.35 mg/kg

but small effects and other

contradictory evidence

	Gastrointestinal
	H
	LOAEL: 0.07 mg/kg

(children)
	No data
	No data

	
	A
	Rats/mice: LOAEL > 30

mg/kg
	Rats: NOAEL > 8 mg/kg
	No data

	Haemotological
	H
	Conflicting evidence suggests no significant effects in humans

	
	A
	Rats: LOAEL < 66 mg/kg
	Mice/rabbits: LOAEL <

0.75 mg/kg
	Rats: NOAEL > 0.79 

mg/kg; LOAEL < 57 

mg/kg

	Musculoskeletal
	H
	No data
	No data
	Some evidence amongst

women in contaminated

areas

	
	A
	Acute effects unlikely
	Rats: NOAEL 2-8 mg/kg


	Table 6.22 continued: Summary of Cadmium Toxicity due to Oral Exposure

	Effect
	
	Acute (< 15 days)
	Intermediate

(15 - 364 days)
	Chronic (>1 year)

	Hepatic
	H
	No significant effects in humans observed

	
	A
	Rats: NOAEL > 14 mg/kg
	Rats: NOAEL > 14 mg/kg

but: LOAEL < 0.05-15

mg/kg
	Rats: LOAEL 0.05-10

mg/kg

	Renal
	H
	No data
	No data
	NOAEL: 50 years @0.0021

mg/kg

	
	A
	No evidence to suggest

effects
	Rats: LOAEL < 2mg/kg

but other contradictory

evidence
	R. monkeys: LOAEL < 1.2

mg/kg but other

contradictory evidence

	Endocrine
	H
	No significant effects in humans observed

	
	A
	No evidence to suggest

effects
	Rats: LOAEL < 2.79mg/kg

but S-D Rats: NOAEL > 8

mg/kg
	No data

	Dermal
	
	No significant effect in humans/animals

	Ocular
	
	No significant effect in humans/animals

	Body weight
	H
	No effects in humans observed

	
	A
	S-D rats: LOAEL < 15.3

mg/kg but NOAEL >100

mg/kg (single doses)
	Rats: LOAEL < 3 mg/kg
	R. monkeys: NOAEL >0.4

mg/kg and LOAEL < 12.

mg/kg

	Metabolic
	
	No significant effect in humans/animals except at high doses (but limited data)

	Immune System
	H
	No effects in humans observed

	
	A
	Some evidence to suggest effects in animals - but often contradictory

	Neurological
	H
	Some evidence to suggest effects in humans - but not yet reliable

	
	A
	Some neurotoxicity observed
	No data

	Reproductive
	H
	No significant effects in humans observed

	
	A
	Rats: LOAEL 60 mg/kg
	Rats: LOAEL <5.8 mg/kg
	No data

	Development
	H
	No significant effects in humans observed

	
	A
	No data
	Rats (measured in

offspring): LOAEL 0.04

mg/kg
	No data

	Genotoxic
	
	Conflicting evidence on significant effects in humans/animals

	Cancer
	H
	No evidence on human carcinogenicity

	
	A
	No data
	Limited and conflicting evidence of effects on numbers of

tumours and incidence of leukaemia

	Note: H relates to human effects and A to animal effects


6.4 Toxicokinetics Relevant to Assessment

6.4.1 Overview

When inhaled or ingested, the toxicokinetics of cadmium depend on the physiological and dietary status of the subject and the form of cadmium/cadmium salt absorbed. Inhaled cadmium is absorbed from the lungs or from the gut after clearance from the airways of the upper respiratory tract. Ingested cadmium is absorbed from the gastrointestinal tract (GIT). When absorption is via the lung it is much higher than that from the GIT. Solubility is an important factor in the bioavailability of the various cadmium compounds.

Cadmium is not absorbed well by the skin (approximately 0.5%) and there is not a significant risk from skin exposure unless the skin is exposed to very high concentrations for long periods of time. As this is unlikely in the general population and steps are taken to prevent this type of occupational exposure by the use of personal protective equipment, dermal exposure is not considered to be a significant source of risk.

6.4.2 Exposure via Inhalation

Overview

As is the case for all inhaled compounds, the deposition of cadmium in the lungs depends on the particle size, the smaller the particles, the greater the deposition. Once deposited in the lung compounds such as cadmium chloride and cadmium oxide (slightly soluble in water) are solubilised and distributed systemically. Clearance of cadmium sulphide occurs mainly via mechanical transport by alveolar macrophages. In addition, larger cadmium particles may also be transported to the GIT by mucocilliary clearance. Estimates of absorption of deposited cadmium oxide have been as high as 90%, while only 10% of deposited cadmium sulphide is absorbed during exposure via the inhalation route (Glaser et al, 1986; Oberdorster & Cox, 1989; and Oberdorster, 1992).

Studies in Humans

No data specifically relating to cadmium deposition, retention or absorption in the human lung were found. There are however several studies showing increased levels of cadmium in workers exposed as a result of their occupation which indicate that inhaled cadmium is absorbed (Ellis et al, 1985; Elinder et al, 1985a,b; Jarup et al, 1998; Roels et al, 1983; Smith et al, 1980; and Thun et al, 1989).

Cadmium absorption from cigarettes appears to be greater than absorption of cadmium from aerosols measured in animals due to the very small size of the particles in cigarette smoke and the consequent very high level of deposition in the alveoli of the lung (Nordberg et al, 1985).

Studies in Animals

Various studies have shown that the retention of cadmium compounds via inhalation exhibits biphasic behaviour.

The pulmonary retention half-times for cadmium chloride, cadmium oxide and cadmium sulphide administered to rats and monkeys have been determined (Oberdorster & Cox, 1989). The short-term retention half-times were typically measured in days/weeks whereas the long-term retention half-times were measured in months/years. The half-times were shorter for rats than for monkeys.

A similar study by Rhoads and Saunders (1985) in which cadmium oxide was administered by the intratracheal route to rats confirmed that lung clearance was biphasic, though the half-times obtained were shorter, 67% in 4 hours and 13 days for the remaining 33%. The difference in half-times may be due to the particle size in this study being in the fume range rather than the dust range.

Klimisch (1993) also exposed rats to aerosols of cadmium chloride or cadmium sulphide for 6 hours/day for 10 days and found clearance to be biphasic and half times days and months for short-term and long-term half-times respectively.

6.4.3 Exposure via the Oral Route

Studies in Humans

Absorption from the GIT has been found to be relatively low, 3-8% (J@rup et al, 1998).

Absorption of ingested cadmium compounds is influenced by the chemical form of cadmium and the physiological status of the subject; absorption is increased by low levels of other metals such as calcium, copper, iron and zinc (Nordberg et al, 1985).

There are no differences in the bioavailability or the rates of accumulation of cadmium ingested in food and in water available ad-libitum when the dose administered was less than 4 mg/kg/day (Ruoff et al, 1994).

The bioavailability of cadmium compounds may be influenced more by the contents of the GIT than by the means of exposure.

The placenta may act as a partial barrier to fetal exposure to cadmium. Cadmium concentration in the blood in the foetal cord has been found to be approximately 50% of that in maternal cord blood in several studies in pregnant women who smoke and their non-smoking counterparts (Kuhnert et al, 1982; Lauwerys et al, 1978; Truska et al, 1989). Cadmium levels in the placenta were about 10 times higher than those in maternal blood in studies by Roels et al (1978) and Kuhnert (1982), though Truska et al (1989) were unable to confirm this (the level of cadmium in the placenta was less than that in either foetal or maternal cord blood in this study).

Metallothionein has been detected in full term placentas (Goyer, 1991) and in foetal cells in humans. Metallothionein was found in cells, which facilitate the transport of substances entering the placenta from maternal blood, in cells, which are phagocytes, in amniotic cells, and decidual cells. The mechanism by which the placenta transports essential metals while limiting the transport of cadmium is unknown but may be associated with the approximately 1000 fold higher concentration of zinc and the higher affinity of cadmium for metallothionein.

Cadmium levels in milk are 5-10% of the levels in blood, possibly as a result of inhibited transfer from blood because of metallothionein binding of cadmium in blood cells (Radisch et al., 1987).

Studies in Animals

Gastrointestinal absorption of cadmium compounds in animals is also quite low, 1-2% in rats and mice and 0.5-3% in monkeys (J@rup et al, 1998). The difference may be due more to the differences between standard laboratory animal diets and typical human diets than physiological factors (Andersen et al, 1992).

6.4.4 Distribution and Excretion

Overview

Absorbed cadmium is transported to the liver, where it stimulates the synthesis of metallothionein, a low–molecular-weight protein with a high capacity for binding to cadmium and other metals. Exposure to cadmium, zinc and other metals induces metallothionein in most tissues. The cadmium-metallothionein complex is then released back into the blood and transported to the kidney. Once there it is filtered by the glomerulus and reabsorbed by the cells of the proximal tubules (Foulkes, 1978). Lysosomes proteolyse the metallothionein, releasing free cadmium, which stimulates new metallothionein (NTP, 1994).

Renal damage is believed to be the result of free cadmium, which does not become bound to metallothionein due to localisation or an excessive concentration of cadmium. The binding capacity of kidney metallothionein is lower than that of liver metallothionein, with a result that unbound cadmium is present in the kidney at exposure-levels at which all liver cadmium is bound to metallothionein (Goyer et al., 1989; Kotsonis and Klassen, 1978). According to these authors this tissue-specific difference in binding capacity may account for the sensitivity of the kidney to cadmium.

Studies in Humans

The main route of excretion of inhaled or ingested cadmium is the faeces. Cadmium excretion in the urine of workers exposed as a result of their occupation increases as the body burden of cadmium increases (Roels et al, 1981b). As a result of the long retention time of cadmium in the body the amount of cadmium excreted normally is a small fraction of the body burden. When renal damage occurs there is a marked increase in urinary excretion of cadmium compounds. In subjects with no renal damage, the level of cadmium in the urine appears to be a good reliable marker of cadmium burden, and thus, cumulative exposure to cadmium. In normal subjects, urinary excretion of cadmium is approximately 1 µg/day (Nordberg et al, 1985). The blood level of cadmium is considered to reflect the current level of exposure rather than body burden.

Cadmium compounds have a biological half-life of 10-30 years in the kidney and approximately 5-10 years in the liver (Ellis et al, 1985). In occupationally exposed workers, the concentration of cadmium compounds in the liver generally increases in proportion to the intensity and duration of exposure (Davison et al, 1988; and Ellis et al, 1985). After the onset of renal damage, the concentration of cadmium in the kidney begin to decline (Roels et al, 1981b). Urinary excretion of cadmium plateaus at human exposure levels above 0.5 mg/m3 x year, possibly because of renal saturation at this level and the inability of kidney to further increase excretion (Smith et al, 1980). Sugita and Tsuchiya, 1995 estimated that the biological half-life of cadmium in the kidney ranged from a few to 100 years. This prolonged half-life when combined with continuous exposure means that a steady state level would be attained near the end of a normal 70 year life span.

Studies in Animals

The placenta may act as a partial barrier to fetal exposure to cadmium. The concentration of cadmium in foetal cord blood is half that of maternal blood (Lauwerys et al, 1978). Cadmium may accumulate in the placenta at levels approximately 6-7 times higher than those in maternal or fetal cord blood (Kuhnert et al, 1982).

6.4.5 Toxicokinetic Models

Toxicokinetic models have been developed and used to predict cadmium absorption, distribution and half-life using small samples of human data. At the present time none of these models are capable of incorporating factors such as metallothionein induction or the levels of other metals or inter subject variability, which may affect the toxicity developed during long term exposure to cadmium compounds.

6.5 Key Issues for Human Toxicity

6.5.1 Overview

As outlined in Section 6.3, there is a wealth of information on the effects of cadmium (and cadmium compounds) upon humans and other mammals. However, as with many such reviews, it is difficult to build up a comprehensive and consistent picture. One of the more striking features of the summaries presented in Tables 6.16 and 6.22 is that there is often a divergence between the key effects which are observed for animals in the laboratory and those observed in studies of the effects of human exposure. Nevertheless, animal studies do provide confirmation of the key target organs as well as assisting in the understanding of the toxicokinetics (see Section 6.4).

Within the context of this study, we are interested in two key risk issues:

· the ‘safe’ levels of cadmium fume/dust in the workplace; and

· the ‘safe’ level of cadmium intake via oral exposure amongst the EU population.

To these two key issues, we should also add the question of cadmium carcinogenicity which is always of interest to both decision-makers and the general population. These issues are discussed, in turn, below.

6.5.2 Inhalation in the Workplace

Although there are a range of estimates, the ‘safe’ (NOAEL) level of cadmium dust/fume in the workplace will be of the order of 4 lg/m3 - based on consideration of the onset of renal dysfunction amongst perhaps 1% of the exposed population.

6.5.3 Tolerable Daily Intake

The current ‘tolerable daily intake’ (TDI) for cadmium is 1 (g/kg/day which corresponds to about 70 (g/day for the ‘average’ EU citizen. This TDI is derived from the Provisional Tolerable Weekly Intake (PTWI) recommended by the Joint Expert Committee on Food Additives of the Food and Agriculture Organisation of the United Nations and the World Health Organisation International Programme on Chemical Safety (JECFA). It is intended that the PTWI is an estimate of the amount of a substance that can be ingested over a lifetime without appreciable risk.

These figures should be compared to a suggested NOAEL of 2 (g/kg/day (as derived from Japanese work) and the ‘typical’ EU intake of 10 to, say, 30 (g/day8.

As indicated in the discussions presented earlier, there is ongoing debate as to the precise levels of cadmium which initiate renal dysfunction. In simple terms, it has been suggested that a ‘threshold ‘ intake of 2 (g/kg/day will produce a ‘critical’ concentration of 200 (g Cd/g in the renal cortex after decades of exposure. However, in certain susceptible individuals, this critical concentration may be only 50 (g Cd/g. This, in turn, would suggest that the ‘threshold’ intake should be 0.5 (g/kg/day.

Against this background, there have been moves to reduce the TDI and within the EU, the Scientific Committee for Toxicity, Ecotoxicity and the Environment (CSTEE, 2000) suggested that the continuing use of the current PTWI required reassessment.

Within the US, as a result of the major study undertaken by the Agency for Toxic Substances and Disease Registry (NTIS, 1999), the cadmium ‘minimum risk level’ (MRL) was set to 0.2 (g/kg/day in July 1999. This data relied heavily on the NOAEL of 2 (g/kg/day derived from the Japanese work (Nogawa et al, 1989) combined with an ‘uncertainty factor’ of 10 to allow for variability in the population.

Whilst such a limit has been advocated by some, its imposition would result in, perhaps, half the EU population being exposed to cadmium intakes above the ‘safe’ level which cannot be justified. An alternative approach might be to adopt a reduced TDI which acknowledges that, in certain susceptible individuals, the ‘critical’ concentration in the renal cortex may be only 50 (g Cd/g rather than the 200 (g Cd/g associated with the ‘general’ NOAEL of 2 (g/kg/day. This, in turn, would suggest that the ‘threshold’ intake should be 0.5 (g/kg/day. On this basis and for the purposes of this analysis, it will be assumed that the TDI should be reduced to half its present value - i.e. 0.5 (g/kg/day.

All information available was reassessed by the joint FAO/WHO expert committee on food additives (JECFA) in June 2000 (Geneva).  They reaffirmed the TDI at the level that they had set previously as 1 (g/kg/day, which corresponds to about 70 (g/day for the ‘average’ EU citizen. The authority of this expert committee has been accepted in this review and this value for the TDI is used for assessment of the risks to man.
6.5.4 Cancer

As can be seen from Tables 6.16 and 6.22 and the associated text, there is room for debate over cadmium carcinogenicity. Since some (but not all) animal studies have shown carcinogenic effects at concentrations of the order of 10 mg/m3 over a period of 18 months, various authorities have declared cadmium to be a (probable) human carcinogen.
7. RISK CHARACTERISATION

7.1 Overview

The purpose of the risk characterisation is to assess whether the predicted concentrations in the environment exceed those concentrations which produce adverse effects in either the environment or in humans.

7.2 Risks to the Environment

7.2.1 Surface water

The PEC values and PEC/PNEC ratios for surface water are shown in Table 7.1. 

	Table 7.1: PEC/PNEC Ratios for Surface Water

	Scenario
	PEC (µg/l)
	PEC/PNEC

	
	General

Environment
	Acidic

Environment
	General

Environment
	Acidic

Environment

	Pigment

manufacturing

sites
	A
	0.147
	Not relevant
	0.33
	Not relevant

	
	B
	0.0040
	Not relevant
	0.009
	Not relevant

	
	C
	0.045
	Not relevant
	0.103
	Not relevant

	
	D
	0.014
	Not relevant
	0.031
	Not relevant

	
	E
	0.0031
	Not relevant
	0.007
	Not relevant

	Stabiliser

manufacturing

sites
	F
	0.0033
	Not relevant
	0.007
	Not relevant

	
	G
	0.021
	Not relevant
	0.047
	Not relevant

	
	H
	0.020
	Not relevant
	0.045
	Not relevant

	
	I
	0.0066
	Not relevant
	0.015
	Not relevant

	
	J
	0.028
	Not relevant
	0.006
	Not relevant

	
	K
	0.583
	Not relevant
	1.326
	Not relevant

	Artists colours –

formulation
	0.0059
	0.026
	0.013
	0.059

	Cadmium plating sites
	0.0923
	0.257
	0.210
	0.585

	Plated metal use
	Emissions not localized

	Waste incineration
	0.0028
	0.0177
	0.006
	0.040

	Sewage sludge incineration
	0.0028
	0.0177
	0.006
	0.040

	Regional sources
	0.0028
	0.0177
	0.006
	0.040

	Note: These estimates may be highly uncertain for this application (see earlier).


As can be seen from Table 7.1, the PEC/PNEC ratio exceeds one only for one stabiliser manufacturing site (K).

7.2.2 Sediment

Sediment concentrations were calculated from the surface water concentrations using the equilibrium partitioning method. The PNEC values were also calculated by the same method. As a result, the PEC/PNEC ratios for sediment are the same as those for surface water, and so are not included separately here. The only exception to this is the regional concentration in sediment which is calculated using the SimpleBox model in EUSES. The highest regional concentrations calculated were 0.138 mg/kg wet weight for the general environment, and 0.054 mg/kg wet weight for the acidic environment. The PEC/PNEC ratios for these concentrations are 0.011 and 0.071 respectively.

7.2.3 Terrestrial compartment

The PEC/PNEC ratios for soil are shown in Table 7.2. The values shown are for natural soil, which in all cases gave values greater than those for agricultural soil.

	Table 7.2: PEC/PNEC Ratios for Soil

	Scenario
	PEC (mg/kg wet weight)
	PEC/PNEC

	
	General

Environment
	Acidic

Environment
	General

Environment
	Acidic

Environment

	Pigment

manufacturing

sites
	A
	0.0163
	Not relevant
	0.013
	Not relevant

	
	B
	0.0166
	Not relevant
	0.014
	Not relevant

	
	C
	0.0195
	Not relevant
	0.016
	Not relevant

	
	D
	0.0188
	Not relevant
	0.016
	Not relevant

	
	E
	0.0157
	Not relevant
	0.013
	Not relevant

	Stabiliser

manufacturing

sites
	F
	0.0156
	Not relevant
	0.013
	Not relevant

	
	G
	0.0157
	Not relevant
	0.013
	Not relevant

	
	H
	0.0157
	Not relevant
	0.013
	Not relevant

	
	I
	0.0156
	Not relevant
	0.013
	Not relevant

	
	J
	0.0157
	Not relevant
	0.013
	Not relevant

	
	K
	0.0157
	Not relevant
	0.013
	Not relevant

	Artists colours - formulation
	0.0156
	0.00047
	0.013
	0.0004

	Cadmium plating sites
	0.0156
	0.00048
	0.013
	0.0004

	Plated metal use
	Emissions not localised

	Waste incineration

(8.9 kg/year to air)
	0.0209
	0.00531
	0.017
	0.004

	Waste incineration

(36.7 kg/year to air)
	0.0376
	0.0204
	0.031
	0.017

	Sewage sludge incineration
	0.0157
	0.00051
	0.013
	0.0004

	Regional sources
	0.0156
	0.00047
	0.013
	0.0004


As can be seen from Table 7.2, the PEC/PNEC ratios are well below one in all cases.

The predicted concentrations in soil, particularly the regional background concentrations which are calculated as steady state values, are very dependent on the removal rates used in the EUSES model (removal is used in the sense of the metal moving to a location or form which is not available to interact with the environment being assessed). The values obtained above were calculated using the EUSES default removal rates for this substance (effectively only leaching loss in this case as no degradation or volatilisation is expected), which are equivalent to a residence time (the reciprocal of the removal rate constant) of 2,245 years for agricultural soil in the general environment and 99 years for agricultural soil in the acidic environment. Since a very long residence time for the substance was used in the calculations, particularly in the general environment, the time to reach the predicted steady state could be of the order of many thousands of years. Over this time frame, it is questionable that a simple steady state model as utilised in EUSES will result in reliable predictions for this type of substance (for example the calculations assume that the same 20 cm depth of soil is exposed over the entire timescale of the calculation, and takes no account of the fact that over a long time period soil can be created and/or removed from the system).

One way around this problem would be to carry out the regional calculations over a shorter time period. WS Atkins (1998a) report a soil residence time of around 100 years for the general environment and around 10 years for the acidic environment. When removal rates appropriate to these lifetimes are used in the EUSES model, the predicted regional concentrations in agricultural soil are around 2 x 10-3 mg/kg wet weight for the general environment and around 2.3 x 10-4 mg/kg wet weight for the acid environment. Thus the regional concentration in the general environment would be reduced by a factor of around 7 and the regional concentration in the acid environment would be reduced by a factor of around 2.5.

7.2.4 Secondary Poisoning

For secondary poisoning, it is necessary to provide an estimate of dietary cadmium concentrations which would produce a significant effect on the viability of mammalian populations. In broad terms (and with reference to Table 6.22), a daily cadmium intake of the order of 1 mg/kg is required to produce effects over the ‘intermediate’ period. There are, however, examples of significant effects at lower concentrations including effects amongst rats on the liver at 0.05 mg/kg/day and development effects on the offspring of pregnant rats exposed to 0.04 mg/kg/day.

These intakes can be (approximately) related to dietary concentrations as follows:
rat weight
500g

daily diet
50g food + 50g water

Cd conc in food
C mg/kg

daily Cd intake
C x 0.05 mg/day = C x 0.1 mg/kg/day

In other words, a daily intake of 0.04 mg/kg/day would correspond to a cadmium in food concentration (C) of 0.4 mg/kg. Although perhaps conservative, this corresponds to that of 0.33 mg Cd/kg food derived in the draft risk assessment for cadmium (De Win, 1999). The PEC/PNEC ratios for secondary poisoning (using the Belgian figure) are shown in Tables 7.3 and 7.4.

	Table 7.3: PEC/PNEC Ratios for Secondary Poisoning via the Aquatic Food Chain

	Scenario
	PEC (mg/kg)
	PEC/PNEC

	
	General

Environment
	Acidic

Environment
	General

Environment
	Acidic

Environment

	Pigment Manufacturing

sites
	A
	0.00196
	Not relevant
	0.0059
	Not relevant

	
	B
	0.00014
	Not relevant
	0.0004
	Not relevant

	
	C
	0.00086
	Not relevant
	0.0026
	Not relevant

	
	D
	0.00033
	Not relevant
	0.0010
	Not relevant

	
	E
	0.00011
	Not relevant
	0.0003
	Not relevant

	Stabiliser manufacturing

sites
	F
	0.00012
	Not relevant
	0.0004
	Not relevant

	
	G
	0.00028
	Not relevant
	0.0008
	Not relevant

	
	H
	0.00027
	Not relevant
	0.0008
	Not relevant

	
	I
	0.00018
	Not relevant
	0.0005
	Not relevant

	
	J
	0.00010
	Not relevant
	0.0003
	Not relevant

	
	K
	0.00040
	Not relevant
	0.0012
	Not relevant

	Artists colours - formulation
	0.00017
	0.0688
	0.001
	0.209

	Cadmium plating sites
	0.00165
	0.408
	0.005
	1.237

	Plated metal usea
	Emissions not localised

	Waste incineration

(8.9 kg/year to air)
	0.00010
	0.0532
	0.0003
	0.161

	Waste incineration

(36.7 kg/year to air)
	0.00010
	0.0532
	0.0003
	0.161

	Sewage sludge incineration
	0.00010
	0.0532
	0.0003
	0.161


	Table 7.4: PEC/PNEC Ratios for Secondary Poisoning via the Terrestrial Food Chain

	Scenario
	PEC (mg/kg)
	PEC/PNEC

	
	General

Environment
	Acidic

Environment
	General

Environment
	Acidic

Environment

	Pigment

manufacturing

sites
	A
	0.0237
	Not relevant
	0.718
	Not relevant

	
	B
	0.0238
	Not relevant
	0.721
	Not relevant

	
	C
	0.0249
	Not relevant
	0.754
	Not relevant

	
	D
	0.0246
	Not relevant
	0.745
	Not relevant

	
	E
	0.0235
	Not relevant
	0.712
	Not relevant

	Stabiliser

manufacturing

sites
	F
	0.0234
	Not relevant
	0.709
	Not relevant

	
	G
	0.0235
	Not relevant
	0.712
	Not relevant

	
	H
	0.0234
	Not relevant
	0.709
	Not relevant

	
	I
	0.0234
	Not relevant
	0.709
	Not relevant

	
	J
	0.0234
	Not relevant
	0.709
	Not relevant

	
	K
	0.0235
	Not relevant
	0.712
	Not relevant

	Artists colours - formulation
	0.0234
	0.00152
	0.709
	0.046

	Cadmium plating sites
	0.0235
	0.00156
	0.712
	0.047

	Plated metal use
	Emissions not localized

	Waste incineration

(8.9 kg/year to air)
	0.0254
	0.00564
	0.770
	0.171

	Waste incineration

(36.7 kg/year to air)
	0.0317
	0.0185
	0.959
	0.561

	Sewage sludge incineration
	0.0234
	0.00156
	0.709
	0.047


The comments on the PEC/PNEC ratio for soil also apply here to the PEC/PNEC ratios for secondary poisoning via the terrestrial food chain. For the majority of the calculations the dominant input into the PEC comes from the regional soil concentration, and so would be reduced if a shorter residence time were used - which, in turn, would significantly reduce the PEC/PNEC ratios.

Table 7.3 indicates a potentially significant local risk from cadmium plating sites by secondary poisoning through the aquatic food chain in an acid local environment.

7.3 Risks to Humans

7.3.1 Direct Risks

Historically, workplace concentrations of the order of 10-50 (g/m3 have been observed in pigment and stabiliser facilities (as outlined in Section 4.2). As these levels are above the suggested NOAEL of 4 (g/m3, it might be expected that some adverse effects would be observed amongst long term workers. However, given the awareness of the adverse effects of cadmium, measures can (and have) been taken to reduce worker exposures - as indicated by concentrations of the order of 1 (g/m3 achieved in one of the plating facilities.

In addition, high efficiency personal protective equipment is used in production facilities for tasks and in work-areas that may be subject to significant workplace concentrations. This equipment provides a reduction in the air breathed by users by about a factor of ten.

7.3.2 Man exposed via the environment

The margins of safety for man exposed via environmental routes are shown in Table 7.5 using a TDI of 1.0 (g/kg/day. These have been shown as the ratio of predicted human intake to the tolerable daily intake, so that ratios below 1.0 indicate no significant risk.

	Table 7.5: Safety for Man Exposed via the Environment

	Scenario
	Total Daily Human Intake

((g/kg bw/day)
	Human Intake/TDI

	
	General

Environment
	Acidic

Environment
	General

Environment
	Acidic

Environment

	Pigment

manufacturing

sites
	A
	0.033
	Not relevant
	0.033
	Not relevant

	
	B
	0.027
	Not relevant
	0.027
	Not relevant

	
	C
	0.034
	Not relevant
	0.034
	Not relevant

	
	D
	0.031
	Not relevant
	0.031
	Not relevant

	
	E
	0.026
	Not relevant
	0.026
	Not relevant

	Stabiliser

manufacturing

sites


	F
	0.026
	Not relevant
	0.026
	Not relevant

	
	G
	0.026
	Not relevant
	0.026
	Not relevant

	
	H
	0.026
	Not relevant
	0.026
	Not relevant

	
	I
	0.026
	Not relevant
	0.026
	Not relevant

	
	J
	0.026
	Not relevant
	0.026
	Not relevant

	
	K
	0.027
	Not relevant
	0.027
	Not relevant

	Artists colours - formulation
	0.026
	0.115
	0.026
	0.115

	Cadmium plating sites
	0.031
	0.679
	0.031
	0.679

	Plated metal use
	Emissions not localised

	Waste incineration

(8.9 kg/year to air)
	0.034
	0.106
	0.034
	0.106

	Waste incineration

(36.7 kg/year to air)
	0.061
	0.157
	0.061
	0.157

	Sewage sludge incineration
	0.026
	0.090
	0.026
	0.090

	Regional sources
	0.026
	0.089
	0.026
	0.089


Table 7.6 summarises the risk factors from previous tables. It is immediately apparent that the risks factors for secondary poisoning through the terrestrial food chain in a general environment are all about 0.7 or greater.  Indeed this factor for regional sources is 0.709. The releases from cadmium plated metal uses are so dominant in these calculations, that they distort the local PECs for all other scenarios. In order to analyse this effect, Table 7.7 shows the risk factor contributions from the three uses (pigments, plating and stabilizers) by considering them separately. The complete calculations were repeated using only those cadmium releases to the continental, regional and local environments that are associated with each use. For example, for pigments, the releases from manufacture, use and disposal of pigments and pigmented articles were used alone to calculate the risk factors associated with pigments. For incineration, the two uses that produce waste that is incinerated (pigments and stabilizers) were considered together, and the same incineration scenarios were recalculated (i.e. for notional waste incinerators emitting 8.9 kg/year and worst case 36.7 kg/year, and for sewage sludge incineration emitting 0.08 kg/year).

	Table 7.6: Summary of Local Ratios.  Sources taken together

	Scenario
	PEC/PNEC WATER
	PEC/PNEC SOIL
	SECONDARY POISONING      Aquatic
	SECONDARY POISONING Terrestrial
	HUMAN DIET INTAKE 

	
	General
	Acid
	General
	Acid
	General
	Acid
	General
	Acid
	General
	Acid

	Pigment

manufacturing

sites
	A
	0.334
	*
	0.013
	*
	0.0059
	*
	0.718
	*
	0.033
	*

	
	B
	0.009
	*
	0.014
	*
	0.0004
	*
	0.721
	*
	0.027
	*

	
	C
	0.103
	*
	0.016
	*
	0.0026
	*
	0.754
	*
	0.034
	*

	
	D
	0.031
	*
	0.016
	*
	0.0010
	*
	0.745
	*
	0.031
	*

	
	E
	0.007
	*
	0.013
	*
	0.0003
	*
	0.712
	*
	0.026
	*

	Stabiliser

manufacturing

sites


	F
	0.007
	*
	0.013
	*
	0.0004
	*
	0.709
	*
	0.026
	*

	
	G
	0.047
	*
	0.013
	*
	0.0008
	*
	0.712
	*
	0.026
	*

	
	H
	0.045
	*
	0.013
	*
	0.0008
	*
	0.709
	*
	0.026
	*

	
	I
	0.015
	*
	0.013
	*
	0.0005
	*
	0.709
	*
	0.026
	*

	
	J
	0.006
	*
	0.013
	*
	0.0003
	*
	0.709
	*
	0.026
	*

	
	K
	1.326
	*
	0.013
	*
	0.0012
	*
	0.712
	*
	0.027
	*

	Artists colours - formulation
	0.013
	0.059
	0.013
	0.0004
	0.001
	0.209
	0.709
	0.046
	0.026
	0.115

	Cadmium plating sites
	0.210
	0.585
	0.013
	0.0004
	0.005
	1.237
	0.712
	0.047
	0.031
	0.679

	Waste incineration

(8.9 kg/year to air)
	0.006
	0.040
	0.017
	0.004
	0.0003
	0.161
	0.770
	0.327
	0.034
	0.106

	Waste incineration

(36.7 kg/year to air)
	0.006
	0.040
	0.031
	0.017
	0.0003
	0.161
	0.959
	0.762
	0.061
	0.157

	Sewage sludge incineration
	0.006
	0.040
	0.013
	0.0004
	0.0003
	0.161
	0.715
	0.047
	0.026
	0.090

	Regional sources
	0.006
	0.040
	0.013
	0.0004
	0.0003
	0.161
	0.709
	0.046
	0.026
	0.089


	Table 7.7: Summary of Local Ratios.  Sources taken individually

	Scenario
	PEC/PNEC WATER
	PEC/PNEC SOIL
	SECONDARY POISONING      Aquatic
	SECONDARY POISONING Terrestrial
	HUMAN DIET INTAKE

	
	General
	Acid
	Gen
	Acid
	Gen
	Acid
	Gen
	Acid
	Gen
	Acid

	Pigment

manufacturing

sites
	A
	0.329
	*
	0.0008
	*
	0.0059
	*
	0.021
	*
	0.027
	*

	
	B
	0.004
	*
	0.0010
	*
	0.0002
	*
	0.024
	*
	0.021
	*

	
	C
	0.098
	*
	0.0034
	*
	0.0025
	*
	0.058
	*
	0.028
	*

	
	D
	0.026
	*
	0.0029
	*
	0.0008
	*
	0.048
	*
	0.025
	*

	
	E
	0.002
	*
	0.0003
	*
	0.0001
	*
	0.015
	*
	0.020
	*

	Stabiliser

manufacturing

sites


	F
	0.001
	*
	0.0001
	*
	0.0001
	*
	0.005
	*
	0.002
	*

	
	G
	0.041
	*
	0.0002
	*
	0.0007
	*
	0.008
	*
	0.003
	*

	
	H
	0.039
	*
	0.0002
	*
	0.0007
	*
	0.005
	*
	0.002
	*

	
	I
	0.009
	*
	0.0001
	*
	0.0003
	*
	0.005
	*
	0.002
	*

	
	J
	0.0003
	*
	0.0002
	*
	0.00001
	*
	0.005
	*
	0.002
	*

	
	K
	1.320
	*
	0.0002
	*
	0.0012
	*
	0.008
	*
	0.003
	*

	Artists colours - formulation
	0.008
	0.059
	0.0002
	0.00001
	0.0003
	0.097
	0.012
	0.001
	0.019
	0.054

	Cadmium plating sites
	0.208
	0.576
	0.013
	0.0004
	0.005
	1.218
	0.699
	0.046
	0.011
	0.668

	Waste incineration

(8.9 kg/year to air)
	0.002
	0.010
	0.005
	0.004
	0.0001
	0.039
	0.077
	0.126
	0.028
	0.126

	Waste incineration

(36.7 kg/year to air)
	0.002
	0.010
	0.019
	0.017
	0.0001
	0.039
	0.267
	0.516
	0.055
	0.183

	Sewage sludge incineration
	0.002
	0.010
	0.0003
	0.00005
	0.0001
	0.039
	0.017
	0.002
	0.020
	0.023

	Regional ratios calculated without the Continental and Regional contribution from plating.
	0.002
	0.010
	0.0003
	0.00001
	0.0001
	0.039
	0.017
	0.001
	0.020
	0.023


Table 7.7 may also be used to predict the effects of decreased or increased use of cadmium for any of the three applications.

Tables 7.6 and 7.7 show that there are no significant risks to man or to the environment from consideration of any of the scenarios at the continental or regional scales. The only potentially significant risks are at local scale, and are associated with stabiliser manufacture (manufacturer K – risk to water in a general environment) and with cadmium plating sites (risk from secondary poisoning through the aquatic food chain in an acidic environment).

Municipal Waste Incineration

At the local scale, waste incineration gives a PEC/PNEC ratio (for secondary poisoning through the terrestrial food chain in a general environment) just less than unity only for the worst-case largest incinerator emitting 36.7 kg/year. The major contribution to this PEC, however, is from use of cadmium plated metal parts, as shown by the very much lower PEC/PNEC (0.267) in table 7.7. Emissions from use of plated metal influence this risk ratio through the continental and regional contributions, even though there is no significant contribution from use of plated metal to cadmium in incinerated waste. The same PEC/PNEC ratio for the waste incinerator emitting 8.9 kg/year is much lower (0.770) and small (0.077) if the contribution from plated metal use is removed (as in Table 7.7).

In practice, emissions to air from all municipal waste incinerators will be from a tall stack, which will very significantly reduce levels passing to unit area of local soil. Very significant improvements in incinerator retention efficiencies have been achieved since 1996, driven by more stringent EU regulations. Calculations based on a notional incinerator emitting 8.9 kg/year, based on more recent monitoring, clearly indicate that there is no significant risk at the local scale from municipal waste incinerators.

Pigments

None of the risk ratios directly associated with the lifecycle for cadmium pigments indicates any significant risk. Thus in the absence of any significant risk from waste incineration, as discussed above, this use of cadmium is shown to pose no significant risk to man or to the environment at any scale.

Stabilisers

Only one of the risk ratios directly associated with the lifecycle for cadmium stabilisers indicates any significant risk. The PEC/PNEC ratio for water for manufacturer “K” is calculated as 1.33. In addition, this PEC/PNEC is only reduced to 1.32 in Table 7.7 when the effects of large emissions to the environment from use of plated metal are removed.

Production of cadmium stabilizers in the EU has decreased by a factor of nine since the first targeted risk assessment (WS Atkins report) and, in the absence of modern data for each manufacturer, this assessment has divided data for individual manufacturing sites by a factor of nine to allow for this. It is not certain that this manufacturer is still producing cadmium stabilisers, and because default values have been used for dilution factor and size of waste water treatment plant there are great uncertainties in the calculated PEC. There may however be a significant risk at the local scale associated with one stabilizer manufacturer.

Cadmium Plating

The emission pattern for cadmium associated with pigments and stabilizers is reasonably well defined, but emissions from cadmium plated items during use are very ill defined. The model used in this risk assessment assumes that 50% of the total weight of cadmium on plated articles is lost to the environment during its lifetime for applications with abrasive conditions. For non-abrasive conditions it was assumed that no cadmium was lost during the lifetime of the plated articles. Assuming equal weights of cadmium in abrasive and non-abrasive conditions, 75% of the total annual cadmium usage is recycled or landfilled at the end of useful lifetime, and 25% of the total annual usage is lost to air, water soil and marine. This loss was assumed to be eventually distributed to soil, water and marine environments, and in this assessment the fraction going to soil was assumed as passing to natural soil since it is likely that most of the plated articles are used in industrial applications. The uncertainties inherent in this series of assumptions are very large. If an appreciable fraction of these emission are assumed to pass to agricultural soil (for example 28% to agricultural soil and 72% to natural soil, if the distribution is proportional to the areas of agricultural and natural land) then the contribution to the daily dose to man from regional sources would be increased by about an order of magnitude.

The annual usage of cadmium for plating is smaller than that used, for example, in pigments. However, the fraction of the annual cadmium usage in pigments that enters the uncontrollable environmental compartments (air, water, soil and marine) is 0.28% (Tables 4.2 and 5.8), almost two orders of magnitude smaller than the 25% of annual cadmium usage for plating lost to these compartments. Because these losses are relatively so large and are also so ill defined, it is recommended that further information and data is sought in order to characterise the losses.

The differences between the entries in Tables 7.6 and 7.7, most especially in the PEC/PNEC ratios for secondary poisoning through the terrestrial food chain, clearly show that the contribution to environmental losses from cadmium plated items during use completely dominates the calculated local terrestrial PECs by elevating the regional PECs.

The calculated risks for secondary poisoning through the aquatic food chain also indicate that there may be a significant risk at local scale in an acidic environment from cadmium plating sites (PEC/PNEC of 1.23 in Table 7.6). In the absence of specific data about locations of cadmium plating sites, it is uncertain whether or not the calculations for cadmium plating sites in an acidic environment are relevant. 

Workplace Exposure

At a local (site specific) level, the possibility of occupational risks (with particular reference to the onset of renal dysfunction) has been considered, potentially resulting from continued exposure over decades of production workers to concentrations of cadmium in air. However, there is a broad drive to reduce occupational levels to 5 (g/m3 or less (through regulation and best practice) which should practically eliminate such adverse effects (for which a NOAEL has been estimated at 4 (g/m3). In addition, high efficiency personal protective air filtering helmets are commonly used at many sites for operations in areas where there may be significant dust levels. Monitoring of levels of cadmium in urine and blood allows detection of increasing levels of cadmium in workers, affording removal of workers from the workplace if hazardous body levels of cadmium levels are approached.

Landfill

Emissions from landfill were not determined, as they are outside the scope of the Technical Guidance Document). However, monitoring provides no evidence of high cadmium levels in landfill leachate, except for much older landfills containing uncontrolled waste. There is no evidence of cadmium leaching from landfills as a result of plastics degradation and in the short and medium term this does not occur (see discussion in section 4.1.6).

8. COMPARISONS WITH OTHER SOURCES/USES OF CADMIUM

8.1 Cadmium Use in Pigments, Stabilisers and Plating

Cadmium use in pigments, stabilisers and plating is but one source of cadmium emissions to the environment. As discussed in Section 5.5.2, the additional inputs of cadmium to the environment associated with these uses are relatively minor at a regional level when compared to the ‘natural’ background levels in air, water, sediment and soil.

At the local level (and the results are presented in Section 7), additional inputs of cadmium to the environment from uses in pigments, stabilisers and metal plating are generally minor (less than, say, 10%) when compared to the ‘natural’ background levels in air, water, sediment and soil. However, for particular facilities manufacturing cadmium stabilisers and cadmium plated parts, the local Predicted Environmental Concentrations (PECs) may exceed not only background levels but also the Predicted No Effect Concentrations (PNECs).

In relation to human health, the ‘typical’ overall cadmium intake is of the order of 10- 25 (g/day (see Section 4.2.2) and that for occupationally exposed workers (historically at least) may be two or three times greater (see Section 4.2.3). Intakes of cadmium at a local level (see Section 7.3.2) will generally be of a similar order to the typical intake - although, for particular facilities and particular individuals, the intakes could be much higher. 

8.2 Major Anthropogenic Sources/Uses

Since cadmium is a naturally occurring metal, there are a range of activities which result in cadmium emissions to the environment. As discussed in Section 4.1.2, these include: refining of non-ferrous metals (such as copper); iron/steel production; fossil fuel combustion; use of phosphate fertilisers; cement production; and waste disposal.

In relation to ‘direct’ uses of cadmium, the use of cadmium in pigments, stabilizers and metal plating account for about 20% (c1000 tpa) of the EU consumption of cadmium produced from the extraction of zinc (as outlined in Section 3.1). The vast majority of the remaining 80% (c4000 tpa) is used in nickel-cadmium batteries.

Although there are undoubtedly uncertainties associated with particular figures, Table 8.1 provides an indication of the relative importance of various cadmium sources to human exposure. From Table 8.1, it can be seen that cadmium products (essentially in batteries and in pigments, stabilisers and plating) are estimated to account for only 2.5% of human exposure (2.3% from cadmium plating, 0.2% from batteries, and 0.02% from pigments and less than 0.01% from stabilizers). Human exposure to cadmium decreased steadily over the last decades (International Cadmium Association information sheet “Cadmium – A Problem of the past – A solution for the future”).

Further discussions on the prime source (phosphate fertiliser) and the prime ‘direct’ cadmium use (batteries) are presented below.

	Table 8.1: Significance of Cadmium Sources to Human Exposure

	Source
	Contribution

	Phosphate Fertilisers
	41%

	Fossil Fuel Combustion
	22%

	Iron & Steel Production
	17%

	Natural Sources
	8%

	Non-Ferrous Metals
	6%

	Cement Production
	2.5%

	Cadmium Products
	2.5%

	Plating
	2.3%

	Batteries
	0.2%

	Pigments
	0.02%

	Stabilisers
	<0.01%

	Incineration
	1%

	Source: based on Van Assche (1998)


8.3 Cadmium in Fertilisers

As discussed, in Section 4.1.2, phosphate fertilisers contain cadmium and it has been estimated that about 270 tpa is added directly to the terrestrial environment through the application of fertilisers.

This figure can be compared with that of about 58 tpa emitted to air, water and soil (i.e. excluding landfills) from uses in pigments, stabilisers and metal plating (derived from the information presented in Figures 4.1 - 4.4).

Given the relative scale of usage, it might be expected that the risks to health and the environment would be greater from the presence of cadmium in some fertilisers - particularly as some fertilisers will be added ‘closer’ to the food chain – although whether the ratio of risks is as great as suggested by Table 8.1 is a matter for debate

In order to address concerns over the risks associated with cadmium in fertilisers, the European Commission is currently developing detailed procedures for the assessment of risks to health and the environment from cadmium in fertilisers (as discussed in CSTEE, 2000). Clearly, once these procedures have been developed and applied in EU states, it will become easier to compare risks associated with fertilisers to other sources/uses of cadmium.

8.4 Cadmium in Batteries

As indicated above, the prime ‘direct’ EU use of cadmium is in batteries. In broad terms, the key issues associated with risks to health and the environment are very similar to those for stabilisers and pigments:

· cadmium fume/dust levels in the workplace are of concern and action is being to minimise worker exposures;

· losses during use are of minimal concern;

· many batteries end up in municipal solid waste leading to potential cadmium emissions from incinerators and landfills; and

· recycling/recovery programmes are being encouraged to limit emissions to the environment.

Given the relative scale of usage (four times greater), it might be expected that the risks to health and the environment would be greater from the use of cadmium in batteries than from the use of cadmium in pigments, stabilisers and plating. This issue is currently being addressed with the preparation of cadmium/cadmium oxide risk assessments reports by the Belgian authorities (De Win et al, 1999) under the EU’s Existing Substances Regulations. As before, once this work has been completed, it will become easier to compare risks associated with different sources/uses of cadmium.

9. CONCLUSIONS AND RECOMMENDATIONS

9.1 Overview of Study

The earlier work by WS Atkins has been reviewed taking account of the comments made by CSTEE and updating the source data. In broad terms, the pattern of cadmium usage in pigments, stabilisers and metal plating presented by WS Atkins has been validated. Work on PECs (Predicted Environmental Concentrations) and PNECs (Predicted No Effect Concentrations) has been revisited and this has relied heavily on the approach adopted by the Belgian authorities in their ongoing study of the risks associated with cadmium and cadmium oxide. Human toxicity and associated animal studies have been critically reviewed, where this work has relied heavily on a recent US study. The Tolerable Daily Intake to man (TDI) has been reassessed recently by the joint FAO/WHO expert committee on food additives (JECFA) in June 2000 (Geneva).  They reaffirmed the TDI at the same level as they had set previously at 1 (g/kg/day, which corresponds to about 70 (g/day for the ‘average’ EU citizen. The reaffirmed TDI was used in this assessment. This study has considered possible risks at the local level to a greater extent than that attempted by the WS Atkins assessment.

The total “uncontrolled” emissions (those to environmental compartments other than landfill) associated with other sources of cadmium (use in batteries, presence in some fertilizers, as well as ‘natural’ background), are much higher than those associated with pigments, stabilisers and metal plating (see table 8.1). Consequently, the risks to man and to the environment associated with the other sources will be much greater than that from these three applications. This assessment shows, however, that the risks associated with these applications cannot be totally dismissed, most especially at the local level.
9.2 Findings

Cadmium usage in pigments, stabilisers and metal plating results in a significant emission of cadmium into the environment. At the continental and regional scales these emissions pose no significant risk to man or to the environment. At a local level, calculated risk ratios indicated possibly significant risks from two activities.

· For cadmium stabilizer manufacture at a local level in a general environment (there are no manufacturers in an acid environment) there may be a significant risk to local waters. The PEC/PNEC ratio for water was estimated as 1.32 for manufacturer “K”. It is not certain that this manufacturer is still producing cadmium stabilizers, and because default values have been used for dilution factor and size of waste water treatment plant there are great uncertainties in the calculated PEC.
· The other potential risk is from secondary poisoning through the aquatic food chain in the local vicinity of cadmium plating sites in an acidic environment. This PEC/PNEC was estimated as 1.23, and was calculated based on an annual emission to water from a single site of 16 kg/year and using a default dilution factor of 10. At higher dilution factors (>13) this risk would become insignificant (PEC/PNEC becomes <1.0).

This study has shown that predicted environmental concentrations arising due to the emissions from the three applications are dominated by the uncontrolled emissions from cadmium plated items during use. The effect is most apparent in the risk ratios for soils and for secondary poisoning through the terrestrial food chain. The effect is not, however, sufficiently large to lead to risk ratios greater than unity, except as noted above.

At continental and regional levels, the predicted environmental concentrations indicate no significant risk to man or to the environment.

At a local (site specific) level, possible occupational risks from cadmium in air should be low provided that occupational levels are maintained at 5 (g/m3 or less.

Product Specific Findings

Pigments

None of the risk ratios associated with the pigment lifecycle (including incineration of waste) indicated any significant risk to man or to the environment at any of the scales considered (continental, regional and local). The contribution to the risk ratios from the pigment scenarios was such that even substantial changes in EU use of pigments (e.g. total restriction of pigments, or doubling of current EU use) would have only very little effect on the overall risk ratios.

Stabilisers

The risk ratios associated with stabilizers (including incineration of waste) indicated no significant risk to man or to the environment at continental and regional scales, but a potentially significant risk was found at local scale to surface water from one stabiliser manufacturing site.  Other than this local risk, the contribution to the risk ratios from the stabiliser scenarios was such that even substantial changes in EU use of stabilisers (e.g. total restriction of stabilisers, or doubling of current EU use) would have only very little effect on the overall risk ratios.

Cadmium Plating

The emission pattern from cadmium plated items during use is very ill defined, both in magnitude and the distribution between the environmental compartments. Both the assumed 25% loss during use of the items, and the assumed distribution between water, marine, natural soil and agricultural soil are uncertain. 

The annual usage of cadmium for plating is smaller than that, for example, used in pigments. However, the fraction of the total annual cadmium usage for plating that enters the uncontrollable environmental compartments (air, water, soil and marine) is 25%, almost two orders of magnitude larger than the 0.28% of annual cadmium usage lost from pigments. Because these losses are relatively so large and are also so ill-defined, it is recommended that further information and data is sought in order to characterise properly the losses.

The contribution to environmental losses from cadmium plated items during use completely dominates the calculated local terrestrial PECs by elevating the regional PECs. Any increase in the EU usage of cadmium for metal plating would substantially affect the calculated PECs for soil, and a 50% increase would cause the risk ratios to indicate a significant risk at regional scale in a general environment from secondary poisoning through the terrestrial food chain. 

There may be a significant risk at local scale in an acidic environment from cadmium plating sites due to secondary poisoning through the aquatic food chain.

Incineration

The incineration of municipal solid waste and of sludge arising from sewage treatment was considered at continental, regional and local scales. No significant risks were identified at any of these scales. Retention efficiencies much higher than that used in this study are achievable, and the recent monitoring of emissions shows very substantial decreases in cadmium emitted to air, driven by new EU regulations.

Waste in Landfill

Although emissions from landfill were not determined (as they are outside the Technical Guidance Document), there is no evidence for high cadmium levels in landfill leachate, except for much older landfills containing uncontrolled waste. There is no evidence of cadmium leaching from landfills as a result of plastics degradation and in the short and medium term this does not occur.  
Overall Findings

Overall, using the approach prescribed by the Technical Guidance Note, it would appear that there are two areas where the local risks to health and the environment associated with stabilisers and cadmium plating merit further consideration. However, it must be remembered that these ‘risks’ are based on assumptions that tend to:

· maximise the emissions;

· maximise the exposure; and

· minimise the ‘threshold’ concentration for effects.

In particular, at local level it is assumed that the total diet is from food-chains restricted to the local environment. Also the timescales for approaching the predicted terrestrial PECs are very long (e.g. for agricultural soil, a residence time for cadmium of 2,245 years is used) and calculations assume continuous emissions at the same locality over the whole of these times.

9.3 Recommendations

The uncontrolled emissions from cadmium plated items during use are large and very poorly characterized.  Cadmium plating is restricted except for use in applications involving safety, and it is recommended that these applications are reviewed and studied to allow estimation of the real losses, and proper identification of the environmental compartments to which the losses occur. In addition, the emissions to water at local level from cadmium plating sites should be reviewed, and data sought so that default values for aqueous effluent volumes and dilution factors need not be used.

Cadmium stabiliser use in the EU is being phased out. If, however, these stabilizers continue to be manufactured in the EU for extra-EU export, then the aqueous emissions from any remaining manufacturing sites should be reviewed, and data sought so that default values for aqueous effluent volumes and dilution factors need not be used.
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� EUSES is a decision support software package based on the Technical Guidance Document and is


available from JRC Ispra. Further details (and demonstration) are available from


http://ecb.ei.jrc.it/existing-chemicals


2 However, there are other legislative controls that may apply - for example, Council Directive 84/500/EEC relating to ceramic articles intended to come into contact with foodstuffs places limits on the amount of cadmium migrating from the article to an acetic acid (vinegar) solution.


A Issue Paper on "Substitution of Cadmium in Plastics - Selected Examples from Danish and Swedish Companies", prepared by Ramboll for the Danish Environmental Protection Agency (September 1995); Mona Olsson Öberg and Gunhild Granath. "Experiences of the Swedish regulation concerning cadmium in stabilizers and pigments in plastics". KEMI PM nr.4/97, 1997.


3 Based on information supplied to RPA by James M Brown Ltd.
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5 Of note is that the greatest concentration of aircraft steel is in landing gear where strength and


reliability are of key importance. In addition, modern braking systems can generate temperatures of


550°C in emergency conditions (such as aborted take-off) and structural integrity must be retained -


hence the use of cadmium plated steels (Source: British Steel Engineering Steels website).


6 Note that the assessment is not sensitive to this assumption. This waste is assumed to go to solid waste


which is either landfilled or incinerated in the ratio 80:20. If the window had not been taken out of the


waste stream for recycling, it would also have been disposed of as solid waste to landfill or incineration


in the ratio 90:10 (see Section 4.1.6 for explanation of these ratios).


7 Consultation with the artists’ colours industry has indicated that in some European areas municipalities collect ‘chemical wastes’ and that recommendations to dispose of colour waste through these channels usually appear in the technical information given by the artists’ colours manufacturers.






