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Introduction 
Mapua, a small coastal village located between Nelson and Motueka at the mouth of 
the Waimea Estuary, was from 1932 to 1988 the site of the Fruit Growers Chemical 
Company factory and their private landfill. As a result, a range of pesticide pollutants 
and heavy metals contaminated the soil and surrounding sediments. In 2004, 
remediation of the contaminated soil was undertaken and finished in 2007. 
Consequent to this work, concerns were raised regarding the risks to public health 
from the exposure from a number of these pesticides and other contaminants resulting 
from the remediation process. 
 
Consequently, the Nelson Marlborough District Health Board requested a 
toxicological profile of a range of chemicals that may still be present at the site or 
may have been released from the site during remediation; these may pose a risk to 
residents in an adjoining suburb. Requested profiles were divided into three groups: 
 
Group one. Comprehensive chemical profiles of chemicals cited in the PCE report: 
pentachlorophenol, polychlorinated biphenyls, and atrazine. 
 
These profiles include the following sections, summarising information published in 
the peer-reviewed literature: 
 

Physicochemical properties 
Routes of exposure (skin, ingestion, inhalation) 
Toxicokinetics (absorption, distribution, metabolism, elimination) 
Mechanism of action within the body 
Summary of clinical signs and symptoms following toxic exposure (human and 
animal: acute and chronic) 
Carcinogenicity 
Mutagenicity 
Developmental Effects and Teratogenicity  
Environmental fate (ecological metabolism, accumulation and degradation) and 
subsequent ecotoxicity 
Dose response Information: 

Doses necessary to cause acute and chronic toxicity 
Summary of case reports following toxicological exposure 
Measures of mammalian toxicity 
Defined exposure limits 

A summary of biological assays available to test for evidence of these chemicals 
in biological samples 

 
Group two. A less detailed toxicological review on dioxins; focusing on toxicity and 
with summaries of the other categories. 
 
Group three: Provide tabulated summaries of tolerable daily intakes, as defined by 
various regulatory authorities, comment and review their values with those reported in 
Craig Stevenson’s THI report and sunmarise if Craig’s values are acceptable for 
determining the respect THIs. This list comprises the organochlorines DDT/DDE, 
dieldrin, lindane and aldrin, chlordane, heptachlor, heptachlor epoxide and 
hexachlorobenzene. 
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For the purpose of these reports, unless stated otherwise, an acute exposure is defined 
as exposure to a chemical for duration of 14 days or less, a sub-acute exposure for one 
month or less, subchronic for 1 to 3 months  and a chronic exposure for more than 3 
months. Unless stated otherwise, the term TDI is used throughout the text except 
when citing research studies or names of organisations, where the original 
terminology was retained. (eg RfD) 
 
One limitation of the study was the accessibility of all available references. Almost all 
of the references were read by the author, but a small number studies such as from old 
government or company reports, for example, were unattainable and information 
obtained and summarised were from a secondary source. In such instances the cited 
reference will be flagged by the author. 
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1.0  Atrazine  

1.1 Physical Chemical Properties 

1.1.1 Basic Properties 
 

Table 1.1 Physical Chemical Properties of Atrazine 
 
CAS number: 1912-24-9 
Synonyms: Aatram; Aatrex ; Agro Atrazine 500, Atraflo; Atragranz; Atrasol; 

Atranex; Atratol; Gesaprim; Primatol; Crisazine; Chemgro 
atrazine; Flowable atrazine; Nu-trazine 

Chemical class: Triazine herbicide 
Chemical name: 6-chloro-N-ethyl-N'-(1-methylethyl)-triazine-2,4-diamine 

(IUPAC) 
Empirical formula: C8H14ClN5 
Chemical structure: 

 
Molecular weight: 215.69 
Melting point: 175-177 oC 
Vapour pressure: 3.0 x 10-7 mmHg at 20 oC 
Water solubility: 30 mg/L at 20 oC 
Henry's law  
constant: 2.96 x 10-9 atm-m3/mol (at 25 oC) 
Partition  
Coefficient (OW): 2.61 
pKa: 1.7 

 

1.1.2 Brief notes 
Atrazine consists of a triazine ring (a heterocyclic ring with three carbons replaced by 
nitrogen) with two attached amine groups and a chlorine atom. It is poorly soluble in 
water, but moderately soluble in a non-polar solvent (eg solubility in chloroform is 
52,000 mg/L). It remains stable in slightly acidic, alkaline or neutral media but is 
hydrolysed by alkali or mineral acids at higher temperatures. 

1.1.3 Uses 
Atrazine is a selective post-emergence herbicide that has been used commercially 
since 1958. It is one of the most widely used herbicides in the world, with 
approximately 70,000 and 90,000 tons being applied each year.1 Despite being banned 
by the European Union in 2003, because of its “ubiquitous and unpreventable water 
contamination”, it is still used in North America.2 Furthermore, it is still licensed for 
use in New Zealand to control some annual grasses and most broad leaf weeds.3 
Atrazine is spread on crops and croplands as either a powder, liquid or in granular 
form. To be active, it must dissolve in water enabling it to enter the plant through the 
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roots or leaves and thereby inhibit the Hill reaction,4 which is important in the process 
of photosynthesis.  
 

1.2 Routes of Exposure 

1.2.1. Ingestion 
A recent case report describes the ingestion of atrazine that was co-ingested with 
ethylene glycol, formaldehyde.5 Subsequent elevated blood levels of atrazine suggest 
this pesticide is readily absorbed across the intestinal tract. There is no evidence, of 
injury to the gastrointestinal mucosa following atrazine exposure. In vitro evidence 
suggests atrazine does not accumulate in enterocytes but is readily absorbed across the 
cells.6 

1.2.2 Skin 
There is sufficient evidence to suggest that atrazine can enter systemic circulation 
through the absorption by intact skin.7 Research suggested epithelial cells were 
metabolising atrazine. Patch tests on human volunteers have also demonstrated skin 
absorption by measuring detectable levels of atrazine metabolites in their urine.8 In 
contrast to other studies (see section on metabolism), the parent drug could not be 
detected. Workers exposed to atrazine via skin contact have also demonstrated dermal 
absorption.9, 10 In rats, investigations have demonstrated that younger animals have 
greater absorption.11 Age differences could not be correlated with skin thickness. 

1.2.3 Eye 
Exposure to the eye has resulted in ocular irritation and slight abrasion to the cornea, 
with complete resolution of symptoms.12 To the knowledge of the author, there is no 
evidence of entry to systemic circulation via this route. 

1.2.4 Inhalation 
Men engaged in weed spraying had evidence of atrazine metabolites in their urine; it 
was implied they had inhaled the vapour in the exercise of their employment.13 To the 
knowledge of the author, there are no other published reports examining the 
inhalation of atrazine. 
 

1.3 Toxicokinetics 

1.3.1 Absorption 
Atrazine readily absorbs across the intestinal tract following ingestion.5, 14, 15 
Following the ingestion of atrazine, ~57% of the dose has been recovered in the urine 
of rats.15 
 
There is sufficient evidence in both human and animal studies to suggest skin 
absorption also occurs, though bioavailability is lower than for oral ingestion.7-11 Only 
0.3–4.4% of a dermal administered dose was recovered in urine.8 Approximately 16 % 
of an applied dose of atrazine to human skin has been reported to partition through the 
skin using an in vitro diffusion system.7 
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1.3.2 Distribution 
In the rat, atrazine will distribute to most organs of the body, with the greatest 
concentration in the liver and kidneys.16 The time to achieve maximum plasma 
concentrations following ingestion is approximately 8 to 10 hours.  

1.3.3 Metabolism 
Following ingestion, evidence in humans and animal studies suggest the liver 
metabolises atrazine by phase one dealkylation followed by phase two glutathione 
conjugation with the subsequent predominant formation of mercapturic acids in the 
kidneys (see Figure 1.1 for a summary of the various metabolic pathways). 
Cytochrome P-450 enzymes mediate atrazine dealkylation.7, 17-19 In humans, the 
majority of the metabolites are excreted as dealkylated or mercapturate species.8 
Similar metabolites have been recovered from the urine of workers exposed to 
atrazine dermally9 and by inhaling the vapour.13 Perfusion studies conducted on 
human tissue samples have also demonstrated atrazine metabolites in the serosal 
chamber.7 

 
Figure 1.1 Proposed pathways for human and rodent biotransformation of 
atrazine.17, 20 
 

 

1.3.4 Elimination 
The primary route of excretion of atrazine metabolites by urine has been demonstrated 
in humans, rats, mice and chickens.8, 14-16, 21, 22 There is no evidence of host 
accumulation. Following dermal application, some of the unchanged atrazine (less 
than 2%) is eliminated with the metabolites.8, 9 Similar results have been reported 
following oral ingestion in rats.14 The elimination half-life is rapid, with elimination 
occurring between 10.8-11.2 hours post-ingestion.15 

 

1.4 Mechanism of Action within the Body 

1.4.1 Oestrus Cycle Disruption 
The effect of atrazine (and other triazines) on cellular function in mammalian species 
is not well understood. In some strains of rat, atrazine, in doses ranging from 7 to 300 
mg/kg/day, appears to disrupt female reproduction by altering the oestrus cycle. 
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Cessation of the cycle is possibly due to disruption of the hormones that control the 
cycle (Figure 1.2 summarises the gonadotrophic hormonal control).23 Disruption does 
not appear to be associated with any intrinsic estrogenic activity of atrazine, as 
atrazine does not bind to estrogen receptors in vitro.24 Rather, it may influence the 
cycle indirectly through the central nervous system25 via a hypothalamic site of 
action. Another hypothesis suggests atrazine may disrupt the cycle by binding to 
gamma-amino butyric acid-a central nervous system receptors that regulate the release 
of gonadotropin releasing hormone from the hypothalamus.26 
 
Figure 1.2 The neuroendocrine control of the gonadal function. 
 

 
 
Recent research on animal models, such as mice, have suggested atrazine may also act 
upon basal ganglia dopaminergic neurons27 with implications for increased risk of 
Parkinson's disease. 
 
However, in all of these studies, the doses of atrazine and the route of exposure (by 
ingestion) are unlikely to be representative of human exposure; it is difficult, 
therefore, to attribute these hypotheses as modes of action in human toxicity. 
 

1.5 Summary of Clinical Signs and Symptoms Following Toxic Exposure  

1.5.1 Acute Signs and Symptoms 

1.5.1.1 Human (acute) 
There have been no verified cases of toxicity following the ingestion of atrazine.28 To 
the knowledge of the author, there has been only one peer-reviewed report of atrazine 
ingestion, which was coupled with the ingestion of ethylene glycol and 
formaldehyde.5 The patient subsequently developed systemic signs and symptoms that 
included renal failure, hepatic necrosis and disseminated intravascular coagulation 
and finally death from intractable shock. Evidence of symptoms presented by the 
patient are consistent with ethylene glycol and formaldehyde toxicity (e.g. severe 
metabolic acidosis with a large anion gap) and the authors concluded that toxicity 
from these two chemicals was the most likely cause of death.5 
 
All reported case histories involving human exposure to atrazine involve skin and eye 
exposure. Acute skin exposure can lead to mild contact dermatitis with swelling, both 
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of which resolve within a minimal period of time. Allergic contact dermatitis has also 
been reported following skin exposure to a concentrated formulation.29 Symptoms 
following exposure to the hands have included localised pain, swelling, redness and 
blisters, with hemorrhagic bullae between the fingers, leading to incapacitation. 
Symptoms finally resolved, but persisted for several weeks. 
 
Eye exposure may also cause irritation and one report describes slight abrasion of the 
cornea, which required medication.12 Again, symptoms typically resolved without 
complications. 

1.5.1.2 Animal (acute) 
Signs and symptoms related to animal exposure to atrazine are associated with acute, 
sub-acute, subchronic and chronic studies. They are all summarised together in 
section 1.5.2.2, according to the various organs. 

1.5.2  Chronic Signs and Symptoms 

1.5.2.1 Human (chronic) 
A retrospective study assessing workers in a chemical plant that were chronically 
exposed to atrazine concluded there was only a possible causal relationship with 
gastroenteritis.33 Another retrospective study of chemical plant workers concluded 
they had mortality rates equal to or less than the general population.34 

1.5.2.2 Animal (acute, sub acute sub-chronic and chronic) 

1.5.2.2.1 Introduction 

The following paragraphs (sections 1.5.2.2.2 to 1.5.2.2.7) are a brief summary (and by 
no means exhaustive) of a range of EPA and other studies assessing the effects of 
acute, sub-acute and chronic dietary ingestion of atrazine upon various organs of the 
body in an assortment of different animal species. Such studies involve administering 
massive doses of atrazine (ranging from 10-200 mg/kg) over a range of time intervals, 
in order to determine the effects atrazine may have upon various organs of the host, 
and in some instances to ascertain the respective NOAEL values.  

1.5.2.2.2 Cardiovascular and Haematology 

Dogs fed 34 mg/kg atrazine for one year demonstrated mild changes in ECG 
measurements and pathology to the heart.35 Similar results have been demonstrated 
with rats and pigs being fed a range of atrazine with comparable doses.36-39 There are 
no reported changes to the gastrointestinal tracts of rats chronically fed doses of 
atrazine, ranging from 47 – 71 mg/kg. Variable haematological results have been 
reported following dietary ingestion of atrazine (71 mg/kg/day); effects ranged from 
no changes to mild changes in rat hematological indices such as decreases in 
erythrocyte, haemoglobin, and haematocrit levels.35-38 

1.5.2.2.3 Hepatic and Renal 

The liver appears to be the major target of atrazine toxicity with increased levels of 
serum transaminases, decreased blood glucose and in a variety mild histopathological 
changes to the liver following chronic ingestion of 100 mg/kg/day.36-38 The pig 
appears to be the most sensitive mammalian species.41 Renal effects have been noted 
only in studies involving rats and pig. Changes included increased urinary levels of 
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electrolyte, proteins and serum dehydrogenases as well as evidence of 
histopathological changes to the kidney.36-39, 40, 42 

1.5.2.2.4 Endocrine and Reproduction 

In some animal models, atrazine primarily appears to disrupt the female reproduction 
system by altering the oestrus cycle. This has been demonstrated in some strains of rat 
following the oral ingestion of acute, sub-acute and chronic doses of atrazine (50 – 
300 mg/kg/day)25, 43-47 Atrazine (120 mg/kg/day for 7 days) may also interfere with rat 
male hormone regulation by decreasing the metabolism of testosterone to 5α-
dihydroxytestosterone and binding to its receptor complex,48 and can lead to increased 
rat pituitary gland weight.49 In a two-generation rat study, doses of 2.5 and 25 mg/kg 
atrazine, pups of the second generation had increase in relative testis weight.124 
Changes in thyroid size have also been reported, though it is uncertain if such changes 
are due to the direct action of atrazine or indirectly due to changes atrazine causes to 
the pituitary gland. Given atrazine’s ability to block endogenous hormones, this 
herbicide is therefore recognized as a potential endocrine disruptor. However, such 
disruption is dependent on both the dose and duration of exposure and the choice of 
animal strain.43, 44 

1.5.2.2.5 Musculoskeletal, Dermal and Body weight 

Rats and dogs fed diets of atrazine ranging from 34 – 72 mg/kg demonstrated no 
histological changes in skeletal muscles.36-38 Chronic dietary administration 
demonstrated no gross or histological abnormalities to skin or eyes.36-38 Mild to severe 
weight losses, however, were recorded following chronic exposure (e.g. 36-38, 50, 
123), though in some studies rats made a full recovery when atrazine was removed 
from their diet.  

1.5.2.2.6 Immunological 

Rats fed acute dose of atrazine (100 mg/kg/day) demonstrated mild changes to 
immunoglobulin levels, subtle changes to the spleen and marginal decrease in thymus 
weight. There was no evidence of autoimmune disease or delayed-type 
hypersensitivity reaction.51 No effects whatsoever were observed at 20 mg/kg/day. 
Similar results have been found with other studies.52 Like other investigations, pigs 
appear to be the most sensitive species.39 

1.5.2.2.7 Ocular and Neurological 

Acute ingestion of atrazine (100 mg/kg/day) has yielded subtle changes in rat 
neurological functions.53 No behavioural changes have been noted on rats fed up to 75 
mg/kg/day atrazine.54 There were no ocular changes in rats or dogs following chronic 
doses ranging from 52-483 mg/kg36-38 
 

1.6 Carcinogenicity 

1.6.1 Human Studies 
The association between atrazine contaminated drinking water (average concentration 
was 162.74 ng/L) and increased risk of cancer was determined in Ontario, Canada.55 
There was a positive association with stomach cancer with an increased risk of 0.6 
cases for men and 1.0 case for women per 100,000 person-years. Negative 
associations were found with other cancers. A study in Kentucky reported an 
association between breast cancer and atrazine-contaminated water (mean 
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concentration 0.11±0.19 µg/L).56 In contrast, however, a further study suggested there 
was no significant association with breast (or ovarian) cancer in this group of 
women57; a similar conclusion was reached in a study of Wisconsin women.58 Other 
population-based studies suggested positive associations with non-Hodgkin’s 
lymphoma,59-61 prostrate, brain and testes cancer 59 and leukemia.59 A retrospective 
cohort study of licensed pesticide applicators in Iowa and North Carolina showed a 
positive trend with lung and bladder cancers, non-Hodgkin lymphoma, and multiple 
myeloma.62 However, criticisms of some of these investigations have suggested the 
sample sizes were too small, residents were exposed to other chemicals and the routes 
of proposed exposure were not ascertained. 
 
Overall, there is not enough information to suggest there is a link between atrazine 
and cancer in humans. As such, the American Conference of Governmental and 
Industrial Hygienists63 determined atrazine was not classified as a human carcinogen. 
Furthermore, the IARC64 in 1999 downgraded atrazine from a group 2B category (i.e. 
possibly carcinogenic to humans) to group 3 (not classifiable as to its carcinogenicity 
in humans).  

1.6.2 Animal Studies 
There is conflicting evidence in animal models that atrazine may cause cancer. 
Research has suggested that at high doses (70 -80 mg/kg/day), atrazine in the diet of 
rats may cause increased incidence and earlier onset of mammary tumours. 
Investigations with female Sprague-Dawley rats demonstrated increased incidence of 
mammary tumours (unpublished, but reviewed by Stevens and colleagues65), but this 
was contradicted by investigations employing Fischer 344 rats (unpublished but 
reviewed by Stevens and colleagues plus Wetzel and colleagues47, 65) or CD-1 mice 
(unpublished but reviewed by Stevens and colleagues65).  
 
Other investigations have failed to demonstrate statistically increased levels of other 
cancers or malignant tumours.66, 67 
 

1.7 Mutagenicity 
Research tends to suggest that atrazine does not induce forward or reverse mutations 
in prokaryotic cells (e.g. 68). In contrast, there is some evidence of genotoxicity in a 
variety of eukaryotic cells; these include gene conversion (e.g. 69), forward and 
reverse mutation (e.g. 69, 70). With mammalian cell lines there has been conflicting 
evidence with some reports suggesting DNA damage may or may not occur (e.g. 71, 
72). 
 

1.8 Developmental Effects and Teratogenicity 

1.8.1 Human studies 
Changes in reproductive and teratogenic effects were assessed in farming families that 
may have been exposed to atrazine. Research concluded there may have been an 
association with an increase in pre-term delivery.30, 31 There was no significant 
increase in risk of either early or late spontaneous abortions.30 Other studies from this 
survey reported no effect upon male spermatogenesis.32 
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A retrospective survey of Canadian farming families (n = 1898) who were exposed to 
atrazine, demonstrated no changes in the gender-birth expected sex ratio or increased 
risk for small-for-gestational-age births31; there may however be an association with 
increased pre-term delivery and miscarriage30, 31 There is no evidence of hypospadias 
in Arkansas between 1998 and 200 resulting from exposure to atrazine applications.73 
There may be a weak association of atrazine in drinking water with intrauterine 
growth retardation (IUGR),74 though this was confounded by other factors (sources of 
drinking water and the actual risk of IUGR).  

1.8.2 Animal Studies 
Developmental effects have been observed in rats and rabbits administered doses of 
70 - 75 mg/kg/day atrazine during key time intervals of gestation; 6-15 days and 7 -19 
days for rats and rabbits respectively. Offspring demonstrated incomplete ossification 
of the skull, hyoid bone, teeth, forepaw metacarpals, and hind paw distal phalanges.75 
There were decreased foetal body weights, increased litter resorptions and reduced live 
litters. No developmental effects were observed at 5 mg/kg/day. In contrast, however, 
no developmental effects were found in other studies with rat species given dietary 
intakes ranging from 31 to 113 mg/kg/day.76, 77 
 
Rats pre-treated sub-acutely with atrazine (0 – 120 mg/kg), to assess pregestational 
and lactational effects on offspring’s central nervous system and reproduction, were 
later mated with untreated males; litter size, weight and survival remained unchanged 
though there were later mild neurobehavioral effects noted.78-80 Males from the litter 
administered 50 mg/kg/day or higher had evidence of histopathological changes to the 
prostrate.80 
 
Vaginal opening, a marker of female puberty in the rat, was delayed in rats given 30 
mg/kg/day or greater of atrazine.81, 82 Delays in uterine growth were also observed at 
doses of 100 mg/kg/day. 
 

1.9 Environmental fate (metabolism and accumulation) and subsequent 
ecotoxicity 

1.9.1 Environmental Levels 

Air 

Due to its persistence in the environment, atmospheric levels have been determined, 
more often following its application to crops. Monitoring levels following such 
applications, it was found present in rainfall collected four months after its use.83 
Concentration in rural areas within the vicinity of Paris in 1992-93 were 5–400 ng/L, 
with similar to values in adjacent urban areas. Assessment of agrochemical fluxes in 
the atmosphere over Ottawa in June 1993 and July 1994, demonstrated peak atrazine 
concentrations of 4.6 ng/m3.84 Increasing airborne concentrations may be associated 
with increasing concentrations in the vapour phase (associated with rainfall) which 
could reflect duration, intensity and distance from the site of atrazine application.  

Water 

In agricultural watershed streams, average concentrations of atrazine ranged from 1.1 
to 1.6 µg/L.85 Median concentrations from the Mississippi River at Baton Rouge, 
Louisiana, that were sampled from 1991 to 1997, were approximately 0.45 µg/L.86 
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Differences in streams and ground water are demonstrated in a large study in the 
United States mid-west that showed median concentrations of 3.97 and 0.001 µg/L, 
respectively.87 Water in drinking wells can be contaminated by atrazine runoff. In one 
study, for example, levels of atrazine have been detected in 31% of wells at 
concentrations less than 0.6 µg/L atrazine (though two were assayed at 3 µg/L).88 A 
total of 82 wells in New Zealand were assayed in 1990 for a range of pesticides 
including atrazine89; one well had 37 µg/ L, an order of magnitude in excess of the 
WHO TDI in drinking water (see section 1.10.4). A second well was slightly above 
the WHO limit and the remaining 80 had undetectable levels. Another survey 
assessing 111 wells throughout New Zealand was undertaken in 2002.90 Atrazine was 
detected in several wells, with concentrations two orders of magnitude below the 
WHO TDI in drinking water. 

Soil 

Concentrations of atrazine in soil may vary, depending on climatic patterns and 
agricultural usage. Where atrazine has been applied (1.1 kg per ha), levels of atrazine 
in surface soil have declined from 0.83 µg/g 6 days post-application to 0.5 µg/g after 2 
months to 0.08 µg/g after 12 months.98 Similar trends occur following more intensive 
application.91 In all instances, concentrations in the soil drop by 90% within one year. 

1.9.2 Environmental Fate 
To be active as a herbicide, atrazine must first be dissolved in water before it can 
enter through the roots and act upon the plant (by preventing photosynthesis). All 
plants take up atrazine, but those plants not affected by its action soon break down the 
chemical. Any remaining atrazine in the soil is either washed off by rainwater into 
streams and lakes92, 93 or may leach through successive layers of soil94 where it can 
then enter groundwater. Overall, atrazine (and its metabolites) can persist and thereby 
contaminate streams, lakes and costal estuaries.95 In the United States, for example, 
atrazine is up to 20 times more frequently detected in ground water than any other 
herbicide.96 Any residues that remain within the soil are broken down, typically over 
the period of a growing season. Atrazine has low rates of volatility,97 and airborne 
dispersal favours the particulate phase (binding to dust and other small particles) 
rather than the vapour phase. Nevertheless, it is discharged into the air via spray 
droplets (typically by spray applicators) where it may react with other chemicals, 
pollute fog or rain98, 99 or will bind to airborne particulate matter.100 Bound chemical 
can then travel large distances from the site of application; in one instance it was 
assayed in ground water 100–300 km from the site of application.101, 102 Atrazine is 
removed from the atmosphere by precipitation and dry deposition.101 

1.9.3 Ecological Degradation 
Atrazine can remain stable as a dry powder for many years.103 However, once it has 
been applied in the environment, typically as a mist or spray, environment, it can 
subsequently be degraded by one of three pathways: 
 

1. Hydrolysis of the hydrogen carbon bond leads to the formation of 
hydroxyatrazine.94, 104 This pathway typically occurs in soil and aquatic 
environments. Indeed, this is regarded as the major (non-microbiological) 
pathway leading to the degradation of this herbicide.104 

2. N-dealkylation of carbon number 4 and/or 6. Degradation yields deethylated 
atrazine, deisopropylated atrazine and 2-chloro-4,6-diaminotriazine.94, 105 The 
first two products are photolytic metabolites. 
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3. Micro-organism degradation – a series of metabolic steps causing the splitting 
of the triazine ring,103 dehalogenation, dealkylation and in some instances 
leading to the final formation of urea.106, 107 

 
Rates of degradation in soil, air and water have been reported, but values are variable. 
A brief summary of the literature suggests the following mean rates: 
 

Soil half-life: 14 – 109 days108, 109 
Half-life in water: >200 days 
Half-life in the  
vapour phase : 14 hours110 

 
Direct photo-degradation of vapour-phase atrazine in the atmosphere is rapid (14 hour 
half-life). In contrast to vapour-phase atrazine, particulate-bound atrazine will not 
degrade at the same rate (which may explain why the intact herbicide can be 
transported such substantial distances in the atmosphere). 
 
The degradation of atrazine in water, however, is slow, with mean residence times in 
excess of 200 days in lakes and streams. Photolysis does not occur unless there is a 
substantial amount of dissolved organic matter of pH below 7.111, 112 Degradation is 
predominantly by hydrolysis113 but aerobic bacteria may make a small contribution. 
No biodegradation has been observed in ground water associated with aquifer 
sediment systems under anaerobic conditions.114 
 
Degradation and losses from soil occur by various mechanisms: photolysis, 
biodegradation, percolation into groundwater, volatilisation, and irreversible binding 
to soils.115 The degradation half-life is extended in dry and cold conditions. Residues 
of atrazine and its metabolites have remained bound to soil-based sediments two years 
after the initial exposure.116 Bacteria appear to play a negligible role.117 

1.9.3.1 Effect on Ecological Food Chain 
Despite remaining in the environment, research does suggest atrazine is not 
accumulated and concentrated in the ecological food chain as it is rapidly metabolised 
and eliminated from the respective hosts (see sections 1.3.3 and 1.3.4). Nevertheless, 
there is a body of literature that suggest the presence of atrazine and its metabolites 
itself may have an influence on various aquatic species ranging from simple 
photosynthetic organisms through to fish and ultimately humans that consume the 
water.118 

 

1.10 Dose Response Information 

1.10.1 Doses Necessary to Cause Acute and Chronic Toxicity 

1.10.1.1 Acute 
Based on animal LD50 studies (summaries are provided in section 1.10.3.1), atrazine 
is regarded as a compound of low acute toxicity to humans.28, 119 Death, in association 
with other more deadly co-ingestants, has followed the ingestion of 500 mL atrazine.5 
To the knowledge of the author, no other reports of acute toxicity in humans have 
been reported.  
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A review of all animal livestock exposures to atrazine over a ten-year interval, 
reported to the European Veterinary Poison Control Center concluded the risk of 
atrazine toxicity is small.120 

1.10.1.2 Chronic 
There is limited information on the chronic toxicity of atrazine and less so on defined 
exposures and/or blood concentrations of studied participants. For example, 
reproductive and developmental toxicity were assessed in three studies based solely 
on questionnaires.30-32 
  
Farming families in Iowa who may have been exposed to atrazine residues in drinking 
water (mean atrazine concentration was 2.2 µg/L) may have a weak association with 
intra-uterine growth retardation.74 See section 1.8.1. 

 
A study in Maryland observed possible associations between diagnosis of childhood 
leukaemia and bone cancer and residents living within 3.2 km from well water 
containing detectable levels of nitrate and pesticides including atrazine, though this 
was not demonstrated with atrazine alone.121 The authors, however, stressed such an 
association was tenuous, subject to further investigations and should remain as a 
suggested hypothesis.  The maximum detectable concentration of atrazine in these 
wells was 1.7 µg/L; this value is almost half the defined United States EPA maximum 
contaminant level that is associated with little or no risk of adverse health effects or 
cancer (see Appendix 3). 

1.10.2 Summary of Case Reports Following Human Toxicological Exposure 
To the knowledge of the author, there has been only one peer-reviewed report of 
atrazine ingestion, which was coupled with the ingestion of ethylene glycol and 
formaldehyde.5 This case has been adequately covered in section 1.5.1.1. 

1.10.3 Measures of Mammalian Toxicity 
Measures of toxicity in mammals, for example, are used to determine acceptable 
levels of exposure in humans. For example, the US National Academy of Sciences 
used a LOAEL that caused low chronic toxicity122 to derive their ADI for atrazine. 

1.10.3.1 LD50 Values 
For an explanation of LD50 values see Appendix one. A summary of various LD50 
values from a range of mammalian species and routes of exposure are summarised in 
Table 1.2. 
 
Table 1.2 Table Summaries of LD50 single dose values for atrazine28 

 
Species Route LD50 (mg/kg/bw) 
Rat Oral 1900 - 3000 
Rat Dermal >3000 
Mouse Oral 1750 
Rabbit Oral 750 
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1.10.4 Guidance Values 

Tolerable Daily Intakes  

A summary of tolerable daily intakes (TDI), and how they are derived, are presented 
in table 1.3. For an explanation of TDI, see appendix 1 
 
Table 1.3  Tolerable daily intakes for atrazine, as defined by various regulatory 
authorities 
 

Agency EPA1 RIVM2 

Type of Exposure 
Chronic ingestion 
RfD 

Chronic 
ingestion TDI 

Value 35 µg/kg/day 5 µg/kg/day 

Year 1993 1999/2000 

Species rat rat 

Critical effect Body weight 
Reproductive 
organs 

NOAEL/LOAEL 

3.5 mg/kg/day 
NOAEL 

0.5 mg/kg/day 
NOAEL 

Uncertainty factor 100(10A, 10H) 100(10A, 10H) 

Principle study 123 124 
1EPA – United States Environmental Protection Agency 
2RIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and 
the Environment, the Netherlands) 

 

Other Measures of Daily Intake 

The European Union has limited the maximum allowable concentration for a single 
pesticide to 0.1 µg/L (Drinking Water Directive: 98/83/EC, 1998) and their presence 
in different foods and drinks is limited by legislation. 
 
The WHO125 has established an international guideline for TDI’s of atrazine in 
drinking water at 2 µg/litre.  
 
Regulations governing atrazine residues in food vary, depending on the foodstuff and 
the country that legislates its control. They range from 0.01 (Australian meat and 
dairy products) to 10 (American Pineapple fodder and forage) mg/kg atrazine residue 
limits.64 In some European countries, it is banned from use. Based on the possible 
health risks and exposure to the general population, the EPA has set the Maximum 
Contaminant Level for atrazine in water systems at 0.003 mg/L (see Appendix 3). 
 

1.11 A summary of Biological Assays that are Available to Test for Evidence of 
these Chemicals 
A commonly used method for sensitive and specific analysis of atrazine has been 
high-pressure liquid chromatography (HPLC), linked to a detector that is either mass 
spectrometry (e.g. 126) or tandem mass spectrometry (e.g. 127). Other investigators 
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have employed gas chromatography for their solute separations.128 As these methods 
are very time consuming and expensive, other more cost effective and rapid 
techniques have been developed though not necessarily used widely; these have 
included enzyme linked immunoassays129 and immunosensors (e.g. 130).  
 
Atrazine can be assayed from biological samples including plasma,5 saliva,131 skin,132 
urine8 and from hepatic tissue.133 Before analysis can be achieved, extraction of 
atrazine from the surrounding matrix (such as plasma) is required; such methods have 
included solvent extraction, solid phase extraction, supercritical water extraction, 
microwave-assisted extraction (MAE) and pressurised liquid extraction (e.g. 134-
136). Given the complexity of these procedures, analysis can be slow, cumbersome 
and expensive. 
 
The determination of atrazine levels in the human body may be difficult due to its 
rapid excretion from the body15 (half life is between 10.8 to 11.2 hours post-
ingestion). If analysis needs to be undertaken, it would be prudent to assay both 
atrazine and its key metabolites in urine. However, the presence of these compounds 
in the body would only indicate recent contact with this pesticide. High Resolution 
Gas Chromatography Mass Spectrometry is the most commonly recommended and 
used method to assay for this herbicide; analysis must be undertaken in a laboratory 
that has ISO/IEC 17025 registration. As with dioxin and PCP, the laboratory in New 
Zealand most suited to assess this pesticide, having the necessary skills and 
registrations for such analysis, is AsureQuality Limited in Lower Hutt. Though they 
presently have not assayed it in either urine or blood, they have extensive experience 
in measuring levels in water, food and soil. Development of an assay for either blood 
or urine should not be difficult. 
 

1.12 Summary 
Atrazine consists of a triazine molecule with two amine groups and one chlorine 
atom. Due to its persistence in the environment its use has been restricted and banned 
in some countries though it is still widely used in the United States (and New 
Zealand). It can absorb across the skin, intestinal and respiratory tracts though rates 
and bioavailability for dermal absorption are far lower than via the intestinal route. 
Atrazine will readily distribute to most organs of the body followed by rapid 
elimination, predominantly via the kidneys. The effect of atrazine in mammalian 
species is not well understood, but based on animal studies, where animals were fed 
massive doses of this herbicide, it may function as an endocrine disruptor. In humans 
there are no reports of atrazine toxicity that are attributed to this herbicide alone. Skin 
exposure can cause mild contact dermatitis, which soon resolves.  
 
Evidence of toxicity in humans following chronic exposure to lower levels of atrazine 
are not as well defined; there may be statistical associations with increased risk of pre-
term delivery and gastroenteritis. In contrast, toxicity has been achieved in animal 
studies though the administered doses necessary to achieve observable effects ranged 
from 10 –200 mg/kg body weight. These effects have included mild haematological 
changes, hepatic and renal injury, endocrine disruptions, weight losses and mild 
changes to neurological and immunological indices. Based on LD50 studies, atrazine 
has been regarded as of low acute toxicity to humans.  
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There is some evidence, though conflicting, that atrazine may cause increased 
incidents of mammary cancers in rats. In humans, there is not enough information to 
suggest there is a link between atrazine and cancer; however, based on limited 
evidence in animal studies, atrazine has been classified as possibly carcinogenic to 
humans. There is insufficient evidence to suggest atrazine causes mutagenicity. There 
may be a weak statistical association in humans with atrazine causing mild 
developmental effects. 
 
Atrazine can persist and contaminate streams and lakes due to run off from pastoral 
applications. It can also be dispersed large distances from the site of application, 
bound to airborne particulates. However, once it has been solubilised and dispersed 
onto crops or used in other applications, it will degrade within a year, though the rate 
of degradation will depend on the surrounding matrix. As a dry powder, atrazine can 
remain stable for many years, though once in contact with the soil, degradation will 
occur, albeit at a rate  slower than the solubilised form. Despite remaining in the 
environment, it does not bioaccumulate in the ecological food chain. 
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2.0  Pentachlorophenol 

2.1 Physical Chemical Properties 

2.1.1 Basic Properties 
 

Table 2.1 Physical Chemical Properties of Pentachlorophenol and 
pentachlorophenate 
 

Characteristic Pentachlorophenol Pentachlorophenate 
Synonyms: Chlon; Dowicide 7; Dowicide 

EC-7; Dura Treet II; EP 30; 
Fungifen: 
Grundier Arbezol; Lauxtol; 
Liroprem; Penta Concentrate; 
Penta Ready; Penta WR; 
Permasan; Santophen 20; 
Woodtreatb 

Dow Dormant Fungicide; 
Dowicide 
G; Dowicide 
G-St; Mystox D; Napclor-G; 
Santobrite; Sapco25 
Weedbeads 

CAS number: 87-86-5 131-52-2 
Chemical class:   
Chemical name:  pentachlorophenate; 

2,3,4,5,6- 
Empirical formula: C6HCl5OH C6Cl5ONa 
Chemical structure 

  
Molecular weight: 266.35 288.34 
Melting point: 190 oC - 
Boiling point: 309–310 oC - 
Vapour pressure: 0.00011 mmHg (25 oC)  
Water solubility: 14 mg/L (20 0C) 330,000 mg/L (25 oC) 
Henry's law 
constant: 

3.4x10-6 atm-m3/mol (at 25 oC)  

Partition  
Coefficient (OW): 

5.01  

pKa 4.7  
 

2.1.2 Brief Notes 
Pentachlorophenol (PCP) consists of a phenol (an aromatic ring with an alcohol 
functional group) plus 5 attached chlorine molecules (Table 2.1). As it is a highly 
halogenated (non-ionic) organic chemical, it is poorly poor water-soluble but has 
moderate to high solubility in organic (non-polar) solvents. In contrast, the sodium 
salt pentachlorophenate is highly water-soluble but is poorly soluble in organic 
solvents. 
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2.1.3 Uses 
PCP and its water-soluble sodium salt pentachlorophenate have been in commercial 
use since approximately 1936, when they were introduced as timber preservatives 
against wood termites.1 Since then, they have been used throughout the world as 
herbicides, disinfectants, molluscicides, algicides, and constituents of antifouling 
paints.2 At its peak, worldwide consumption was estimated to be approximately 
90,000 tons per year.3 Until 1988, it was estimated New Zealand use peaked at 
approximately 200 tonnes per year for antisapstain treatment4 and 100 tonnes per year 
for wood preservation.5 Due to its toxicity, it has become a restricted–use pesticide.5 It 
has been recognized that PCP was regarded as the most commonly detected 
environmental contaminant for humans in the United States.6 
 
Primarily it has been used as a wood preservative and 80% of its use is in the United 
States. Due to its high solubility in non-polar organic solvents, and the sodium salt’s 
high solubility in water, both forms were also widely used in insecticidal and 
fungicidal formulations for non-wood applications.7 
 
Earlier formulations of PCP were contaminated with various dioxins, which may have 
partly contributed to host toxicity upon exposure. Formulations sold in New Zealand, 
for example, were shown to contain dioxin congeners at 0.9 mg I-TEQ/kg .8 
Following toxic exposures to PCP, research has shown evidence of dioxins distributed 
in various body compartments.9 Dioxins are systematically reviewed in the dioxin 
section of this report. 
 

2.2 Routes of Exposure 
Pentachlorophenol is a potent skin, eye, and upper respiratory tract irritant. It is 
rapidly and almost completely absorbed across the skin and is readily absorbed 
following inhalation and ingestion.10 However, almost all reports of human toxicity 
have occurred after skin absorption and to a lesser extent pulmonary absorption. 
 

2.2.1 Ingestion 
To the knowledge of the author, there are only two case reports of the ingestion of 
PCP in humans.11, 12 Following the ingestion of PCP, there is no evidence of 
gastrointestinal injury, though there may be some evidence of localised epigastric 
tenderness. This pesticide is, however, rapidly absorbed across the gastrointestinal 
tract, causing systemic symptoms to occur within hours of ingestion11; Peak plasma 
levels have been reported within this time frame. The ingestion of PCP particles can 
also be contributed to by ciliary clearance from the respiratory tract. 
 

2.2.2 Skin 
PCP is readily absorbed across skin. Such penetration is expected given its 
physicochemical properties; it has a high oil:water partition coefficient (5:1) and poor 
aqueous solubility (maximum dissolution is 14 mg/L), enabling it to readily partition 
across cellular lipid membranes and enter host circulation. Dermal contact with PCP 
can therefore lead to elevated plasma concentrations and subsequent host toxicity. 
Systemic toxicity can also result from airborne exposure or from contact with 
contaminated soil.13, 14 Dermal absorption has predominantly occurred as a result of 



 

33 

unintentional workplace exposure (most often as a result of direct contact), resulting 
in toxicity and in some cases death.15-20 From these studies, it is evident that there is a 
potential for considerable dermal absorption following inadvertent exposure to PCP, 
with consequential adverse effects on human health. Post-mortem analysis following 
dermal exposure, for example, has revealed high concentrations of PCP and its major 
metabolites in all major organs of the body, with notable cytotoxicity in organs where 
there is increased perfusion (CNS and kidney).21 For further details on this case 
report, see section 2.10.2 (case reports). 

2.2.3 Eye 
Inflammation of the optic nerve has been reported following ocular exposure to PCP. 
Patients complained of impaired vision, but did not suffer other signs and symptoms 
typically associated with systemic toxicity.22 Upon examination, the patients’ optic 
nerve heads were slightly congested but not swollen. 

2.2.4 Inhalation 
Although very little has been published on human exposure via inhalation of airborne 
PCP, it has been recognised as potentially the dominant route of chronic low-level 
exposure from the environment.23 PCP has a low vapour pressure, consequently little 
(if any) will be exhaled and the dose inhaled is either absorbed across the alveoli into 
the systemic circulation or is expelled via muco-ciliary extraction. 

 

2.3 Toxicokinetics 

2.3.1 Absorption 
PCP is readily absorbed from the gastrointestinal and respiratory tracts; dermal 
absorption does occur, but to a lesser extent. Bioavailability via the inhalation route 
has been estimated to be approximately 70 – 80%, as assessed in workers who were 
brushing PCP onto wood in an enclosed space.24 Following ingestion, absorption from 
the intestinal tract is rapid25 with peak plasma levels occurring within 4 hours. 
Bioavailability of PCP formulated with corn oil, has been calculated to range from 75 
– 88%, depending on the administered dose.26 The rate of dermal absorption is slower 
than by oral absorption, but is greater when PCP is dissolved in diesel oil rather than 
in water.27 Percutaneous absorption from contaminated soil reported a mean 
bioavailability of 24% following 24 hours exposure.14 
 
PCP can transfer across the placenta to the foetus; PCP metabolites have been 
detected in amniotic fluid collected (from pregnant mothers in the general population) 
during amniocentesis, suggesting foetal exposure may occur as early as 15–18 weeks 
gestation.28 Similar evidence has also been shown with PCP and two metabolites 
being present in umbilical cord plasma samples from mothers living on a diet of sea 
food containing elevated levels of PCP.29 

2.3.2 Distribution 
Uhl and colleagues30 noted as much as 96% of the absorbed dose of PCP was bound 
to plasma protein in exposed humans. Tissue distribution following long-term low 
levels of exposure showed PCP (in decreasing order of concentration) in liver, kidney, 
brain, spleen and fat.31 Post-mortem analyses following fatal acute exposure to PCP 
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have shown bile and renal tissue containing the highest concentration followed by 
lung, liver and blood.9, 21 
 
Before strict regulatory controls were placed on the use of PCP, members of the 
general population, who were not in direct contact with this fungicide, had evidence 
of free PCP in the urine, which could range from 0.003–0.57 µg/mL (average 0.044 
µg/mL).32 Workers with substantial dermal and respiratory exposure could average as 
high as 5.6 µg/mL in the urine.24 More recent studies have shown urinary PCP levels 
in the general population have substantially dropped to less than or equal to 0.005 
µg/mL and workplace exposure levels had reduced to 0.002 – 0.363 µg/mL.33-36 

2.3.3 Metabolism 
The metabolism of PCP may undergo two stages of metabolism, predominantly 
within the liver. The first phase, undertaken by cytochrome P450 isozymes, may 
oxidise PCP to form tetrachloro-p-hydroquinone, and this metabolite (or the parent 
drug) may then conjugate with glucoronide to form the respective glucoronide 
complexes (see Figure 2.1).37, 38 Both free and conjugated products are then 
eliminated from the body. They have been demonstrated in the urine of both 
occupationally exposed workers39 and the general public.40 
 
 

 
Figure 2.1 Brief summary of the hepatic oxidation and conjugation of PCP  
 

2.3.4 Elimination 
Evidence of enterohepatic binding in primates suggests PCP is extensively eliminated 
via bile41; this, however, has not been confirmed in human studies,30 where 
elimination predominantly occurs via the kidneys. Clearance of PCP from this organ 
is slow (0.07 mL/min),30 possibly due to its high protein binding (>98%) in the blood. 
 
The elimination half-life of free PCP in healthy human volunteers has been calculated 
to be 30.2 ± 4 hours.25 Similar rates have been calculated from investigations on other 
species.42, 43 However, elimination profiles determined in other human studies, both 
chronic and acute, were longer. In one study, elimination profiles were determined in 
18 workers during their 20 days of vacation; they demonstrated half-lives that were in 
excess of 30 days).44 Similar differences have also been found in other studies.30, 45 
Despite the differences in reported half-lives, the consensus now appears to favour the 
longer half life of 20-30 days. 
 
Given the long half-life and reabsorption of PCP (and metabolites) by the kidneys, 
resultant urinary levels will represent exposure over several weeks rather that the 
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single and momentary absorption of PCP following administration. Thus, based on 
the elimination half life, the time to achieve a steady state (where elimination equals 
ingestion) in the human body burden has been calculated to be 3 months.30 Such a 
value is 10-20 times higher than that calculated value from animal models; this 
difference between animals and humans is important when determining the TDI of 
PCP (see section 2.10.4). 
 

2.4 Mechanism of Action within the Body 
Pentachlorophenol (PCP) acts by uncoupling oxidative phosphorylation.46 PCP is a 
weak acid and is highly lipophilic, enabling it to readily migrate across the 
mitochondrial membrane. PCP alters adenosine triphosphate (ATP) formation by 
dissipating the proton gradient, which is the driving force for capturing energy in the 
ATP molecule. Consequently, the rate of electron transport is enhanced, leading to 
excess metabolic heat, producing fever in the host.47 
 
PCP also inhibits other enzymes within the mitochondria, leading to mitochondrial 
and ultimately cellular damage.21 Such damage occurs predominantly in well-perfused 
organs that depend on oxygen, such as the heart and brain. Evidence of injury in fatal 
cases involving neonates and adults includes the vacuolisation of hepatocytes, 
proximal tubular cells and myocardial tissue.21, 48 
 
PCP can also induce cytochrome P450 3A activity and therefore may influence the 
bioavailability of pharmaceutical drugs.49 
 

2.5 Summary of Clinical Signs and Symptoms Following Toxic Exposure  

2.5.1 Acute Signs and Symptoms 

2.5.1.1 Human (acute) 
Expected systemic symptoms following PCP poisoning are exceedingly high body 
temperature and profuse sweating.50 Nausea, vomiting, abdominal pain and intense 
thirst have also been described. Symptoms may progress to rapid pulse, heart failure, 
coma and subsequent death, which can occur within 3 to 30h following initial 
exposure. A rectal temperature of 42.8oC was recorded in one patient immediately 
prior to death.20 Patients may experience muscle twitching and jerking limbs,11 which 
may lead to convulsions20; rapid and marked rigor mortis is a common feature 
following death.15, 20, 21 
 
Injuries as a result of direct sub-chronic exposure are clearly defined with death or 
serious injuries (similar symptoms to acute exposure) occurring as a result of 
ingestion or skin contact. Workers who have dipped their hands in PCP over 3 to 30 
days have subsequently died.19 Similarly, six days skin contact with PCP powder has 
caused death in a worker who failed to wear appropriate protection.51 
 

2.5.1.2 Animal (acute) 
Signs and symptoms related to animal exposure to PCP are associated with three 
routes of exposure (ingestion, inhalation and dermal) and duration of exposure (acute, 
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sub-chronic and predominantly chronic studies). They are all summarised together in 
section 2.5.2.2, according to the various organs. 

2.5.2  Chronic Signs and Symptoms 

2.5.2.1 Human (chronic) 
In contrast to acute exposure, symptoms following indirect chronic exposures leading 
to intoxication are not as well defined, with only limited evidence of a range of 
possible disease features. In a study of timber workers exposed to PCP, symptoms 
associated with chronic exposure were identified as chronic fatigue and 
neuropsychiatric complaints, involving subjective symptoms such as anxiety, 
insomnia, confusion, changes in behaviour and feelings of depression.52 However, the 
authors themselves concluded these were not symptoms characteristic of PCP 
exposure and there were a range of confounding variables that were identified. Two 
further studies have identified psychiatric complaints as possible symptoms of long-
term exposure,53, 54 though in one of these investigations there was also evidence of 
lindane exposure.54 
 
Various skin conditions that may occur upon exposure to PCP including chloracne (a 
skin disfiguration characterised by postulates located on the face, trunk and proximal 
extremities), increased risk of developing skin infections or other unspecified skin 
rashes55, 56 and furunculosis.16 Some workers experienced neuralgic pains in the lower 
limbs as well chloracne.56 The risk of various skin diseases following chronic 
exposure to PCP is related to the duration of exposure.57 However, a note of caution 
must be made with these investigations; earlier formulations of PCP were 
contaminated with various dioxins58 and the skin diseases resulting from exposure are 
now recognised as most likely been caused by these contaminants, rather than PCP. 
 
Employees exposed to PCP have complained of various subjective respiratory 
symptoms, including bronchitis and other respiratory tract inflammations.16, 56, 59Other 
investigators have suggested an association of PCP with a susceptibility to 
infertility,60 repeat abortions61 and possible minor changes to endocrine function.62 
 
Biochemical evidence of hepatic function changes have been reported in a cluster of 
workers employed to manufacture PCP,63 though these symptoms may be more 
related to the PCP precursor (hexachloroclohexane) or dioxin contaminants. Reduced 
creatinine clearance and impaired phosphate reabsorption was reported in workers 
following chronic exposure to PCP and other wood preservatives.45 

2.5.2.2 Animal (chronic, sub-chronic and acute) 

2.5.2.2.1 Introduction 

Acute, sub-chronic and chronic investigations have been conducted on a range of 
mammalian species, with orally administered doses of PCP, ranging from 1 to 600 
mg/kg body weight. Changes to organ systems have included dose-related hepatic 
injuries, mild renal toxicity, changes in thyroid function, subtle changes to the 
immune response and evidence of mild neuro-chemical changes. However, doses 
administered to achieve these responses were orders of magnitude greater than 
expected concentrations assayed in recent dietary intakes of pesticides including PCP 
(reported dietary values ranged from 0.5 to 1.9 ng/kg body weight/day).64 
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2.5.2.2.2 Cardiovascular, Haematology, Metabolic and Respiration 

Rats administered sub-acute and sub-chronic doses of PCP (typically 10–30 
mg/kg/day) developed extensive vascular damage and heart failure in rats, rabbits, 
pigs, and dogs. There are conflicting results on changes to haematological parameters 
such as packed cell volume, leukocyte and erythrocyte concentrations following 
ingestion of PCP.65-67 Elevated glucose and decreased hepatic glycogen have been 
reported following sub-chronic exposure (40 mg/kg/day).68 

2.5.2.2.3 Hepatic and Renal 

In experimental animals (rats, mice, pigs) the liver is a target organ for PCP-induced 
toxicity. There is evidence of elevated transaminases, increased liver weight and 
histopathological changes following sub-acute (41 mg/kg/day) and sub-chronic (1–40 
mg/kg/day) oral exposures (e.g 66, 69-71). Increasing sub-chronic concentrations of 
administered PCP (10, 30 and 60 mg/kg oral gavage) led to increased severity of liver 
damage such as necrosis, periportal fibrosis, and hepatocellular degeneration.72 Sub-
chronic administration of PCP (typically 10–30 mg/kg/day) may result in mild to 
moderate renal toxicity; there was evidence of increased organ weight and altered 
enzyme levels whereas histopathologic effects were rarely seen.65 

2.5.2.2.4 Endocrine and Reproduction 

Substantial changes in thyroid hormone levels (mink, rats, sheep) were observed 
following some investigations of sub-acute, sub-chronic and chronic exposures (1 – 
30 mg/kg/day). 73-76 Increases in sheep insulin have also been observed (2 
mg/kg/day).74 
 
Sub-chronic studies suggest PCP may decrease fertility, although the mechanism does 
not appear to be through histological damage to reproductive tissue (doses ranging 
from 1 to 60 mg/kg/day) (e.g. rats72). 

2.5.2.2.5 Musculoskeletal, Dermal and Body Weight 

Chronic dose administrations to rats (400-600 mg/kg/day) may lead to weight loss.71, 

77 

2.5.2.2.6 Immunological 

Doses ranging from 0.5–100 mg/kg/day in mice have been shown to affect humoral 
and cellular immunity, susceptibility to tumor induction, and complement activity. 
Although the earlier studies may have been influenced by the presence of dioxin 
contaminants,78-80 more recent evidence still suggests the pure compound may change 
the immune response.70 

2.5.2.2.7 Ocular and Neurological 

PCP adversely affects the central nervous system, possibly due to hyperthermia 
induced by uncoupling of oxidative phosphorylation (for further detail on this 
mechanism, see section 2.4.0 - Mechanism of Action within the Body). 
 
Neurochemical evidence includes changes of some rat brain enzymes and decreased 
glial glutathione levels following chronic exposure (20 mg/L in drinking water).81 
Changes to the morphology of rat peripheral neural cells has been reported following 
chronic administration (38 mg/kg/day and 120 mg/kg/day for 90 and 120 days 
respectively).82 However, there is a suggestion there may have been dioxin 
contaminants present.  
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2.6 Carcinogenicity 
Based on sufficient animal data and on data that is limited in humans, both the 
International Agency for Research on Cancer (IARC) and the U.S. Environmental 
Protection Agency (EPA) have classified PCP as a “possible human carcinogen” The 
EPA classified it into group B2 (probable human carcinogen) and the IARC in 2B 
(possibly carcinogenic to humans).83, 84 In their judgment on PCP, IARC noted that 
the most consistent findings among the studies available at that time were associated 
with non-Hodgkin lymphoma and soft-tissue sarcoma. 

2.6.1 Human Studies 
Investigations on people who consumed fish from a lake contaminated with a range of 
chlorphenols including PCP, and who drank water from nearby wells, had a 
significant association of non-Hodgkin’s lymphoma with fish consumption, when 
compared with other control populations.85 A cohort of sawmill workers (n = 27,464 
men) who were employed between 1950 and 1995 demonstrated an associated 
increased incidence of non-Hodgkin's lymphoma, multiple myeloma, and kidney 
cancer following chronic exposure to PCP.86 Concerns were raised that 
contaminations of dioxins in the formulations may have contributed to these cancers. 
However, a study preceding this investigation showed no evidence of the carcinogenic 
causing congener 2,3,7,8-tetrachlorodibenzodioxin being present in these 
fungicides.87 
 
Non-Hodgkin’s lymphoma has been reported as significant in several other studies 
involving PCP and other chlorophenols.88-90 In addition, soft-tissue sarcoma has also 
been reported.88, 90-92 

2.6.2 Animal Studies 
In animal studies carcinogenicity due to orally administered PCP has been tested in at 
least four major studies using rats and mice with various grades of PCP.93-96 From 
these studies it was concluded PCP in an animal model might cause hepatocellular 
adenoma or carcinoma, mesotheliomas and nasal squamous cell carcinomas.  
 

2.7 Mutagenicity 
Evidence of damages to chromosomes in workers exposed to PCP has been variable 
with one report suggesting a marginal increase in chromosomal aberrations97 whereas 
other studies did not find significant increases. 98, 99 Sister chromatid exchange was 
not increased in lymphocytes derived from these workers. An increase in DNA adduct 
formation was noted in mice liver but not kidney or spleen.69, 100 
 
With the exception of one study,101 there is substantial evidence to suggest PCP does 
not cause gene mutations in bacteria (e.g.102-104). With mammalian cells, in vitro, 
weak chromosomal changes have been observed,105 but no significant increases in 
DNA damage have been reported.106-108 
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2.8 Developmental Effects and Teratogenicity 

2.8.1 Human Studies 
Case reports suggest exposure to PCP may lead to an increased risk of miscarriages in 
humans. Two women experienced a series of miscarriages following exposure to PCP 
vapour from treated furniture in their houses.61 Serum assays demonstrated elevated 
concentrations of PCP (62 µg/mL and 31 µg/mL) that declined following removal of 
the source of PCP. Both women later had successful pregnancies. Female employees 
who worked at day-care centres that contained wood treated with PCP, had a higher 
rate of miscarriage than those in centres with untreated timber (14.3% versus 
8.7%).109 
 
There is little evidence relating to paternal occupational exposure to chlorophenol 
fungicides (including PCP) and subsequent childhood cancers amongst children of 
sawmill workers who were exposed to these agents during the course of their work.110 
 

2.8.2 Animal Studies 
Recent evidence from animal studies suggests that PCP exposure during gestation can 
result in foetal/neonatal mortality, malformations, decreased growth, and possibly 
functional deficits in rats and rabbits. No developmental effects have been observed in 
rabbits when pure doses were administered (up to 30 mg/kg/day) on gestational days 
6–18.111 Embryo lethality, post-implantation resorptions, decreases in litter size and 
decreases in neonatal survival have occurred across a range of studies with doses at or 
greater than 30 mg/kg or when lesser doses were given (that may contain impurities) 
(e.g. 111, 112). Similar doses are also necessary to induce malformations as reported 
in the above studies. Doses necessary to cause decreases in pup weight have been 
reported to be lower (1-14 mg/kg/day) (e.g. 111, 112). 
 

2.9 Environmental Fate (Metabolism and Accumulation) and Subsequent 
Ecotoxicity 

2.9.1 Environmental Levels 

Air 

Very few studies have assessed the ambient particulate air concentrations of PCP. 
Cautreels and colleagues113 measured air at an elevated altitude (5200 m) near La Paz, 
Bolivia and in residential areas of Antwerp, Belgium. Atmospheric concentrations 
were reported to contain 0.25 - 0.93 ng/m3 and 5.7 - 7.8 ng/m3 air, respectively. 
Reported values in Switzerland were more variable but were of the same order of 
magnitude (0.9 - 5.1 ng/m3).114 More recent studies have shown similar airborne 
values of PCP,115 despite a substantial worldwide reduction in its use. In contrast, 
airborne levels in association with occupational exposure can be an order of 
magnitude greater.98, 116 One building that was of recent construction with treated 
timber had been calculated to release substantially high airborne concentrations of 1-
160 µg PCP/m3 air (within the building).117 Eight years after construction, PCP was 
still evident in the house, with measured values of about 0.4 µg/m3. 
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Water 

Reported levels in fresh water have varied considerably, depending on pollution that 
may be sourced from sewerage or industrial outlets or studies conducted before 
worldwide restrictions of PCP were enforced. In one study, for example, wood-
treating factories have contributed substantial amounts of PCP to the water burden; 
reported concentrations have ranged from 49 to 10,500 µg /L,118 though the latter 
value was from direct measurement at the sawmill itself. However, the majority of the 
reports measuring PCP in water contained concentrations less than 10 µg/L, with most 
below 1 µg/L.119 In New Zealand, samples assayed from a stream in the vicinity of an 
old sawmill were 3.62 µg /L, whereas in a large water body, where nine wood 
processing facilities occurred, concentrations didn’t exceed 0.04 µg/L.120 Other 
measurements in remote regions of the country led the authors to conclude PCP was 
not a widespread contaminant in New Zealand. 

Soil 

PCP has been measured in soils from various locations, but the highest reported 
concentrations were within soils in the vicinity of wood processing plants. Soil in the 
vicinity of a Swiss PCP-producing facility (Dynamit Nobel), for example, contained 
elevated levels of PCP that increased with increasing depth of soil.114 Surface layers, 
measuring 0 - 10 cm deep contained between 25 and 140 µg PCP/kg (dry weight) 
whereas those at 20-30 cm depth, measured from 33 to 184 at µg/kg. Leaching from 
timber previously treated with PCP has also led to soil contamination. The 
concentrations of PCP in soil measured at distances of 2.5, 30.5, and 152.5 cm from 
PCP-treated poles were 658, 3.4, and 0.26 mg/kg, respectively.116 

2.9.2 Environmental Fate 
As a consequence of its widespread use, PCP has caused widespread environmental 
contamination; it has been found extensively in air, water and soil. PCP is released 
into the environment through its application as a pesticide and during its production; 
other sources of this halogenated chemical are from the chlorination of organic matter 
during water treatment and during industrial bleaching procedures.2, 121 Furthermore, 
other chemicals including hexachlorobenzene, pentachlorobenzene, and benzene 
hexachloride isomers will also metabolise to pentachlorophenol, thereby exacerbating 
environmental PCP levels. 
 
Pentachlorophenol is volatilised from treated wood surfaces. One investigation, for 
example, estimated as much as 30 to 80% of PCP applied to wood products 
evaporated into the atmosphere within 12 months after application.122 It can also leach 
from treated wood into surrounding soil.116 Volatilisation from soil and water is, 
however, negligible.123, 124 
 
Upon release into the environment, PCP will adsorb and persist in soils and sediment, 
predominantly when conditions are acidic125 or organic matter is present.126 In 
contrast, PCP becomes more mobile when environmental conditions are neutral or 
basic.127 This leads to more extensive environmental contamination.2, 121 
 
Moderate bioaccumulation does occur with PCP (PCP has a bioconcentration factor 
of <1,000) but there is no evidence of biomagnification in the food chain.128 
Chemicals with a high octanol-water coefficient (greater than 4.0) are likely to 
bioaccumulate in organisms and food chains.129 The un-ionised form of PCP has a 



 

41 

coefficient of 5.01 suggesting this may occur. However, given environmental and 
physiological pH values are greater than PCP’s pKa (eg physiological pH is typically 
7.4), PCP will predominantly remain ionized. Upon uptake and distribution within 
aquatic species, the ionic form of PCP will readily be eliminated from the 
organism.130-132 Consequently, PCP has minimal bioaccumulation capacity. Increasing 
concentrations of PCP in terrestrial or aquatic environments has not been observed.133 
 
In recent years, however, there is evidence that decreased use of PCP as a pesticide 
has also correlated with diminishing PCP blood concentration in the general public; 
one study reported declines from 70 ng/mL in the 1980s to ~12 ng/mL in 1996.134 
Indeed, a recent FDA diet study has shown total mean dietary intakes of PCP remain 
at or below 1 ng/kg body weight/day.64 Remaining elevated blood levels of PCP in 
some populations are most likely a reflection of other metabolised organochlorines 
(e.g. entachlorobenzene and phexachlorobenzene) that are sourced from their 
respective environments.135 

2.9.3 Ecological Degradation 
Rates of degradation in soil, air and water have been reported, but values are variable. 
A brief summary of the literature suggests the following mean half-lives: 
 
Half-life in soil: 2-4 weeks128 
Half-life in water: 3.5 – 100 hours136 
Half-life in air: 58 days128, 137 

 
PCP is resistant to hydrolysis and oxidation.136 In surface water, it is predominantly 
degraded by photolysis and to a lesser extent biodegradation; biodegradation typically 
occurs at water-rock or -macrophyte surfaces or in surface sediments,124 Atmospheric 
PCP undergoes both photolysis and then free radical oxidation. Both aerobic and 
anaerobic bacteria are responsible for the metabolism of PCP in soil.138 A wide 
variety of these bacterial species dechlorinate PCP to various forms ranging from 
tetrachlorophenol to phenol as well as chlorinated dibenzodioxins.139 Rates of soil 
degradation and chemical degradative pathways are influenced by organic matter, the 
pH and the redox potential of the soil.139, 140 
 
 

2.10 Dose Response Information 

2.10.1 Doses Necessary to Cause Acute and Chronic Toxicity  

2.10.1.1 Acute 
Animal LD50 studies, as summaries in section 2.10.3.1), suggests PCP is a compound 
of moderate to high acute toxicity. 
 
Acute human exposure to PCP, either by ingestion or direct dermal contact, can result 
in serious toxicity that may lead to death, in the absence of medical intervention. One 
patient ingested approximately 170 mL of a solution containing 12% PCP 
(approximately 20.4 grams PCP ingested). He suffered hypertension, hyperthermia, 
tachycardia and profuse sweating. Serum levels peaked at 153 µg/mL, 5 hours post-
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ingestion. Following decontamination and aggressive diuresis, the patient made an 
eventual recover.11 
 
A brief unintentional dermal exposure to a high concentration of PCP solution (200 
mg/mL) caused exfoliation of the epidermal layer of the hand following skin 
contact141; recovery occurred after 5 days post-exposure. Skin contact for ten minutes 
with PCP (4 mg/mL) caused immediate pain and erythema. After two and four days 
following exposure, the patient had elevated concentrations of PCP in the urine at 
0.236 and 0.080 µg/mL respectively.  
 
In contrast to the above case reports, controlled clinical trials with human volunteers 
have demonstrated no observable clinical effects. Volunteers were orally administered 
0.1 mg/kg sodium pentachlorophenate,25 and single doses totalling 3.9, 4.5, 9 and 18.8 
mg PCP.30 

2.10.1.2 Chronic 
Doses necessary to cause PCP toxicity in animals can vary according to the species, 
the target organ being investigated, and the duration of exposure. Such summaries, 
separated by organ systems, following chronic exposure are included in section 
2.5.2.2. Essentially, toxicities linked with chronic exposure ranged from oral doses of 
1 mg/kg/day (reduced serum thyroxine levels)76 to 60 mg/kg/day (reduced body 
weight)77 
 
Chronic direct contact with PCP can also result in toxic effects and in some instances 
has resulted in death of the patient. It has been estimated that the lowest dose 
necessary to cause human death is approximately 1 gram (17 mg/kg).142 Deaths have 
occurred when adult males dipped their hands into 1.5 – 2% PCP v/v solutions over 
an extended period of time (ranging from 3 to 30 days).19 In another fatality, death 
occurred with a worker who was diluting a 40% v/v concentrate without any skin 
protection for 6 days.51 Four families who used water from the same well displayed 
signs and symptoms including fever, weakness, irritation to the throat and flushed 
faces. It was discovered PCP had leached into the well from adjoining fields four days 
previously; the concentration in the well was ~12.5 mg/L. Signs and symptoms 
resolved after they ceased using this water. The calculated adult daily oral dose was 
0.42 mg/kg/day. 
 
In contrast to direct contact with the pesticide itself, there has been ongoing concern 
regarding chronic exposure to low levels of PCP that have remained in the 
environment and especially for those who have been exposed to elevated 
concentrations, either in the workplace or in wooden houses that have been treated 
with this pesticide. There is sufficient evidence that increased plasma concentrations 
occur in people exposed to elevated levels of environmental PCP; the results from one 
comprehensive study, examining serum levels in workers exposed to this agent, 
residents of wooden houses that had previously been treated with PCP, and a control 
population, are summarised in Table 2.2.143 Though residents living in wooden houses 
had raised PCP blood levels as a result of exposure, an earlier paper on the studied 
group reported no significant health problems attributable to PCP.144 Nevertheless, on 
the basis of this paper, the U.S. Environmental Protection Agency issued a position 
document proposing regulations to reduce the human health risks by banning the 
treatment of logs with PCP before construction.145
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Table 2.2  Summary of measured serum PCP concentrations of various sub-
populations after possible chronic exposure to elevated levels of PCP143 
 

Studied Group Description Mean Serum concentration 
(ng/mL) 

Residents of log homes Children (2-7) 610 
 Youth (8-15) 390 
 Adults (over 15) 350 
Workplace exposure Log home construction 83 
 Telephone line maintenance 110 
 Log museum 450 
 Wood preservation 490 
 Chemical packaging 57,900 
General Population Children & youths (1-19) 3.4 
 Adults (over 15) 40 

 
A recent study in New Zealand assessing sawmill workers with a history of PCP 
exposure, suggested a link with health problems (such as non-cancerous respiratory 
disease, fevers, recurrent nausea and diarrhea, heart palpitations) but there was no 
evidence of elevated mortality rates or a statistically significant increased risk of 
cancers.146 
 
Studies of workers chronically exposed to PCP (for more than ten years) suggests 
there may be a weak effect on the immune response and liver function; however, 
subjects themselves had no clinical evidence of such diseases.34 A cohort study 
assessing Dow Chemical Company workers exposed to PCPs concluded there was a 
lower than expected total cancer mortality than compared to general population.147 
There is, however, an association with non-Hodgkins lymphoma (see section 2.6).85 
Workers exposed to wood treated with chemicals had significantly elevated urine 
(174 ppb) levels of PCP but a comprehensive clinical assessment failed to find 
significant differences compared to a control group.148 Elevated serum levels (in 
excess of 10 ppb) have also been correlated with immunological abnormalities,53 
linked to a possible association with hormonal or immunological changes in women 
with repeat miscarriages60 and temporary reduced creatinine clearance and impaired 
phosphate reabsorption.45 

2.10.2 Summary of Case Reports Following Toxic Exposure 
There are numerous reports of toxic exposure to PCP following inhalation and dermal 
absorption.15-21, 48 Two case reports are briefly described. 
 
A 33-year-old male worked in a chemical plant breaking up large blocks of PCP. He 
had no personal protection against the inhalation of dust or the absorption across the 
skin; the workplace environment was described as dusty and the worker was observed 
having powder on his clothes. After three weeks he was admitted to hospital suffering 
from hyperthermia (100 oF); soon after his temperature increased to 105oF and he 
became comatosed and later died. Analysis of his blood showed elevated 
concentrations of PCP (see Table 2.3). Light microscopy revealed evidence of 
swollen mitochondria.21 
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Table 2.3 Post-mortem analysis of body fluids and tissue samples as evidence of 
PCP intoxication21 
 

Organ or fluid sample PCP Concentration (µg/mL) 
Blood 162 
Gastric contents 8.2 
Urine 29 
Kidney 639 
Liver 52 
Lung 116 
Bile 1130 

 
Over a time interval of five months in 1967, nine neonates in a nursery developed 
signs and symptoms consistent with PCP toxicity (predominantly sweating and fever). 
The hospital laundry had been using PCP as an anti-mildew agent. Consequently, two 
infants died and another six had evidence of serious toxicity.48, 149 One patient had a 
serum level of 118 µg/mL at the time of their illness.  

2.10.3 Measures of Mammalian Toxicity 

2.10.3.1 LD50 values 
For an explanation of LD50 values see Appendix one. A summary of various LD50 
values from a range of mammalian species and routes of exposure are summarised in 
Table 2.4.  
 
Table 2.4 Summary of single dose LD50 values for PCP10 
 

Species Route LD50 (mg/kg/bw) 
Rat Oral 78 
Rat Oral 184 
Rat Oral 146 
Rat Oral 175 
Rat Oral 211 
Rat Dermal 96 
Rat Dermal 320 
Rat Dermal 330 
Rat Subcutaneous 66 
Rat Intraperitoneal 34 
Mouse Oral 130 
Mouse Oral 74 
Mouse Oral 177 
Mouse Oral 117 
Mouse Intraperitoneal 59 
Mouse Intraperitoneal 61 
Rabbit Oral 70 - 300 
Rabbit Dermal 40 
Rabbit Subcutaneous 70 - 100 
Rabbit Intravenous 22 - 23 
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2.10.4 Guidance Values 
Defined guidance values, as derived by various regulatory authorities, are described in 
table 2.5.  
 

Tolerable Daily Intakes 
Table 2.5 Tolerable daily intakes for pentachlorophenol, as defined by various 
regulatory authorities 
 

Agency EPA RIVM ATSDR 

Type of Exposure 
Chronic 
ingestion RfD 

Chronic 
ingestion TDL 

Chronic 
ingestion MRL 

Value 30 µg/kg/day 3 µg/kg/day 1 µg/kg/day 

Year  1993 1999/2000 2001 

Species rat mink mink 

Critical effect 

Reduced body 
weight 

Reduced 
thyroxine 
concentration 

Reduced 
thyroxine 
concentration 

NOAEL/LOAEL 

3 mg/kg/day 
NOAEL 

1 mg/kg/day 
LOAEL 

1 mg/kg/day 
LOAEL 

Uncertainty factor 
100(10A, 10H) 300(10A, 

10H,3D) 
1000(10A, 10H, 
10L) 

Principle study 93 76 76 

 

Other Guideline Values  

Based on the possible health risks and exposure to the general population, the EPA 
has set PCP Maximum Contaminant Level Goal in drinking water at zero (see 
Appendix 2); because this measure is realistically unattainable, they have defined the 
Maximum Contaminant Level at 0.001 ppm (see Appendix 3).  
 
The maximum residue limits in food derived from plants in Germany must not exceed 
0.01-0.03 mg/kg (IPCS, 1989). The current provisional guideline value of 9 µg/litre in 
drinking water (used for human consumption), has been set by the WHO.150 
 
The Minimal Risk Levels (MRL) for PCP associated with oral exposure are presented 
in Table 2.6 (levels for inhalation have yet to be established). These values are very 
similar to the ADI value described above. For an explanation of MRL values see 
Appendix one; a complete summary of values is presented in Appendix four.  
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Table 2.6 A summary of established MRL levels for PCP by ingestion, as 
recommended ATSDR 

 

Agency ATSDR ATSDR ATSDR 

Type of Exposure 
Acute ingestion 
MRL 

Sub chronic 
ingestion MRL 

Chronic ingestion 
MRL 

Value 5 µg/kg/day 1 µg/kg/day 1 µg/kg/day 

Year 2001 2001 2001 

Species rat mink mink 

Critical effect Developmental Reproduction Endocrine 

NOAEL/LOAEL 

5 mg/kg/day 
LOAEL 

1 mg/kg/day 
LOAEL 

1 mg/kg/day 
LOAEL 

Uncertainty factor 
1000(10A, 10H, 
10L) 

1000(10A, 10H, 
10L) 

1000(10A, 10H, 
10L) 

Reference 128 128 128 

 
 
In regard to the treatment of timber, the Code of Federal Regulations (Code of Federal 
Regulations: 21CFR178.3800) has permitted the use of PCP concentrations not 
exceeding 50 ppm. 

 

2.11 A Summary of Biological Assays That are Available to Test for Evidence 
of These Chemicals 
Gas chromatography with electron-capture detection (GC-ECD) has been the most 
sensitive and commonly used method to assay chlorinated compounds including 
PCP.153-155 GC-ECD has been employed to assay PCP in serum,135, 151 plasma134 and 
urine.134 To improve sensitivity when assaying biological fluids, samples are typically 
derivatised with reagents containing halogens making analysis by electron-capture 
detection more readily detectable.152 Other form of detection have included mass 
spectrometry (e.g. 153), supercritical fluid chromatography154 and capillary 
electrophoresis.155 
 
Samples requiring analysis are usually complexed in organic matrices (ranging from 
micro-organisms to human body fluids); they must first be isolated from these media 
before they can be assayed. Typically, sample preparation involves either organic 
extraction (e.g. 156) or use of solid phase cartridges (e.g. 157). 
 
The elimination half-life of PCP from the body is 20-30 days (see section 2.3.4). 
Recent exposure to this pesticide can be determined by blood or urine analysis for 
both the parent compound and its main metabolites. Gas chromatography would be 
the most appropriate method of analysis. However, since PCP degradation in the soil 
has been rapid, with half-lives between two to four weeks upon deposition in the soil 
(see section 2.9.3), any recent exposure to historic contaminants within the soil is 
unlikely. Another approach to assessing for PCP is assaying for the octa-dioxin 
congeners that can be present as contaminants in the PCP formulation and may persist 
in the environment and remain within the body following exposure due to their long 
half-lives. This approach has been used by AsureQuality Limited, who are the most 
suited laboratory in New Zealand to undertake such analysis. 
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2.12 Summary 
Pentachlorophenol (PCP) is a highly chlorinated phenolic pesticide that was widely 
used as a timber preservative until the mid 1980s. As a result of its toxicity, and its 
persistence in the environment, it was subsequently banned. Due to its lipophilic 
nature, PCP will readily absorb across the skin, respiratory and pulmonary tracts. 
Most incidents of human toxicity have occurred as a result of dermal contact. 
Workplace exposure due to direct contact with PCP has resulted in elevated plasma 
levels leading to serious toxicity and death. Bioavailability is high (70-85%) 
following inhalation or ingestion, but is lower via the dermal route. PCP readily 
crosses the placenta to the foetus. Upon absorption, PCP is bound to plasma proteins 
and distributed throughout the body. Metabolism is slowly eliminated in humans, 
occurring predominantly via the kidneys; half-life following acute exposure is 
typically 15 days. PCP acts on the body by uncoupling oxidative phosphorylatin 
leading to excessive metabolic heat and subsequent hyperthermia; other symptoms 
following acute exposure may include tachycardia, coma, convulsions, heart failure 
that may lead to death. Deaths have also been reported following direct sub-chronic 
exposure. 
 
In contrast, signs and symptoms associated with chronic exposure to lower levels of 
PCP are not as well defined. Reported symptoms have ranged from non-specific 
neurological complaints, choracne, pain, subjective respiratory symptoms, 
susceptibility to infertility, spontaneous abortions and subtle changes to endocrine 
function, and some subtle biochemistry parameters. As these reports are typically 
retrospective, the authors have cautioned their interpretations because of other 
confounding variables.52, 54, 58, 63 
 
Administered oral doses to various animals have demonstrated injuries to various 
organs including hepatic and renal injury, mild neurochemical and thyroid effects, as 
well as subtle immunological changes. Doses necessary to achieve these morbidities 
are orders of magnitude greater that expected concentrations both in the workplace 
and in the general population. Nevertheless, in the absence of symptoms, patients 
exposed to high doses (such as residents of PCP-treated log homes) may still have 
concerning elevated serum and urine concentrations. Reported acute LD50 values that 
can vary, depending on the route of exposure and species investigated, from 22 to 330 
mg/kg body weight; NOEL values are lower but are reported at similar orders of 
magnitude to the LD50 studies. From the NOEL levels, TDI values have been 
established, which vary, depending on the regulatory authority and the NOEL study 
that underpins the respective value. The TDI allows a defined intake of PCP per day 
for the duration of a subject’s life without appreciable risk. 
 
PCP is regarded as a possible human carcinogen. Evidence from cohort studies 
suggests there may an association between elevated chronic exposure to PCP and non-
Hodgkin lymphoma and soft tissue sarcoma. In animal studies, research suggests 
evidence of hepatocellular carcinoma, mesotheliomas and nasal squamous cell 
carcinomas. Evidence for PCP as a mutagenic agent is inconclusive. Exposure to 
elevated PCP may lead to increased incidence of miscarriages in humans and 
teratogenic effects in animal studies. 
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Widespread use of PCP has resulted in the contamination of air, water and soil, 
though with more recent decreased use, corresponding environmental (and biological) 
levels have also decreased. Though PCP will be bioaccumulated in a wide range of 
species it does not biomagnify within the food chain. The environmental fate of PCP 
will depend where PCP has complexed; degradative half-lives are estimated to be 2-4 
weeks, 48 hours and 58 days in soil, water and air respectively, though these values 
can vary greatly. 
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3.0  Polychlorinated Biphenyls 

3.1 Physical Chemical Properties 
As there are 209 different PCBs, each with its own distinct properties, a summary of 
each is beyond the scope of this report, however, brief summaries of the 8 major 
Monsanto products (described as Aroclor) are presented in Table 3.1. See section 
3.1.3 for further details of theses formulations. 

3.1.1 Basic Properties 
 
Table 3.1  Physical Chemical Properties of 8 Major Aroclor products 
 
Property Aroclor 1016 Aroclor 1221 Aroclor 1232 Aroclor 1242 
Molecular weight  257.9 200.7 232.2c 266.5 
Melting point, oC No data 1 No data No data 
Boiling point, oC 325–356 275–320 290–325 325–366 
Density, g/cm3 at 25 oC 1.37 1.18 1.26 1.38 
Solubility :     
  Water, mg/L  0.42 (25 oC) 0.59 (24 oC) 0.45 (25 oC) 0.24  (25 oC) 
  Organic solvent(s) Very soluble Very soluble Very soluble Very soluble 
Partition coefficients     
Log Kow 5.6 4.7 5.1 5.6 
Log Koc No data No data No data No data 
Vapor pressure, mm Hg  
at 25 oC 

4 x 10-4 6.7 x 10-3 4.06 x 10-3 4.06 x 10-4 

Henry’s law constant,  
atm-m3/mol at 25 oC 

2.9 x 10-4 3.5 x 10-3 No data 5.2 x 10-4 

 
 
Property Aroclor 1254 Aroclor 1260 Aroclor 1262 Aroclor 1268 
Molecular weight 328 357.7 389 453 
Melting point, oC No data No data No data No data 
Boiling point, oC 365–390 385–420 390–425 435–450 
Density, g/cm3 at 25 oC 1.54 1.62 1.64 1.81 
Solubility :     
Water, mg/L at 24 oC 0.012 0.027 0.052 0.3 
Organic solvent(s) Very soluble Very soluble No data Soluble 
Partition coefficients     
  Log Kow 6.5 6.8 No data No data 
  Log Koc No data No data No data No data 
Vapor pressure, mm Hg 
 at 25 oC 

7.7 x 10-5 4.05 x 10-3 No data No data 

Henry’s law constant,  
atm-m3/mol at 25 oC 

2.0 x 10-3 4.6 x 10-3 No data No data 

 

3.1.2 Brief Notes 
The term polychlorinated biphenyls (PCB) describe a class of compounds in which a 
biphenyl molecule can have from 1 to 10 chlorine atoms attached to the two aromatic 
rings (Figure 3.1). A total of 209 possible compounds are known; each is called a 
congener.1 However, commercial preparations only contain 130 congeners at 
concentrations exceeding 0.05%.2 PCBs with the same degree of chlorine saturation 
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are defined as homologs; for example, PCBs with three chlorine molecules are 
defined as homologs and are termed trichlorobiphenyls. Different substitutions of 
chlorine within a homolog are known as isomers. 
 
Figure 3.1 The structural formula of PCBs; positions for attachment of either the 
hydrogen or chlorine molecule can occur at 2’,3’,4’,5’,6’ and 2,3,4,5,6. Substitution with 
chlorine on the 2 (also 2’,6,6’) position is termed ortho, at position 3 (also 3’, 5, 5’)  meta 
and position 4 (also 4’) is defined as para. 
 

 
 
PCBs can also be grouped into coplanar and non-coplanar congeners, depending on 
how the two benzene rings are orientated with respect to each other. Chlorines at the 
ortho position (see Figure 3.1 - positions at 2, 2’, 6, 6’) will introduce some constraint 
to the rotational freedom of the aromatic ring and are termed non-coplanar (i.e. they 
don’t lie on the same plane). In contrast, those therefore without substitution at the 
ortho position are known as co-planar PCBs (ie they lie in the same plane). These co-
planar PCBs (without chlorine substitution on the ortho position) are known to 
interact with and activate the aryl hydrocarbon receptor (AhR), which is important in 
stimulating gene transcription in response to xenobiotics. Of the 209 congeners 12 
possess such properties and are therefore termed dioxin-like PCBs. They have been 
assigned toxic equivalent factors, relative to the most toxic dioxin, 2,3,7,8-tetra 
CDD.3 A full explanation is provided in section 3.1.1 of the dioxin document. 
 
PCBs are relatively insoluble in water, and such solubility decreases further with 
increasing chlorination. Conversely, they are very soluble in organic (non-polar) 
solvents.4 PCBs are combustible at high temperatures and the products of combustion 
are more toxic than the parent molecules. By-products of combustion include 
hydrogen chloride, and the two major classes of dioxin, polychlorinated 
dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs).5, 6 These 
compounds are also formed during the manufacture of PCBs, and the products 
themselves contain dioxin impurities.7 

3.1.3 Uses 
A distinguishing feature of PCBs is their inertness; they are resistant to both acid and 
alkali and have thermal stability. Consequently they were widely employed in various 
applications such as dielectric fluids in transformers and capacitors, heat transfer 
fluids, lubricants, paints, pesticide extenders and plasticisers.8-10 From 1930 to 1977, 
PCBs were marketed in the United States by Monsanto Corporation as mixtures of 
PCBs under trade names such as Aroclor 1016, 1242, 1254 and 1260; the second two 
digits of the name represents the chlorine content by weight (for example 1242 means 
a PCB mixture of mono- through heptachlorinated biphenyl congeners containing 
approximately 42% chlorine by weight). Other nations marketed PCBs in 
formulations very similar to the Monsanto products. By 1972, the United States alone 
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used 340 million kilograms annually.11 Following the Toxic Substance Control Act, 
use in that country was banned in 1977. New Zealand has also banned the production 
and use of PCBs. Controls were placed for PCBs under the repealed Toxic Substances 
Act 1979 and associated regulations such as the prohibition on importation, storage 
and use of PCB. The Hazardous Substances and New Organisms Act (1996) was also 
amended, in accordance with the Stockholm convention on persistent organic 
pollutants, thereby totally banning its use in New Zealand.216  
 

3.2 Routes of Exposure 
A constant and recurring theme in this report on PCBs is differing properties of the 
individual congeners and the difficulty in summarising the information available, 
which more often focuses on commercial formulations. As such, the report will, 
where possible, focus on key studies identified in the various categories of the 
toxicological profile, and attempt to summarise that data for the wide range of PCBs 
most likely to be involved in human exposure and subsequent risk of toxicity.  
 
The majority of human studies have been attained from two major outbreaks of 
disease resulting from contaminated rice oil. The first, now called ‘Yusho’, occurred 
in Western Japan where it was estimated approximately 1700 people were poisoned.12, 

13 The second outbreak affected ~2000 people in central Taiwan; this illness is now 
called ‘Yu-Cheng’.14, 15 These two incidents will be summarised in section 3.10.2 
(case reports). Human studies are also derived from incidents of workplace and 
environmental exposure. 

3.2.1 Skin 
Skin absorption is a major contributor to the overall intake of human exposure to 
PCB. Although less efficient than gut absorption, experimental studies suggest as 
much as 40 to 50% of an applied dose is ultimately absorbed into systemic 
circulation.16, 17 With humans, exposure to PCBs occurs primarily by direct dermal 
contact in a workplace environment.18, 19 This is confirmed by numerous studies 
correlating blood PCB levels of workers in related industries who were exposed to 
these contaminants in the course of their work.20, 21 

3.2.2 Ingestion 
Another important route of exposure is by ingestion, typically through the ingestion of 
contaminated meat and dairy products, as well as processed foods and fish.22-24 
Absorption is efficient and rapid. Studies with animal models suggest as much as 90% 
or more of a single or multiple dose of various PCB congeners may be actively 
absorbed.25, 26 

3.2.3 Inhalation 
Evidence from workplace exposure suggests inhalation may also be an important 
route of exposure. Based on data summarised by Wolfe and colleagues (1985),27 
indirect evidence has suggested that high levels commonly seen in adipose tissue from 
exposed capacitor workers may have been due to inhalation rather than dermal or oral 
exposure. 
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3.3 Toxicokinetics 

3.3.1 Absorption 
PCB is readily absorbed into the body via skin contact, inhalation and ingestion. 
Absorption is influenced by the lipid solubility of the PCB congener. Increasing the 
number of chlorine molecules to the biphenyl structure will increase its lipid 
solubility.28  
 
Passive movement across the enterocytes into host blood circulation will increase 
with increasing lipophilicity.29 As such, intestinal absorption is high, though net 
absorption can vary considerably, depending on the concentration of the measured 
PCB already present in blood lipids and the congener being ingested.30 Almost 
complete absorption for some congeners has been reported though lower values were 
obtained for others and some volunteers experienced negative values for differing 
congeners (more excreted than absorbed).30  Dietary intake will also influence PCB 
uptake; reduced diet intake will lead to an increased percentage of excretion.31 PCBs 
will readily transfer from the exposed mother to the baby, both in utero and post 
partum.32  
 
To the knowledge of the author, little is known on rates of absorption consequent to 
inhalation. 
 
Skin absorption is less efficient than the intestinal route (see section 3.2.1). With 
animal models, rates of delivery are slower and are dependent on the age of the 
animal; following acute exposure in one study, for example, 35% and 26% 
bioavailability occurred after 72 hours with young and adult rats respectively.17 
Percentages were elevated to 45% and 43% after 120 hours. 

3.3.2 Distribution 
PCBs have very poor water solubility (see section 3.1.1) and once absorbed by the 
mammalian host depend on blood carrier molecules for transport. Upon absorption the 
initial target for PCBs are the highly perfused organs (predominantly the brain, 
kidney, lung and liver) with later redistribution to organs of high lipid content.33, 34 
 
Irrespective of the dose ingested or the studied animal species, the predominant 
distribution of PCBs occurs in the adipose tissue.35 The skin is the dominant reservoir 
whereas other tissues having similar composition of lipids, such as the brain, have 
significantly lower PCB concentrations.36-38 
 
Assessing body tissues from a Yu-Cheng patient demonstrated accumulations of PCB 
almost exclusively in adipose tissue; small concentrations were also evident in the 
liver (the adipose:liver ratio was ~20:1).37 PCB concentration in adipose tissue has 
been reported to be proportional to that in plasma, with a partition for total PCBs of 
approximately 190:1.18 Similar hepatic results were found with a Yu-Cheng baby.39 
There is some suggestion from this study there may have been some sequestration in 
the liver, and the contaminants in the toxic dose may have been responsible for the 
patient’s death. However, the majority of studies have shown that liver sequestration 
of PCBs and other like chlorinated contaminants does not occur.40-42 
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3.3.3 Metabolism 
The metabolic fate of PCBs is influenced by the respective congener. PCBs with 
lower chlorine saturation, those that have two adjacent carbons without chlorine 
atoms and those where the para position is chlorine free are all readily metabolised by 
cytochrome P450 isoenzymes to form polar metabolites.43, 44 Those PCBs that are co-
planar or partially substituted with chlorine at the ortho position are not so readily 
metabolised.  
 
In humans, phase I metabolism of PCB results in the formation of an hydroxylated 
PCB followed by phase II conjugation with either glucoronidation43 or sulfonation 
occurring.45 Retained hydroxylated PCB in the plasma can, in animal models, interact 
with thyroid hormone transport protein.46 
 
The conjugated glucoronide metabolite is excreted into the bile and released into the 
gastrointestinal tract. Within the large intestine, bacteria cleave the sulfur-carbon bond 
with subsequent methylation and the resultant molecule is reabsorbed back into the 
body.47 It undergoes a final oxidation to yield a methylsulfone metabolite48 that 
accumulates in various organs of the body, predominantly in the adipose tissue. Forty 
such methyl-derivatives of PCB have, for example, been detected in the body of a 
patient with Yusho syndrome.49 

3.3.4 Elimination 
Rates of elimination will depend primarily on the individual congener,29 and be 
influenced by the degree of chlorine saturation50 and the position on the biphenyl 
molecule.51 Variation may be further influenced by duration of exposure and 
variability in the host’s ability to metabolise the respective congeners.52. Therefore, 
there is a very wide variety of reported half-lives in the literature following single and 
short term exposure associated with both workplace exposure and in the general 
population. Thus, it is virtually impossible to provide a definitive PCB half-life. A 
brief summary of the literature is provided below. 
 
One investigation monitored isotope-labelled PCB (in a mixture similar to Aroclor 
1254) in a human volunteer. Three isomers were identified in the body and 
subsequently displayed elimination half-lives ranging from 124 to 338 days, 
depending on the individual isomer.53 Similar results were reported in firemen 
exposed to Aroclor 1254 contamination following a fire in a transformer.54 Workers 
exposed for less than 5 years had PCB elimination half-lives of several months 
whereas values for those exposed for greater than 5 years were 2 – 3 years.56 Other 
studies have reported half-lives ranging from 1.4 to 12 years following long-term 
workplace exposure.52 In female Rhesus monkeys, half-life estimations for nine PCB 
congeners ranged from 0.3–7.6 years.55 
 
Twenty years after Yu-Cheng, intoxicated patients still had elevated levels of PCBs, 
3.7 times greater than the general population.57 
 

3.4 Mechanism of Action within the Body 
PCB isomers and congeners that are recognised as acutely toxic are those in which the 
chlorine molecule is present in the meta and para positions, but not the ortho position 
(see section 3.1.2). They have a higher binding affinity for the Ah-receptors in the cell 
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cytosol. This receptor is responsible for mediating the induction of a range of 
cytochrome P450 isozymes.58 Interaction with these receptors may consequently lead 
to improper gene expression; chronic studies in rats, for example, have shown the 
expression of liver tumors.99 
 
The mechanism for the development of chloroacne and other dermatological 
complaints may be associated with the failure of vitamin A utilisation.59 
 

3.5 Summary of Clinical Signs and Symptoms Following Toxic Exposure  
Symptoms associated with PCB toxicity in animals have included reduced rates of 
growth and weight loss, changes in organ weight, acnegenesis and porphyria.  
Observations following human toxicity (Yu-Cheng and Yusho) have shown similar 
conditions, though there were other contaminants in the oil including dioxins and 
naphthalenes (see section 3.10.2), that may have influenced the presented signs and 
symptoms. 

 
However, the evaluation of PCB toxicity in humans is complex since they usually 
occur as a mixture of various congeners. Some components remain stable in the 
environment whereas other in the mixture readily degrades (see section 3.9.3). 

3.5.1 Acute Signs and Symptoms 

3.5.1.1 Human (acute) 
Signs and symptoms following acute exposure to PCBs have been predominantly 
reported in Yu-Cheng and Yusho patients. Most symptoms are related to the skin and 
eyes. A full summary of the reported signs and symptoms following the incident in 
Japan are summarised in Table 3.2. Further details are provided in sections 3.5.1.1.1, 
3.5.1.1.2 and 3.10.2. 
 
Table 3.2  Initial signs and symptoms reported in Yusho patients following PCB 
exposure.60 
 

Dermal Neurological Ophthalmic Miscellaneous 
Dark brown pigmentation 
of nails 

Feeling of weakness Increased eye 
discharge 

Fever 

Distinctive hair follicles Hearing difficulties Hyperemia of 
conjunctiva 

Vomiting 

Increased sweating at 
palms 

Numbness in limbs Transient visual 
disturbance 

Diarrhoea 

Acne-like skin eruptions Headache Swelling of upper 
eyelids 

 

Red plaques on limbs Spasm of limbs    
Itching    
Pigmentation of skin     
Swelling of limbs    
Stiffened soles in feet and 
palms of hands 

   

Pigmented mucous 
membrane 

   

Jaundice    
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3.5.1.1.1  Dermal 

The principal symptom following human acute exposure is dermal injury, the most 
severe and easily recognised form being chloroacne.61 Symptoms of chloroacne occur 
following exposure to high doses of PCBs and other chlorinated organic compounds.  
 
 Initial symptoms of Yusho and Yu-Cheng patients following the ingestion of tainted 
rice oil were generalised chloroacne and hyperpigmentation of the skin. 
Hyperpigmentation also extended to conjunctival regions of the eye (see section 
3.5.1.1.2), and the nail beds. Children exposed to PCBs in utero also suffered 
hyperpigmented skin and were defined as ‘cola-coloured babies’. This pigmentation 
faded within three months post-birth. See table 3.2 for further details of dermal 
symptoms associated with the Yusho patients.. 

3.5.1.1.2 Eye 

The typical characteristic of PCB poisoning is brown pigmentation of the skin and 
nails; similar pigmentations have occurred to the palperbral and bulbar conjunctiva 
regions of the eye, as well as swelling and pigmentation of the eyelids and ocular 
discharges (especially hypersecretions from the Meibomian glands).62, 63 Similar 
symptoms have been found in children born from mothers with this condition.64 There 
is no evidence of damage to the optic nerve heads or fundi and visual fields were 
normal. Any visual acuity problems arose from hypersecretions from the Meibomian 
glands.63 Although PCB blood levels were decreasing, abnormalities to the glands and 
associated discharges were still evident in these patients.65, 66 

3.5.1.1.3 Hepatic 

Yusho and Yu-Cheng patients experienced elevated serum liver enzymes67, 68 with 
some evidence of significant increases reported for some patients, suggesting liver 
damage may have occurred.69 

3.5.1.2 Animal (acute) 
Signs and symptoms related to animal exposure to atrazine are associated with acute, 
sub-acute, subchronic and chronic studies. These are all summarised together in 
section 3.5.2.2, according to the various organs. The various PCB individual 
congeners and mixtures will be described, where appropriate. 

3.5.2  Chronic Signs and Symptoms 

3.5.2.1 Human (chronic) 

3.5.2.1.1  Skin 

Chronic human skin exposure to PCBs can lead to various skin diseases. Following a 
clinical survey of capacitor manufacturers, who were exposed to airborne 
concentrations ranging from 0.007 to 11 mg/m3 of various Aroclors, a substantial 
number of employees had a history of dermatological conditions; these included 
conjunctival redness, oedema and hyperpigmentation.70 
Workers exposed to 0.1 mg/m3 Aroclors (unspecified mixture) for an average of 14 
months developed mild forms of chloroacne on the face, especially the cheeks, 
forehead, and ears.71 As the Aroclors were used for heat exchange, it is possible the 
workers were exposed to thermal degradation by-products. 
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3.5.2.1.2  Inhalation 

Capacitor workers (n = 326) were exposed to mean air concentrations of Aroclors at 
0.007–11 mg/m3 for five years.70, 72 Symptoms experienced included upper respiratory 
tract or eye irritation (48%), cough (14%), and tightness of the chest (10%). There 
was no control group to compare these symptoms with, however the high percentage 
(48%) that suffered respiratory and eye irritations suggests these symptoms are related 
to airborne exposure. Other workers exposed to elevated airborne concentrations of 
PCB experienced more frequent chest pains while mildly exercising when compared 
to an unexposed control group.73 

3.5.2.1.3  Hepatic 

A large number of epidemiological and clinical studies have shown PCB-exposed 
workers have elevated serum transaminases (where reported, workers and the public 
were exposed to PCBs for time intervals that spanned from less than one years to 45 
years).74-76 Such elevations have, in some studies, been correlated with serum PCB 
levels.74, 75, 77 In one study, there was evidence the patients may have also experienced 
asymptomatic hepatomegaly,20, 78 which may be indicative of microsomal induction. 
Levels of PCB in the workplace ranged from 48 to 275 µg/m3 and workers had 
elevated blood PCB levels between 41–1,319 µg/kg. There is conflicting evidence 
that serum cholesterol and triglyceride levels change following chronic exposure to 
PCBs.74 

3.5.2.1.4  Endocrine 

There is conflicting epidemiological evidence of changes to thyroid hormone status as 
a result of environmental exposure. Some studies find an overall negative 
association,79 no association80, 81 and in other studies it has been reported as positive.82 
In animal models, however, the relationship is clearer with evidence that PCB 
mixtures may cause disruption of thyroid hormone (see section 3.5.2.2.4), though 
administered doses were orders of magnitude greater that values expected from 
environmental exposure. Similar conflicts can be found with occupational studies. 

3.5.2.1.5  Immunological 

There is some suggestion there may be subtle immunological changes occurring as a 
result of workplace and environmental exposure. These have included increased 
susceptibility to respiratory tract infections,67, 68 increased prevalence of ear infections 
in children83 and changes in markers of host immunity (serum IgA and IgM antibody 
levels, and/or changes in T lymphocyte subsets).84 The evidence is subtle,85 
conflicting20, 74, 76 and confounded by exposures to other contaminants such as various 
other chlorinated organic molecules.86 However, evidence following PCB exposure in 
animals is more compelling (see section 3.5.2.2.6). 

3.5.2.1.6  Neurological 

Most of the research conducted on the neurological effects of PCB has been on 
neonates and young children. A summary of this research is present in section 3.8.1. 

3.5.2.1.7  Reproduction 

Evidence on reproduction changes in humans as a result of environmental exposure to 
PCBs is not compelling. The number of pregnancies in female capacitor workers 
exposed to a range of PCBs (Aroclors 1254, 1242, and/or 1016) for at least three 
months showed no apparent decrease.87 Eating fish contaminated with PCB may lead 
to a statistically significant reduction in mean menstrual cycle length.88 However such 
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a change, according to the authors, is not likely to be clinically significant or be of 
major public health concern. Further studies also suggest no statistical changes occur 
in fecundity and conception delays following such a diet.89 

3.5.2.2 Animal (sub chronic and chronic) 

The following paragraphs in this section are a brief (and by no means exhaustive) 
summary of a range of studies assessing the effects of dietary acute, sub-chronic and 
chronic ingestion of PCB mixtures upon various organs of the body in an assortment 
of different animal species. For the sake of brevity, minimal examples from each 
section will be used to reinforce each important point. This section is a brief summary 
of the ATSDR report summarising PCB toxicity 90; further information can be sought 
from this exhaustive publication. 

3.5.2.2.1 Cardiovascular and Haematology 

There is conflicting evidence that PCBs may cause cardiovascular injury. One 
investigation suggested pericardial oedema can occur following chronic 
administration of Aroclor 1248 (12 mg/kg/day) to primates over three months.91 Both 
chronic (up to 0.08 mg/kg/day for 25 months)92 and acute (4,000 mg/kg)93 studies 
have shown no effect which has also been reproduced in a number of other studies 
involving rhesus monkeys and rats respectively. 

3.5.2.2.2 Hepatic and Renal 

Hepatic 

There is sufficient evidence to suggest that hepatotoxicity of PCBs can occur in 
animals exposed to commercial mixtures or single congeners for acute, sub-chronic 
and chronic durations by various routes of exposure.  
 
Hepatic toxic effects following exposure to PCBs include induction of liver 
microsomes, enlargement of the liver, plasma elevation of hepatic transaminases and 
lipids, altered metabolism of porphyrin and vitamin A that can lead to degenerative 
lesions (non-neoplastic) which may progress to tumours, depending on the dose and 
duration of exposure. 
 
Mice, rabbits, and guinea pigs exposed to Aroclor 1254 for 7 hours/day for 150 days 
(inhalation, 1.5 mg/m3) developed hepatic histopathologic lesions,94 with severity 
varying for each species. Such severe lesions have not been reproduced in other 
similar studies. 
 
Sub-chronic oral exposure (0.03 – 25 mg/kg/day for 4 weeks) of various Aroclors 
showed induction of liver microsomes95-97 and some suggestion liver enlargement 
might have occurred. At the highest concentration administered, there were increased 
liver triglycerides evident.  Histological evidence of injury has been achieved 
following oral acute doses in excess of 4,000 mg/kg93; there was evidence of fatty 
degeneration and necrotic changes. Subacute doses at or above 50 mg/kg or doses 
between 6.5 and 50 mg/kg/day chronic may cause similar changes to the liver.93, 98, 99 
 
Long term chronic studies (doses ranging from 2 – 11 mg/kg/day) employing PCB 
mixtures that specifically target the liver have demonstrated liver changes such as 
increases in relative liver weight, microsomal induction, elevated serum 
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transaminases, non-neoplastic lesions, and/or tumors.100, 101. Other studies with 
different species have reported similar hepatic effects. 

Renal 

Chronic ingestion of PCBs (1.0-10 mg/kg/day; Aroclor 1254) has caused increased 
kidney weight, biochemical evidence of compromised renal function and cortical 
tubular protein casts.102, 103 Sub-acute studies suggest histopathological changes (100 
mg/kg/day; Aroclor 1242),93 though further subchronic and chronic studies employing 
doses ranging from 1.5 – 11 mg/kg did not demonstrate histopathological changes.96, 

100 

3.5.2.2.3 Endocrine and Reproduction 

Thyroid 

There is some evidence that PCBs may induce thyroid toxicity in animal models as 
well as a variety of changes in thyroid hormone levels. Evidential effects upon both 
the thyroid and thyroid hormone system are consistent across most animal studies. 
The intensity of effects is dose dependent. 
 
Acute studies have shown doses (2.3 mg/kg/day for 7 days; Aroclor 1254) caused 
depression of serum T4 and depression of T3.

104 At 18 mg/kg/day (for 7 days) there 
was no change in thyroid structure.105 Sub-chronic administration of Aroclor 1254 (44 
mg/kg/day for 6 weeks) caused thyroid lesions, with evidence of recovery when the 
treatment ceased.106 In chronic investigations (28 months), enlarged thyroid glands 
and follicles with desquamated cells were noted in Rhesus monkeys107 (0.2 
mg/kg/day; Aroclor 1254). Numerous other studies have demonstrated similar results, 
though variability may occur with strain and species. 
 
The effect of PCB on neonates’ thyroids, while in gestation, has been reported and 
evidence suggests pups are susceptible to thyroid injury. Pregnant rats exposed to 
Aroclor 1254 (2.5 or 25 mg/kg/day) for the duration of their pregnancy have borne 
pups that had thyroidal lesions and depressed levels of serum T4 and T3.

108  

Adrenal Gland 

Studies have demonstrated elevated (8.1 mg/kg/day; Aroclor 1254; 2 weeks),109 
unchanged93 (1.5 mg/kg/day ;Aroclor 1242; 2–6 months ) and depressed levels110  
(0.25 mg/kg/day; Aroclor 1254, 5 months) of serum corticosterone. There is also an 
evidence of degenerative change to the gland. 

Reproduction 

In contrast to human investigations, exposure to PCB in animal models has resulted in 
reproductive toxicity, though doses necessary to achieve this are large (ranging 
from0.4 to 10 mg/kg/day). Observed effects described in a wide range of reports in 
mice, rats, mink and monkeys, include prolonged oestrus cycle,111 decreased sexual 
receptivity, impaired ability to conceive,112 partial or total reproductive failure113 and 
prolonged menstruation and decreased fertility. A full summary of this research is 
described in the toxicological profile for polychlorinated biphenyls.90 
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3.5.2.2.4 Musculoskeletal, Dermal and Body weight 

Musculoskeletal 

There is minimal information on muscular skeletal changes occurring in animal 
models. Most studies suggest there are no histological changes following chronic 
exposure (4 – 11 mg/kg/day of Aroclor 1016, 1242, 1254, or 1260, for 24 months) of 
a range of PCB mixtures114. 

Dermal and Occular 

Numerous studies have shown chronic oral ingestion of PCB in monkeys and hairless 
mice causes similar symptoms of chloroacne to those observed in humans. Doses as 
low as 0.1 – 0.2 mg/kg/day (Aroclor 1248; 2 months) have caused these symptoms.112 
They include progressive alopecia, periorbital oedema, acne, fingernail loss, and 
gingival hyperplasia and necrosis of varying severity.107 Topical application of 50 mg 
Arochlor 1254 to hairless mice resulted in death within 24 hours, whereas animals 
remained asymptomatic following chronic exposure of 1-2 mg doses.115 Applications 
of Phenclor 54 resulted in chloroacne and moderate metabolic disturbances.115 
 
Ocular exudate, inflamed and prominent Meibomian glands, distorted growth of 
finger and toe nails where demonstrated in monkeys chronically exposed to 0.005 mg 
Aroclor 1254 per kg body weight.217, 218 

Body weight 

Studies in rats have demonstrated decreases in body weight following oral exposure to 
various PCB mixtures. Acute doses at or above 25 mg/kg are required for effects on 
weight117 whereas pronounced decreases occur in sub-chronic doses ranging from 0.1 
to 25 mg/kg body weight.102 The birth weights of the infants born to females receiving 
the 18 mg Aroclor 1016 per kg body weight were significantly less than those of the 
control infants.116 

3.5.2.2.5 Immunological and Haematological 

Haematological 

Chronic investigations have suggested various PCBs may cause aenemia; for 
example, administration of 0.2 mg/kg/day to rats for 12–28 months118 caused 
decreases in decreased haemoglobin content, decreased haematocrit, and 
hypocellularity of erythrocytic cells. However, such changes do not occur throughout 
all species of animals tested such as in guinea pigs119 or in rabbits120. 

Immunological  

Various animal models have been exposed to a variety of PCB mixtures and 
congeners; there is substantial evidence that sub-chronic and chronic oral dose of 
PCB, for example 4 mg/kg/day, can lead to host immunity changes. Such changes 
may occur to various immunological indicators including decreased thymus weight,91 
reduced weight of the spleen121 and reduced antibody responses to specific 
antigens,122 increased susceptibility to infection123 and increased natural killer cell 
activity.124 

 
Ocular exudate, inflamed and prominent Meibomian glands, distorted growth of 
finger and toe nails where demonstrated in monkeys chronically exposed to 0.005 mg 
Aroclor 1254 per kg body weight.217, 218 
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Decreased antibody (IgG and IgM) responses to sheep erythrocytes where shown in 
monkeys chronically exposed to 0.005 mg Aroclor 1254 per kg body weight.219-221 

3.5.2.2.6 Ocular and Neurological 

Ocular 

Ocular effects resulting from PCB exposure were documented in monkeys following 
sub-chronic exposure112 (as low as 0.1 mg/kg/day; Aroclor 1248; 2 months) and are 
similar to those observed for human exposure. Reported signs and symptoms have 
included swelling and reddening of the eyelid and eyelid discharge. 

Neurobehavioural 

The neurobehavioural effects resulting from PCB exposure in various animal models 
can be summarised into two categories90: the effects on motor activity and the effects 
on higher function such as learning and memory. 
 
The effects on motor function are wide and varied and difficult to summarise. Sub-
acute doses of PCB (Aroclor 1254) can lead to decreased spontaneous motor 
activity.125 Post-natal exposure via breast milk also suppressed this activity but in 
utero exposure did not126; however results vary, depending on the animal species and 
PCB mixture. 
 
The effects on higher function were also varied, depending on the test performed, 
formulation and species. Most were undertaken on animals perinatally. Various 
degrees of modifications have been reported and conclusions are difficult to make. It 
is suggested ortho-substituted PCB congeners are more active than coplanar PCBs in 
modifying cognitive processes.127 

Neurochemical 

The most consistent finding in animal models for neurochemical effects is decreased 
dopamine concentrations in different areas of the brain. For example, at high doses of 
PCB (500 or 1,000 mg/kg; Aroclor 1254 and 1260; acute) there was a dose-dependent 
decrease in the levels of dopamine in the caudate nucleus.128 Similar results were 
found with chronic administration of PCBs. In contrast, there appear to be no changes 
in brain neurochemistry of noradrenaline, adrenaline, or serotonin.129 

3.5.2.2.7 Gastrointestinal 

Acute doses of PCB (100 mg/kg/day Aroclor 1254) can cause ulcers in the pig 
stomach.130 Similar evidence was found in a series of sub-chronic studies with 
monkeys.131 Severity of the histopathological changes was dependent on both 
exposure length and dose. 

 

3.6 Carcinogenicity 
There is adequate information to suggest PCBs can cause carcinomas in rats. Studies 
have shown, for example, increased numbers of hepatocarcinomas,100, 150, 151 thyroid 
tumours,100 and gastrointestinal tract152 tumours during exposures to PCBs. 
 
Based on investigations on animal studies with some supporting epidemiological 
evidence both the United States EPA153 and IARC154 have classified PCBs as 
probable human carcinogens. Both the National Toxicology Program155 and the 
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American Conference of Governmental Industrial Hygienists156 have concluded there 
is enough evidence to classify PCBs as known animal carcinogens.  Research in these 
animal models also suggests that the position and number of chlorine atoms on the 
biphenyl molecule may be an important determinant of carcinogenicity.100 
 
Evidence from human studies, unfortunately, has not been conclusive. There is a 
slight increased risk of melanomas and brain cancer deaths following chronic 
workplace exposure to PCBs.157, 158 A retrospective cohort study following mortality 
of all forms of cancer amongst 2567 workers who had at least three months exposure 
to PCBs in capacitor factories showed increases in liver and rectal cancers, but neither 
was statistically significant.159 Another cohort study investigating 14,458 employees 
(male and female) concluded there was a significant relationship between PCB 
exposures and increased mortality of biliary liver and gall bladder cancers.160 Among 
women, there were also significant increases in intestinal cancer and diseases of the 
nervous system. An update from Brown and Jones159 investigations concluded that the 
small number of deaths related to liver and intestinal cancers, myeloma and nervous 
system diseases could not be clearly associated with PCB exposure.161 Other 
investigations have suggested relationships with non-Hodgkin’s lymphoma,157, 162 and 
mortalities associated with pancreatic carcinoma,163 brain carcinoma and 
melanoma.157 
 
Nevertheless, although human studies have not been conclusive, PCBs should be 
considered potential human carcinogens.154 
 

3.7 Mutagenicity 
There is no evidence PCBs are mutagenic. PCBs have been tested both in vitro and in 
vivo with little evidence of genotoxic activity. There is no evidence of chromosomal 
abnormalities or dominant lethal mutations in animal models.164, 165 PCBs are also not 
mutagenic in in vitro cell lines or in the bacteria S. typhimurium.166, 167 However, there 
is some experimental evidence suggesting mechanistic involvement in the potential 
development of cancer; metabolites of lower chlorinated congeners may bind to and 
covalently modify cellular constituents including proteins and DNA.168, 169 
 

3.8 Developmental Effects and Teratogenicity 

3.8.1 Humans 
It was only following the ingestion of large doses of PCBs present in contaminated 
oil, as what occurred in Taiwan and Japan (Yusho and Yu-Cheng), that evidence of 
adverse developmental effects became apparent64 (estimated concentrations of PCBs 
in the oil in Japan were approximately 0.1%133, for example). Babies subsequently 
born to mothers, who were exposed to these PCBs while pregnant, displayed features 
defined as ‘foetal PCB syndrome’.11 In Taiwan, pre-natal exposure led to evidence of 
low birth weight, delays in developmental milestones and reduced IQs when 
compared with control children who were not severely contaminated.170 A further 
follow-up study confirmed these observations noting continuing growth impairment 
and reduced IQ and clumsy movements.171 The event in Japan, though similar to 
Taiwan, caused less pronounced neurological inhibitions.172 
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However, as summarised in section 3.10.1.3, it has been suggested that contaminated 
oils also contained PCDFs and polychlorinated quaterphenyls, which may have 
contributed to these symptoms.  
 
In contrast to the Asian incidents, other studies assessing the impact of consuming 
contaminated food products have resulted in conflicting evidence on pregnancy 
outcomes. For example, one cohort study reported a slight increase in decreased birth 
weight, gestational age, head circumference and behaviour in the neonate whose 
mothers ingested contaminated fish during the duration of their gestation,173 whereas a 
similar investigation linked to contaminated fish from another source suggested there 
is no risk.173 Other studies looking at pre-natal exposure to contaminated food have 
concluded there is an association with slight neurological defects on new-born and 
developing infants; reported syndromes have included average IQ values being 
marginally lower than less contaminated groups174 and observed sub-clinical 
decrements in cognitive functions.24, 175 However, according to Ross,176 the test results 
were within normal ranges, most of the differences reported were within the 
variability of the testing tools, and variations in results were not clinically significant. 
In addition, in all of the studies assessed by Ross, the mother showed no signs of PCB 
toxicity. 
 
A comprehensive summary of the arguments both for and against developmental 
deficits following pre-natal exposure to PCB are beyond the scope of this report and 
any further details can be sought by reading the cited papers. 

3.8.2 Animal Studies 
Maternal toxicity can lead to significant teratogenic effects in animals, though high 
doses are required to achieve this phenomenon. For example, induction of cleft 
palate177 required an acute dose of 244 mg/kg (Aroclor 1254) in mice. Such effect on 
the foetus can occur in the absence of maternal signs and symptoms.178 PCB transfer 
via the milk to the pup is also a major contributor, though again doses necessary to 
achieve high concentrations in the milk are high.179 
 
Animal studies, using doses that are orders of magnitude greater than values expected 
from environmental exposure, have measured distinct changes including significant 
increases in foetal mortality rates, decreased birth weights, reduced survival to 
weaning, incidents of hydronephrosis and cleft palate, and gross malformations.111, 222 
In contrast to these animal studies, teratogenic effects in humans are subtle and 
difficult to correlate with exposures making it difficult to form a clear hypothesis on 
the role of environmental PCBs.176 
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3.9 Environmental Fate (Metabolism and Accumulation) and Subsequent 
Ecotoxicity 

3.9.1 Environmental Levels 

Air 

PCBs in the atmosphere have been detected throughout all regions of the world. Air 
concentrations are typically higher in the winter than the summer months.180, 181. The 
concentration increases with increasing chlorination and decreases with increasing 
ortho-substitution. Atmospheric levels of PCBs throughout the world generally appear 
to be decreasing over time. However, higher levels of PCBs have been determined in 
urban sites compared to rural locations. Atmospheric concentrations of PCBs assayed 
in urban and rural Baltimore locations, for example, in 1996 were 0.38–3.36 and 
0.02–0.34 ng/m3, respectively.182 In remote areas, such as the Antarctica (1981-1982), 
concentrations ranged from 0.02–0.18 ng/m3.183 

Water 

Like air levels, concentrations of PCB in water have been decreasing with time. Lake 
Michigan water concentrations, for example, have decreased from 1.2 ng/L in 1980 to 
0.47 ng/L in 1991.184. PCBs have been detected in seawater throughout the world 
(concentrations range from 0.02 to 0.59 ng/L). Despite having low water solubility, 
high concentrations have been measured in water tables surrounding industrial sites. 
The maximum total PCB concentration measured in groundwater on-site at the 
General Motors Foundry Operation hazardous waste site was 1,200 µg/L.4 

Soil 

Soil and sediment levels of PCB have also decreased with time. Sediment cores from 
various regions of the United States demonstrated decreasing levels of PCB between 
1962 and 1997, after sediment concentrations peaked around 1970.185 Surface 
sediments from Lake Ontario, for example, have decreased from 1.3-1.9 µg/g in 
1982/1983 down to 0.08-0.29 µg/g in 1995/1996.186 Concentrations in sediment may 
also vary with depth with an initial increase but at greater depths decreasing.187 
Sediment levels downstream from polluted sites such as industry or large urban areas 
may also influence residue levels.188 Soil levels are also influenced by adjacent sites 
of pollution.189 

3.9.2 Environmental Fate 
Widespread and increasing use of PCBs from the 1940s to the 1970s has resulted in 
extensive contamination of the environment.  They are stable molecules that not only 
resist environmental degradation, but due to their lipophilicity (see section 3.1.1) and 
long elimination biological half-lives, they have biomagnified in both aquatic and 
terrestrial food chains.190 Accumulations of PCBs have been reported in a wide range 
of higher vertebrate species.191-193 Nevertheless, since being banned in 1977, 
environmental and biological levels are slowly decreasing. This is evident amongst 
fish stock in the Great Lakes region, a site of high PCB contamination. The degree of 
contamination in fish has sharply declined since production of PCB was halted in 
1977.194 In Canada, for example, PCB levels have been decreasing in both dairy milk 
and human serum (see section 3.10.1.2). Concentrations in the milk of lactating 
mothers have also been steadily declining.195, 196 In recent years there is some 
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suggestion the predominant PCB contribution to the next generation is determined 
more by maternal milk than environmental contributions.197 

3.9.3 Ecological Degradation 
The environmental degradation of chlorinated residues such as PCBs is dependent on 
three pathways: hydrolysis, biodegradation and photodegradation.198 The ecological 
fate of the various PCBs will determine which of these mechanisms are dominant for 
their degradation. Typically, photodegradation will occur with atmospheric PCBs, 
whereas those complexed in soil will undergo microbiological metabolism and those 
in aquatic environments will be transformed by hydrolysis. The degree of chlorine 
saturation as well as the respective isomeric patterns will also influence their 
degradation.  
 
PCBs are sufficiently volatile to cycle between air, water and soil, though the degree 
of cycling and movement is dependent on the number of attached chlorine atoms.199 
The dominant mechanism for their global movement is by atmospheric spread. Those 
that are heavily chlorinated tend to condense from the atmosphere.199, 200 Those 
remaining in the atmosphere undergo photodegradation by sunlight-generated 
oxidants, predominantly OH, O3 and NO3.

201, 202 The calculated atmospheric half- 
lives for the various PCB congeners in the atmosphere can range from 3 to 500 days, 
depending on the degree of chlorine saturation203, 204; increasing number of substituted 
chlorine atoms leads to increasing half-lives.  
 
In water, the dominant pathway for PCB degradation is by hydrolysis. This occurs by 
photolytic cleavage of the bond between the carbon and chlorine, which leads to its 
replacement with hydrogen.205 With highly saturated biphenyls, there is preferential 
cleavage of the chlorine atoms at the ortho position205 that not only decreases the 
number of highly chlorinated PCBs, but increases the number of toxic coplanar (non-
ortho) congeners (PCBs 77 and 126). Half-lives of degradation can range from ~60 
days to 27 years,206 depending on the degree of chlorine substitution, but also on the 
water depth and the season. Microbial biodegradation may also occur, but again this is 
dependent on the degree of chlorination; such degradation occurs primarily by aerobic 
processes. 
 
PCBs strongly absorb to sediment and soil where they can persist, resisting uptake 
into plants through their roots207; degradation is dominated by aerobic and anaerobic 
metabolism.208, 209 Both classes of bacteria appear to act in a complementary manner; 
anaerobic organisms tend to dechlorinate the halogen-saturated biphenyls to form 
lightly chlorinated ortho-enriched congeners, which are in turn readily degradable by 
a wide range of different aerobic populations. Aerobic activity degrades PCBs to 
chlorinated benzoic acid followed by mineralisation to carbon dioxide and inorganic 
chlorides.210, 211 PCB half-lives in soil can range from 3 years through to 37 years198; 
such a wide range is influenced by chlorine substitution and position, amongst other 
physico-chemical parameters.  
 

3.10 Dose Response Information 

3.10.1 Doses Necessary to Cause Human Acute and Chronic Toxicity 
Documentation of doses in humans necessary to cause toxicity is limited to the 
outbreaks of PCB toxicity in Japan (1968) and Taiwan (1978). Further human 
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exposures are a result of chronic workplace and environmental exposure where 
researchers have sought to make correlations between exposures (typically by 
measuring PCB blood levels) and a range of subtle signs and symptoms. 

3.10.1.1 Acute 
Apart from the Yusho and Yu-Cheng incidents, there is little information on acute 
exposure to PCBs. Dr. Masayasu Goto, a dermatologist, examined 146 Yusho patients 
and graded their cases according to their clinical severity.132 A summary of their 
symptoms, the estimated amounts of oil ingested and their calculated doses of PCB 
ingested are presented in Table 3.3. The authors did not provide information on their 
respective symptoms, when classifying their severity. Estimated doses ingested are 
based on a final 0.1% PCB concentration in the oil.133 
 
Table 3.3 A summary of various doses of PCB ingested and their respective 
severity of symptoms suffered by 146 Yusho patients132 
 

Volume ingested 
Number of 
patients 

Estimated total dose 
  Severity 

12% no symptoms 
49% light symptoms 

Less than 720 mL 
 
 

80 
 
 

Less than 720 mg 
 
 39% severe symptoms 

31% light symptoms 720-1440 mL 
 

45 
 

720-1440 mg 
 69% severe symptoms 

Greater than 1440 mL 
 

21 
 

Greater than 1440 mg 
 

Majority suffered severe 
symptoms 

 
Quite clearly, acute exposure to high doses of PCB can lead to adverse effects. 

3.10.1.2 Chronic 
Measures of chronic toxicity due to workplace or environmental exposures are 
predominantly based on evidence of elevated serum PCB concentrations that are 
correlated with markers of tissue injury. Patients exposed to PCB have average 
plasma concentrations that are typically one to three orders of magnitude greater than 
expected background levels, which for the general population have steadily declined 
from 6.4 ng/mL134 to 0.9 – 1.5 ng/mL135, 136 over the last 20-30 years. Some reports 
have suggested no statistically significant adverse effects following chronic exposure 
to PCBs, whereas other studies have suggested chronic toxicity based on elevated 
liver function tests, which may possibly reflect liver disease. There are also reports of 
chloroacne, though this is most likely a result of the dioxin contaminants present in 
the PCB formulations. 
 
An important source of PCB has been the consumption of contaminated fish. 
Ingestion of fish from Lake Michigan has resulted in higher PCB exposures, when 
compared with the general population. The mean PCB plasma concentration for one 
study group was 25.8 µg/L, with one recreational fisherman consuming 
approximately 40 kg of fish per year that resulted in elevated serum PCB values 
peaking at 360 µg/L. No adverse effects were identified within this cluster.137 
 
Workplace exposure resulting in elevated mean serum PCB concentrations of 337 and       
292 µg/L for current and former workers respectively showed elevated liver 
transaminases in four workers78 (from a total of 80) and chloroacne. Liver tests were, 
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however, within the range of normal and reported incidents of chloroacne may have 
been caused by other chlorinated contaminants. The result of another similar study 
reported elevated urinary porphyrin levels in workers with mean blood PCB levels of 
386 µg/L138; again, elevations were within the normal laboratory range.139 
 
In contrast, Smith and associates (1982) reported a correlation between hepatic 
transaminases and PCB blood concentrations (mean serum PCB values ranged from 
17 – 824 µg/L). The author suggests the increases in liver enzymes are possibly a 
result of microsomal enzyme induction rather than chronic liver disease.  

3.10.2 Summary Case Reports Following Toxicological Exposure 

Documentation of doses in humans necessary to cause toxicity is limited to the 
outbreaks of PCB toxicity in Japan (1968) and Taiwan (1978). In both outbreaks of 
PCB intoxication, the oil that contaminated the rice oil is thought to have originated 
from a heat-exchange fluid that leaked into the rice oil-refining chamber.  When PCBs 
are heated above 300oC, in the presence of oxygen, PCDFs are formed133; PCDDs, 
polychlorinated dibenzofurans (PCDFs) and chlorinated quaterphenyls have been 
measured in contaminated oil sourced from the Yusho outbreak.145 Following this 
analysis, it has been suggested that these observed signs and symptoms were different 
from those reported following other occupational exposures and secondly that PCDFs 
and possibly other contaminants were responsible for the reported morbidity and 
mortality.145, 146 

3.10.2.1 ‘Yusho’ Outbreak in Japan 
In 1968 approximately 1300 people in Fukuoka, Nagasaki as well as other areas of 
Western Japan ingested thermally degraded PCB-heat-transfer liquid140 that had 
contaminated rice oil. The disease was called ‘Yusho’, namely oil disease. It was 
estimated that PCB concentration in the oil was approximately 0.1%.133 Victims soon 
developed swelling of upper eyelids, increased eye discharge, chloracne (a severe and 
persistent form of acne), swelling of limbs and other less reported symptoms such as 
nausea, fatigue; others developed liver disorders. Babies that were exposed during 
pre-term later developed neurological symptoms and newborns of exposed mothers 
displayed discolouration of nails, skin and eyes and later had premature eruption of 
teeth.60 Five years after the event, 22 deaths had been reported; 9 from malignant 
neoplasms which included 2 cases of liver cancer.141 

3.10.2.2 ‘Yu-Cheng’ Outbreak in Taiwan 
In February 1979 rice bran oil contaminated with heat degraded PCBs and 
dibenzofurans (concentrations contaminating the oil ranged from 4.8 – 204.9 µg/mL) 
was sold in two prefectures in Taiwan (Tai Chung and Chang Hua). Approximately 
2000 people subsequently become poisoned as a result of ingesting this oil. PCB 
blood levels in these patients ranged from 3 to 1156 ng/mL with a mean value of 
89.14 ± 6.9.142 Observed acute symptoms amongst these sufferers were similar to 
those reported in Yusho victims67, 143; developmental and other neurological 
symptoms were also similar to Yusho contaminated offspring. Increased deaths from 
non-carcinogenic liver diseases were detected within the space of three years post-
exposure.15, 144 Subsequent studies of mortality rates for cancer by the end of 1991 
were not statistically elevated when compared to the general population.144 
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3.10.3 Measures of Mammalian Toxicity 

3.10.3.1 LD50 values 
Reported acute LD50 values for PCBs have a relatively wide range of values, but 
overall indicate a relatively low level of toxicity. This will however depend on the 
mammalian species and strain, the dilution, and the congener or isomer composition 
being investigated. 
 
Rat oral LD50 values range from 1,001 mg/kg147 (Aroclor 1254) to 11,300 mg/kg148 
(Aroclor 1262). A summary of LD50 values for seven mixtures are presented in table 
3.4. 
 
Table 3.4 Oral toxicity of seven Aroclor mixtures148 
 

 Aroclors 
 1221 1232 1242 1248 1260 1262 1268 
Oral LD50 mg/kg 
(rats) 3,980 4,470 8,650 11,000 10,000 11,300 10,900 

 
To the knowledge of the author, there are no published LD50 values for dermal 
exposure.  Reported minimal lethal doses ranged from in excess of 794 mg/kg  for 
Aroclors 1242 and 1248 to at or below 19,200 mg/kg for Aroclor  5460.148 For an 
explanation of minimal lethal dose values see Appendix one. 
 
Both sets of values (acute oral ingestion and acute dermal exposure) suggest that 
increasing chlorine saturation leads to decreased toxicity. 

3.10.4 Guidance Values 

Reference dose 

Reference doses for the Monsanto products  Aroclor 1016 and 1254, and how they 
were derived, are presented in table 3.5. 
 
Table 3.5 Reference doses for Aroclor 1016 and 1254 as defined by the EPA223 
 

Agency EPA EPA 

Type of Exposure Aroclor 1016 Chronic ingestion RfD Aroclor 1254 Chronic ingestion RfD 

Value 0.07 µg/kg/day 0.02 µg/kg/day 

Year 1996 1996 

Species monkey monkey 

Critical effect Reduced birth weights Clinical and Immunologic Studies 

NOAEL/LOAEL 0.007 mg/kg/day NOAEL 0.005 mg/kg/day LOAEL 

Uncertainty factor 100(10A, 10H) 300(10A, 10H, 3L) 

Principle study 116 217-221 

 

Other Measures of Daily Intake 

In 1973, the United States FDA concluded there is unavoidable PCB contamination of 
the environment, and therefore have provided limits of exposure in food products for 
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human consumption. They have defined this as ‘temporary tolerances’ for PCB 
residues ‘to permit the elimination of such contaminants at the earliest practicable 
time’149. The various categories of food including products for packing of food are 
presented in Table 3.6. 
 
Table 3.6  Temporary tolerances of PCBs in food destined for human consumption, 
as defined by the FDA149 
 

1.5 parts per million in milk (fat basis). 
1.5 parts per million in manufactured dairy products (fat basis). 
3 parts per million in poultry (fat basis). 
0.3 parts per million in eggs. 
 0.2 parts per million in finished animal feed for food-producing animals (except the 

following finished animal feeds: feed concentrates, feed supplements, and feed 
premixes). 

2 parts per million in animal feed components of animal origin, including fishmeal and 
other by-products of marine origin and in finished animal feed concentrates, 
supplements, and premixes intended for food producing animals. 

2 parts per million in fish and shellfish (edible portion). The edible portion of fish 
excludes head, scales, viscera, and inedible bones. 

 0.2 parts per million in infant and junior foods. 
10 parts per million in paper food-packaging material intended for or used with human 

food, finished animal feed and any components intended for animal feeds. The 
tolerance shall not apply to paper food-packaging material separated from the food 
therein by a functional barrier which is impermeable to migration of PCB's. 

 
Based on the possible health risks and exposure to the general population, the EPA 
has set PCBs Maximum Contaminant Level Goal in drinking water at zero (see 
Appendix 2), and the Maximum Contaminant Level in drinking water at 0.0005 ppm 
(see Appendix 3). 
 

3.11 A Summary of Biological assays That are Available to Test for Evidence 
of These Chemicals in Biological Samples 
PCBs, like dioxins, have been assayed in a wide range of human tissues and fluids; 
these include plasma,212 whole blood,213 adipose tissue,214 milk,213 follicular fluid,215 
and serum.215.  
 
Determination of PCB follows the same protocols as described for dioxins. 
Predominantly, only the 12 PCB dioxin-like congeners are determined from serum. 
More often they are assayed in conjunction with the 17 toxic congeners. For further 
details, see the dioxin document, section 3.11. 



 

78 

3.12 Summary 
The term polychlorinated biphenyls (PCBs) describes a class of 209 compounds in 
which a biphenyl molecule can have up to 10 attached chlorine atoms. Those without 
substitution at the ortho position are known as co-planar PCBs and may activate the 
aryl hydrocarbon receptor in a manner similar to dioxins. PCBs are relatively 
insoluble in water which decreases with increasing chlorination. They are stable to 
thermal and corrosive degradation and thus had wide use in industry. 
 
PCBs readily absorb across both skin and the intestinal tract; human exposure is 
predominantly from processed fish and food resulting in high bioavailability. The 
percentage uptake will however be influenced by factors such as chlorine saturation of 
the biphenyl molecule and dietary intake. Upon systemic absorption, PCBs initially 
target highly perfused organs with later redistribution to organs of high lipid content, 
overwhelmingly to adipose tissue. Initial metabolism and conjugation within the liver 
will occur followed by enterohepatic recirculation and accumulation within adipose 
tissue. Host elimination will vary according to the degree of chlorine saturation; 
elimination half-lives can therefore vary from 0.3 to 12 years. 
 
Signs and symptoms following human acute exposure are predominantly reported in 
Yu-Cheng and Yusho patients, who live in Taiwan and Japan respectively; these 
patients in ingested cooking oil contaminated with various congeners of PCB and 
residues of dioxins. They experienced dermal, mild neurological, hepatic and 
ophthalmological signs and symptoms as well as fever, vomiting and diarrhoea. 
Chronic symptoms, resulting from workplace exposure, are not as well defined but 
include mild dermal, respiratory and hepatic signs and symptoms as well as subtle 
changes in endocrine, immunological, neurological and reproductive functions. These 
changes however are often of no clinical consequence. Evidence of these changes in 
animal models is more compelling, though they were administered excessively large 
doses that were orders of magnitude greater than what human subjects would be 
exposed to.  
 
As with signs and symptoms, knowledge of toxicity to humans has been limited to 
Yu-Cheng and Yusho patients. They were exposed to total doses ranging from 750 
mg to an excess of 1400 mg; severity of symptoms increased with increasing doses. In 
animal models, reported LD50 values indicate a relatively low level of toxicity (oral 
values in the rat ranged from 3.9 to 10.9 g/kg body weight).  
 
There is adequate information to suggest PCBs can cause carcinomas in animal 
models. The US EPA (and IARC), based on investigations on animal studies with 
some supporting epidemiological evidence, have classified PCBs as probable human 
carcinogens. In contrast, the National Toxicology Program and the American 
Conference of Governmental Industrial Hygienists have concluded there is enough 
evidence to classify PCBs as known animal carcinogens. There is some evidence from 
human studies that PCBs may cause cancer though this is not as conclusive as has 
been demonstrated in other species.  
 
Exposure to high doses of PCB, as what occurred in Japan and Taiwan, can lead to 
defined developmental and teratogenic effects. Such effects have also been clearly 
demonstrated in animal models. However where toxicity occurs from workplace 
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exposure or pollution such effects on the newborn and their development are 
inconclusive and studies are contradictory. 
 
Widespread use of PCBs until the 1970s has resulted in extensive contamination of 
the environment.  They have bioaccumulated and biomagnified in both aquatic and 
terrestrial food chains. Despite being banned for over 30 years, PCBs are still present 
in the environment though levels are slowly decreasing. Analysis of PCBs is 
conducted in a similar manner to dioxins. 
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4.0  Dioxins 

4.1 Physical Chemical Properties 
As there are 210 different dibenzo-p-dioxins and dibenzofurans, each with their own 
distinct properties, a summary of each is beyond the scope of this report; however, 
brief summaries of the most toxic dioxins are presented in Table 4.1.  

4.1.1 Basic Properties 
 
Table 4.1 Fundamental physical chemical properties of the various dioxin 
homologues 
 
Homologue  Vapour pressure 

(mmHg at 25 oC) 
log Kow Solubility  

(mg l−1 at 25 oC) 
Henry’s constant 
atm-m3/mol (at 
25 oC) 

TCDD 8.1 × 10−7 6.4 3.5 × 10−4 1.35 × 10−3 
PeCDD 7.3 × 10−10 6.6 1.2 × 10−4 1.07 × 10−4 
HxCDD 5.9 × 10−11 7.3 4.4 × 10−6 1.83 × 10−3 
HpCDD 3.2 × 10−11 8.0 2.4 × 10−6 5.14 × 10−4 
OCDD 8.3 × 10−13 8.2 7.4 × 10−8 2.76 × 10−4 
TCDF 2.5 × 10−8 6.2 4.2 × 10−4 6.06 × 10−4 
PeCDF 2.7 × 10−9 6.4 2.4 × 10−4 2.04 × 10−4 
HxCDF 2.8 × 10−10 7.0 1.3 × 10−5 5.87 × 10−4 
HpCDF 9.9 × 10−11 7.9 1.4 × 10−6 5.76 × 10−4 
OCDF 3.8 × 10−12 8.8 1.4 × 10−6 4.04 × 10−5 
 

4.1.2 Brief notes 
The term dioxins summarises a range of chlorinated dibenzenes known as 
polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs). These 
fundamental structures differ by their interconnecting groups that link the two 
aromatic rings (Figure 4.1). In the case of PCDDs, the benzene rings are joined by 
two oxygen bridges, and in the case of the PCDFs, the benzene rings are connected by 
a carbon bond and an oxygen bridge (a furan). 
 
Figure 4.1 The structural formule for (a) Dibenzo-para-dioxin and (b) 
dibenzofuran. 

 
 
Both the PCDDs and the PCDFs are characterised by the number of attached chlorine 
atoms on the two aromatic rings that can range in number from 1 to 10. There are a 
total of 210 possible compounds (75 PCDDs and 135 PCDFs) and each is called a 
congener. Molecules with the same degree of chlorine saturation are defined as a 
homolog; for example, PCDDs with four chlorine molecules are defined as a homolog 
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and are termed tetrachlorinated dibenzodioxin (TCDD). Different substitutions of 
chlorine within a homolog are known as isomers. 
The PCDD and PCDF congeners that have chlorine atoms attached to positions 2, 3, 7 
and 8 are of environmental and toxicological importance, and of these congeners 
2,3,7,8-TCDD (TCDD) is regarded as the most toxic (see Figure 4.2). Thus, of the 
210 known chlorinated dioxins and furans, only 17 are regarded as toxic. To enable 
calculation of the overall toxicity for these congeners for any given complex mixture 
of dioxins humans may be exposed to, a value known as Toxic Equivalent Factor 
(TEF), has been assigned to each of these 17 toxic congeners. These values are based 
on the relative potency compared to TCDD.  
 

 
 
Figure 4.2 The structural formula of 2,3,7,8-tetra CDD. 
 
Though there have been several schemes to define these factors, the International 
Toxic Equivalents Factor was adopted1 and later modified and ratified by the WHO.2 
These factors are commonly expressed as I-TEQ mg per mass of defined biological 
matrix (such as serum lipid). 
As TCDD is the most toxic congener, it has been assigned a value of 1 and the others, 
which are less toxic than but relative to TCDD (see Table 4.2 for a complete summary 
of these values),2 have been assigned numbers ranging from 0.0001 to 1. A small 
number of coplanar- and mono-ortho-PCBs have also been assigned equivalent 
factors but are of relative low toxicity, compared to the toxic dioxins. 
 
The toxicity of any mixture of PCDDs and PCDFs can be determined by multiplying 
the concentrations of each congener by its respective TEF and the resulting 
summation of these values is defined as a toxic equivalent (TEQ), with SI units 
identical to the concentrations of the individual congeners. This scheme has been 
recently modified by the WHO to include 12 coplanar congeners of PCBs, as these 
have ‘dioxin-like’ properties.2 
 
Table 4.2 Toxic Equivalent Factors for the toxic dioxins and PCBs. 

 
Congener WHO TEF 
Dioxins   
2,3,7,8-Tetra-CDD 1 
1,2,3,7,8-Penta-CDD 1 
1,2,3,4,7,8-Hexa-CDD 0.1 
1,2,3,6,7,8-Hexa-CDD 0.1 
1,2,3,7,8,9-Hexa-CDD 0.1 
1,2,3,4,6,7,8-Hepta-CDD 0.01 
OCDD 0.0001 
Dibenzofurans   
2,3,7,8-Tetra-CDF 0.1 
1,2,3,7,8-Penta-CDF 0.05 
2,3,4,7,8-Penta-CDF 0.5 
1,2,3,4,7,8-Hexa-CDF 0.1 
1,2,3,6,7,8-Hexa-CDF 0.1 
1,2,3,7,8,9-Hexa-CDF 0.1 
2,3,4,6,7,8-Hexa-CDF 0.1 
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1,2,3,4,6,7,8-Hepta-CDF 0.01 
1,2,3,4,7,8,9-Hepta-CDF 0.01 
OCDF 0.0001 
Coplanar PCBs   
3,3’,4,4’-TCB (77) 0.0001 
3,4,4’,5-TCB (81) 0.0001 
3,3’,4,4’,5-PeCB (126) 0.1 
3,3’,4,4’,5,5’-HxCB (169) 0.01 
Mono-ortho-PCBs   
2,3,3’,4,4’-PeCB (105) 0.0001 
2,3,4,4’,5-PeCB (114) 0.0005 
2,3’,4,4’,5-PeCB (118) 0.0001 
20,3,4,4’,5-PeCB (123) 0.0001 
2,3,3’,4,4’,5-HxCB (156) 0.0005 
2,3,3’,4,4’,5’-HxCB (157) 0.0005 
2,3’,4,4’,5,5’-HxCB (167) 0.00001 
2,3,3’,4,4’,5,5’-HpCB (189) 0.0001 

 

4.1.3 Uses 
No uses have been identified for dioxins, though small amounts are synthesized for 
use in research. It has been hypothesised that if chlorine, carbon, hydrogen and 
oxygen come into contact with heat, the byproducts can include trace levels of 
PCDDs and PCDFs.3 Indeed, research has shown that the ideal temperature for the 
formation of dioxins, based on chlorophenol as a precursor, is between 250oC and 
550oC (Figure 4.3). This research, however, was based solely on the solid residues 
after the formation reaction and did not assay the gas phase (the temperature profile 
could therefore theoretically differ in the gas phase). 
 

 
Figure 4.3 The (relative) formation of dioxins; each value is normalized to the 
400oC case. Reproduced with permission.4 
 
Essentially, dioxins are a product of industrialisation though they can also form as a 
result of geological processes and natural combustion.5-7 Dioxins can also form 
naturally in sewage sludge, forest soils and sediments, and in compost under normal 
environmental conditions.8, 9 There is also evidence of dioxin formation in historical 
times.10 However, since the 1930s, there has been a substantial increase in their 
formation as a result of large-scale production and use of chlorinated chemicals. They 
have become unwanted contaminants, resulting from industrial processes including 
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incineration, the bleaching of paper and pulp, and from the manufacture and 
application of chlorinated herbicides (such as pentachlorophenol and 2,4,5-T), 
pesticides and fungicides.11 Nevertheless, since the mid-1960s, following awareness 
of the toxicity of dioxins and the increasing levels in the environment and subsequent 
food chains, there has been a concerted effort to minimise their release. An inventory 
of dioxin emissions from numerous known sources in the United States for the years 
1987 to 1995 have shown an almost 80% decline.12 Accumulations in the 
environment, food chain and body burdens in humans have all shown corresponding 
declines.  
 

4.2 Routes of Exposure 
Workplace exposure to dioxins can result in dermal and inhalation uptake. Any 
ingestion will be as a result of contaminated food. For the general population, the 
predominant route of exposure is from the ingestion of food, with minimal input from 
the inhalation of air or skin contact with contaminated soil.  

4.2.1 Ingestion 
A major contributor to the human body burden of dioxin is the ingestion of food 
contaminated with dioxins, particularly dairy and poultry products (body burden is 
expanded in section 4.3.4). It has been estimated that in excess of 90% of the dioxin 
humans are exposed to is food sourced from animal fat.12 The various dioxin 
congeners have always been present in food though this has risen sharply since the 
1930’s, with the advent of large-scale industrial production and use of chlorinated 
products. One recent study, for example, assayed dioxins in lipid from beef, pork and 
chicken from the turn of the 20th century through to the mid 1980s.13 The TEQ pg per 
gram of lipid in assayed food samples has risen from ~0.34 in 1908 to peak at ~3.73 
during the 1960s, and then fell back to early 20th century values of 0.5 – 0.55 pg/g 
lipid in 1983.  
 
As a measure of total dietary intake of PCDDs and PCDFs, expressed as I-TEQ pg per 
kilogram body weight per day, input from dietary sources has decreased over a 20 
year period, from 4.5 to approximately 05 pg TEQ/kg/day for the years spanning 1976 
and 1997. A summary of these reports are presented in Figure 4.4. The average New 
Zealand dietary intake by an adult during this interval of time (including dioxin-like 
PCBs) has been determined to be 0.33 pg TEQ/kg/day, one of the lowest values 
reported in food, as compared with overseas studies.14 
 



 

97 

  
Figure 4.4 Reported estimated daily exposure to PCDDs and PCDFs, expressed in 
TEQ pg/kg body weight, from the United States,12 Netherlands,15 the United Kingdom16 
and Germany.17 Reproduced with permission.18 

4.2.2 Skin 
There is very little information on dermal contact following non-specific contact 
amongst the general population. TCDD bound soil has a significantly lower 
bioavailability (more than an one order of magnitude) compared to skin applications 
of dioxins alone.19 One report has estimated that dermal contact with soil may 
contribute less that 0.2 % to the total dioxin body burden.20 In contrast, despite poorer 
absorption of particulate bound dioxins, when compared to the pulmonary or 
intestinal route (see section 4.3.1), dermal exposure may make a contribution to the 
burden following workplace exposure to high levels of chlorinated aromatic 
compounds that may not have been bound to organic soil or other particulate matter.  
 
One recent case report has described a ceramic hobbyist working with clays 
containing elevated levels of dioxin congeners for over 30 years; she had substantially 
elevated serum levels, with congener profiles unique only to the clay, and route of 
entry was most likely chronic dermal exposure.21 

4.2.3 Eye 
To the knowledge of the author, there have been no reports of dioxon exposure to the 
eye, or of the eye being a route of exposure leading to an increasing burden of PCDDs 
and PCDFs. 

4.2.4 Inhalation 
Inhalation of PCDDs and PCDFs from sources of ambient air amongst the general 
population remains very low. The percentages of total dioxin derived from this route 
have been reported to be 3%,22 and 1.6%.20 Concentrations from cigarette smoke are 
minimal.119 Inhalation of dioxins, however, may not necessarily be a recent 
phenomena. PCDDs and PCDFs assayed from plant material dating back to the turn 
of the 20th century have shown distinct changes in chlorine saturation profiles of the 
dioxin aromatic rings, that corresponded with the phasing out of household wood and 
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coal fires; another profile emerged following reduced emissions of dixoins from other 
sources such as industrial discharges.23 However, over the complete time interval, the 
TEQ profile did still showed an overall decline. Another study from the same institute 
has demonstrated TCDD in all herbage samples back to 1861-65,24 suggesting this 
toxic congener has been present in ambient air, predating the advent of mass 
industrialisation in the 1930s. 
 

4.3 Toxicokinetics 

4.3.1 Absorption 
Due to their lipophilic nature, the various congeners are readily absorbed across the 
gastrointestinal tract, skin and lungs. The bioavailability of the congeners will be 
dependent on the degree of chlorine saturation and the composition of the delivery 
vehicle. For example, the bioavailability of TCDD in rats approaches 70-87% 
following dissolution in plant oil (Rose et al., 1976) is reduced to 50-60% in dietary 
ingestions,25 and is lower still when presented in a soil matrix.26 In one human study, 
the bioavailability of TCDD was determined to be >86%.27 
 
Absorption into systemic circulation following ingestion occurs predominantly via the 
lymphatic route where transport occurs by both chylomicrons28 and lipoproteins.29 
 
A study of dermal application to young male rats demonstrated that approximately 41 
percent of the administered dose was absorbed into the systemic circulation following 
120 hours exposure.30 Such absorption is age- and dose-related with younger rats 
displaying higher dermal absorption compared with older animals.31 
 
Research has shown that administration of contaminated soil by intratracheal 
installation to female rats results in 100% bioavailability of TCDD.32 Indeed, the 
smaller particles of soil (those having a small enough aerodynamic diameter to 
achieve delivery to the alveoli where absorption occurs) had a 33-fold enrichment of 
the TCDD congener when compared with the total unfractionated soil. Similar 
bioavailabilites have been reported in another study with hamsters where the absorbed 
percentages of the administered doses for oral, pulmonary and dermal delivery were 
95%, 88% and 40% respectively.33 

4.3.2 Distribution 
Following absorption into the body, research on animals suggests dioxins are 
predominantly distributed to the liver, and adipose tissue,33, 34 though the ratio of 
distribution may vary depending on the congener.35-37 Overall, profiles of distribution, 
however, remain consistent throughout various animal models. To the knowledge of 
the author, the only data on human tissue distribution arose from post-mortem 
analysis of a woman living in Zona A at Seveso (Table 4.3) who subsequently died of 
pancreatic cancer,38 though this was not related to the exposure. She experienced no 
signs and symptoms following her contact with this agent, though two of her children 
suffered chloracne. 
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Table 4.3  Post-mortem TCDD concentrations (ng/g) in various tissues from a 55 
year old woman who died of pancreatic cancer 7 months after exposure at Seveso 
 

Blood Brain Lung Liver Pancreas Kidney Fat 
0.006 0.06 0.06 0.15 1.04 0.04 1.84 

 
Following tissue distribution, research has indicated that, for each TCDD congener, 
dioxin concentration in adipose closely parallel serum lipid values over a wide range 
of concentrations in mammals including humans.39, 40 

4.3.3 Metabolism 
Due to their high degree of lipophilicity (see Table 4.1), both PCDDs and PCDFs will 
readily partition into host adipose tissue where they can persist for years41 and where 
they will remain predominantly unmetabolised. Evidence in hamsters has shown that 
following administration of TCDD, in excess of 97% of the resulting body burden 
was the unmetabolised parent chemical.42 The toxicity of TCDD is associated with the 
parent compound alone.43, 44 Thus metabolism is a pathway of detoxification in the 
host. Metabolism is slow, but once it has occurred elimination is rapid.  
 
Metabolism of the various congeners occurs in the liver. Phase I metabolism, 
catalysed by CYP 1A1 and CYP 1A2, is essentially an oxidative process, which is 
followed by Phase II conjugation of the oxidative products leading to water-soluble 
products that can readily be excreted in the bile or urine.45 The most common 
conjugated products are glucuronides and sulfates.  

4.3.4 Elimination 
As discussed above, unmetabolised TCDD (and other toxic congeners) will remain in 
adipose and hepatic tissue for many years. Elimination half-lives are determined by 
rates of metabolism to low toxicity water-soluble products. The most potent of the 
dioxin-like compounds, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), has an 
estimated half-life in humans of 7.0- 11.3 years.46, 47 Half-lives can vary considerably, 
depending on the measured congener, concentration within the body and variabilities 
of metabolism amongst different human populations; a summary of calculated half-
lives for the 17 toxic congeners from two studies are presented in Table 4.4. Despite 
such variation between the two investigations, it is clear the various dioxin congeners 
can persist in the body for many years. Elimination is also dependent on the age of the 
subject48 and their total fat content46; as dioxins distribute predominantly in adipose 
tissue, as the percentage of fat increases over the lifetime of a subject, the half-life of 
these compounds will also increase.49, 50 
 
In contrast to humans, however, half-lives of the various dioxin congeners in other 
mammalian species are rapid. Absorbed TCDD following oral gavage was eliminated 
with a half-life of 20 days in the mouse.51 Guinea pigs, the most sensitive of the 
mammalian species, demonstrated a TCDD elimination half-life of 93 days.36 
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Table 4.4 Dose weighted estimated first-order elimination half-lives (years) for the 
17 toxic dioxin congeners, as reported by Flesch-Janys and colleagues (1996)52 and Van 
der Molen and colleagues (2000)53 
 

Congener Flesch-Janys 
et al (1996) 

Van der Molen 
et al. (2000) 

Dioxins    
2,3,7,8-Tetra-CDD 7.2 7.6 
1,2,3,7,8-Penta-CDD 15.7 11.1 
1,2,3,4,7,8-Hexa-CDD 8.4 11.3 
1,2,3,6,7,8-Hexa-CDD 13.1 11.5 
1,2,3,7,8,9-Hexa-CDD 4.9 6.6 
1,2,3,4,6,7,8-Hepta-CDD 3.7 8.5 
OCDD 6.7 5.5 
Dibenzofurans    
2,3,7,8-Tetra-CDF 7.2 1.4 
1,2,3,7,8-Penta-CDF 15.7 2.8 
2,3,4,7,8-Penta-CDF 19.6 9.7 
1,2,3,4,7,8-Hexa-CDF 6.2 7.5 
1,2,3,6,7,8-Hexa-CDF 6 23.2 
1,2,3,7,8,9-Hexa-CDF 6 NA 
2,3,4,6,7,8-Hexa-CDF 5.8 3.5 
1,2,3,4,6,7,8-Hepta-CDF 3 4.8 
1,2,3,4,7,8,9-Hepta-CDF 3.2 10 
OCDF 6.7 0.7 

 
 
Body Burden 
As the rates of elimination of the various dioxin congeners in humans are measured in 
years, and the population is continually exposed to low levels of dioxins, people will 
have a pool of dioxins predominantly complexed in their hepatic and adipose tissue. 
This mass within the body is defined as the body burden, which may represent the 
accumulation of many years exposure,50 predominantly from dietary intake and to a 
lesser extent from (non-worker) industrial exposure or as a result of exposure to 
airborne pollution from wood or coal fires. With this in mind, a constant diet of ~1.3 
pg/kg/day TCDD, for example, for the duration of an adult’s life will finally achieve 
steady state levels approximating 20 pg/g lipid following 30 to 37.5 years of exposure 
(representing 4 to 5 TCDD half-lives).54 
 
The body burden for the 17 dioxin congeners is most commonly defined as the mean 
I-TEQ pg per gram of blood lipid (there is a parallel relationship between blood lipid 
and adipose concentration - see section 4.3.2). Although this burden may vary 
between different populations, it has been steadily declining since the mid-1960s 
when worldwide release of dioxins had peaked (see sections 4.1.3, 4.2.1, 4.9.2). 
Dioxin body burdens in Germany, for example, have declined in 10 years from ~45 in 
1987 to ~ 12 I-TEQ pg/g lipid in 1996.55 A comprehensive report of non-occupational 
exposure to dioxins in the New Zealand population for 1996-1997 published a mean 
burden of 12.8 TEQ pg/g lipid,56 which is similar to values reported in Germany over 
the same time interval. Levels in breast milk in New Zealand have also shown a 
considerable decline, haven fallen by two-thirds over a recent 10-year period.115 The 
New Zealand Ministry of Health is continuing to monitor levels. Worldwide decreases 
in body burden can also be seen in decreasing plasma lipid concentrations of TCDD, 
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which has steadily decreased by a factor of ten over the last thirty years (see Figure 
4.5). 
 

 
Figure 4.5  Mean lipid adjusted TCDD values from populations (ppt) sampled in 
Europe and North America from 1970 to 2000. Reproduced with permission.54 
 
 In most instances, any addition to the body burden occurs through the ingestion of 
food but may also result from exposure to air pollution sourced from coal or wood 
fires, though this will be minimal. Where food has been accidentally contaminated, 
there can be a substantial increase, but such additions to the accumulated burden 
would be well below doses necessary to cause chloracne, the predominantly 
recognised symptom following dioxin poisoning. In 1999, poultry and eggs in 
Belgium were contaminated with various dioxin and PCB congeners.57 Assuming a 
severe contamination of 1,000 pg TEQ /per g of fat in chicken or eggs, it would 
require 30-40 meals to double the body burden of dioxins.57 Such a value would still 
be two orders of magnitude less than the burden of Seveso residents in Zone A, some 
of whom experienced chloracne, and would be similar to average burdens in the 
1980s55 or those who regularly ate contaminated sea food.58 
 

4.4 Mechanism of Action within the Body 
The mechanism of action of dioxin is poorly understood. Most of the understanding is 
based on the induction of a cytochrome P-450 intracellular receptor, termed the 
aromatic hydrocarbon receptor (AhR). A wide range of halogenated aromatic 
compounds, including PCDDs, PCDFs and co-planar PCBs, are stereo-specific for 
this receptor.59 The most active compound in this group of chemicals is TCDD, due to 
its chlorine substitution on the four lateral positions (positions 2,3,7,8 – see Figure 
4.1). Upon binding, the dioxin molecule induces (or suppresses) the transcription of a 
number of genes, including CYP 1A1.60 Molecular mechanisms occurring 
downstream of AhR, as a result of TCDD receptor binding, have included changes in 
cellular signal proteins, mobilisation of calcium, tumour suppressor proteins, growth 
factors, oncogenes and cell cycle proteins.61, 62 Thus, improper alterations of gene 
expression may represent the initial steps in a series of biochemical, cellular and 
tissue changes that could result in host toxicity. 
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Recent research conducted on random subjects in Seveso, for example, have 
demonstrated that 20 years following the accident, a persistent down-regulation of this 
receptor was observed.63 The impacts on their health have yet to be clarified.  
 
In contrast, however, body burdens in human populations with values in excess of 250 
ng TEQ/kg bw (25 times greater than the normal population) have shown no evidence 
of increased enzyme induction consequent to their elevated dioxin levels; elevated 
enzyme activity only became apparent at or above burdens of 750 ng TEQ/kg bw.64 
 

4.5 Summary of Clinical Signs and Symptoms Following Toxic Exposure  

4.5.1 Signs and Symptoms 
Most of the investigations involving dioxins have focused on exposures to TCDD as a 
result of its contamination of herbicides (both in their manufacture and distribution), 
or as a direct consequence of its accidental release from chemical production units. 
Apart from chloracne, most symptoms related to exposure are subtle and require 
sophisticated statistical studies, typically decades after the event, to identify them. As 
such the following section will summarise together the acute and chronic non-cancer 
investigations (carcinogenicity is addressed in section 4.6). 

4.5.1.1 Human  

Chloracne and Hepatic Effects 

The only consistent manifestation of toxicity following dioxin (predominantly TCDD) 
exposure is chloracne.65, 204 For TCDD exposure, it is regarded as the “hallmark” of 
intoxication. Chloracne is characterised by inclusion cysts, comedones and pustulates 
with prominent scarring of the skin,65 more often on the face, but this can occur on 
other parts of the body as well. Such symptoms may be preceded by erythematous and 
oedematous skin. One early report suggests the time interval between exposure and 
the appearance of symptoms can range from 1-2 weeks to a few months.66 Following 
exposure to dioxin, as a result of workplace or accidental environmental 
contamination, this acne-like condition has occurred both with or without other 
effects.67 Prominent amongst the other symptoms are evidences of mild but transient 
hepatic injury. Some Seveso residents who suffered chloracne, for example, 
experienced temporary hepatomegaly for several months following exposure, but 
without evidence of elevated hepatic enzymes.68 Enlargement was not reported 
following other exposures.69-72 Transient elevations of transaminases and urinary D-
glucaric acid have also been reported.73, 74 

Indices of Endocrine Function and Biochemistry 

Significant associations with several lipid-related health indices amongst US army 
veterans serving in Vietnam have been reported75; however, such associations were 
not reported in other investigations. There has been no evidence of statistical changes 
to thyroid function. Investigations of herbicide production workers did show a 
positive association between TCDD and the reproductive hormones luteinizing 
hormone and follicle stimulating hormone and inversely related to total testosterone.76 
This has not been confirmed in studies of other intoxicated populations. Elevated 
diabetes-related mortalities amongst adult females have been reported in Seveso.77, 78 
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Cardiovascular and Pulmonary Effects 

German chemical workers exposed to contaminated TCDD had higher mortalities 
from all circulatory diseases.79 However, this is in contrast to other investigations 
where there were no significant increases reported.80-82 Amongst 1261 Ranch Hand 
personnel, circulatory diseases were not significant47, 83; similar results have been 
reported on Australian veterans.84 Amongst Seveso residents, a reported three-fold 
increase in mortality from chronic ischaemic heart disease amongst males in Zone A 
has been reported.77, 78 Temporary respiratory tract irritation and tracheobronchitis has 
been reported amongst herbicide production workers following exposure to TCDD 
contaminant. However, conflicting evidence or that of little significance has been 
reported in other studies.85-87 Male Seveso residents in Zone B did show a statistically 
significant increase in obstructive pulmonary disease.77, 78 
 

4.6 Carcinogenicity 

4.6.1 Human Studies 
The International Agency for Research on Cancer (IARC) reclassified TCDD (the 
most potent congener) as a group 1 carcinogen in 1997.121 They based this on limited 
evidence in humans, sufficient evidence in animals, and extensive mechanistic 
information (indicating TCDD acts by binding to the AhR receptor). They judged it 
might cause an increase in all cancers combined, rather than at any specific site. 
Evidence in long-latency human epidemiological studies was based on four papers 
that summarised studies on four highly exposed industrial cohorts and the Seveso 
cohort.122-125 These studies demonstrated that though the relative risk was not high 
(they defined the overall relative risk at 1.4), increasing exposure (determined in part 
by estimated blood levels at the time of exposure) led to increased risks of cancer, and 
TCDD at high doses may act as a multi-site carcinogen. This committee did note, 
however, that the general population is exposed to levels far lower than those 
experienced by workers assessed in these studies; the general population have 
estimated TCDD levels at or below 5 ppt (see figure 4.5) whereas the studied 
populations (that suggested a relative increased risk of cancers) had estimated serum 
levels of 418,122 402,123 286124 and 400 ppt125 at the time of exposure, as reported by 
IARC.121 
 
The United Kingdom Committee of Cancer (COC) concluded, that on the basis of 
recent epidemiological data, that TCDD is a probable weak human carcinogen and 
that a threshold approach to risk assessment was likely to be appropriate.126 They also 
noted that any background levels of exposure in the general population were 
extremely small and any health effects could not be detectable by current 
epidemiological methods.  
 
The Institute of Medicine determined there is sufficient evidence of an association 
between exposure to the chemicals of interest and soft-tissue sarcoma (including 
heart) non-Hodgkin’s lymphoma, chronic lymphocytic leukemia (including hairy-cell 
leukemia and other chronic B-cell leukemias), and Hodgkin’s disease.204 
 
The United States EPA has defined TCDD as a human carcinogen and the other 
congeners as likely human carcinogens.12 They concluded there was suggestive 
evidence from epidemiological studies, unequivocal evidence from animal studies and 
inferences drawn from mechanistic data. As such they used a non-threshold model for 
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extrapolating a risk-specific dose for cancer risk, based on human and animal data 
(see sections 4.6 and 4.10.4).  
 
In contrast to the conservative approach undertaken by the EPA, the Joint FAO/WHO 
Expert Committee on Food Additives127 summarised that “TCDD was not an initiator 
of carcinogenesis” and the European Commission Scientific Committee on Foods128 
stated that based on available information, “TCDD was not a direct-acting genotoxic 
agent”. Both committees concluded that cancer was appropriately addressed as a 
threshold phenomenon. Furthermore, the Agency for Toxic Substances and Disease 
Registry129 concluded there was insufficient data available to conduct low-dose 
extrapolation to define a dose range for cancer risk.130 

4.6.2 Animal Studies 
Risk assessments for human exposure to TCDD and other dioxins is predominantly 
based on an animal study that consisted of a lifetime feeding study of female (n=50) 
and male (n = 50) rats.113 Sprague-Dawley rats were maintained on diets supplying 0, 
10, and 100 ng/kg/day for two years to evaluate chronic toxicity and the potential for 
carcinogenicity. There was a significant incidence of hepatocellular carcinomas in rats 
fed 100 ng/kg/day whereas those fed at the lower dose of 10 ng/kg/day had increased 
incidents of hyperplastic nodules. Other carcinomas observed in the 100 ng/kg/day 
group included squamous cell carcinoma of the tongue and nasal turbinates/hard 
palate, and keratinizing squamous cell carcinoma of the lung. Increases in 
preneoplastic or neoplastic lesions were not found in the 1 ng/kg/day dose group. 
Later re-evaluations of liver slides from this study concluded incidents of hepatic 
tumours were consistently detected at 10 ng/kg/day.131-133 In addition, Squire and 
colleagues (1980) identified squamous cell carcinoma in 2 rats of the 1 ng/kg/day 
dose group suggesting 1 ng/kg/day may not represent a NOAEL. Using data from 
Kociba’s study, the US EPA fitted a non-threshold model to extrapolate a risk-
specific dose for cancer risk (see section 4.10.4). 
 

4.7 Mutagenicity 
Most research on mutagenicity has been conducted on the most toxic dioxin TCDD. 
Evidence has shown TCDD is not mutagenic in the Salmonella/Ames test with or 
without an activating system134, 135 nor does it cause DNA adducts in rodent 
tissues.136, 137 Rather than directly causing cancer by inducing mutation, it has been 
proposed that TCDD may damage DNA indirectly by inducing the CYP1A1- and 
CYP1A2-dependent drug metabolizing enzymes, possibly leading to increased 
formation of DNA-damaging metabolites (e.g. 138). 
 

4.8 Developmental Effects and Teratogenicity 

4.8.1 Human Studies 
There have been a number of studies that have assessed the possible association 
between TCDD and teratogenic effects in humans. There was no significant increase 
in spontaneous abortions amongst paternal military service personnel in Vietnam,139 
nor amongst those involved in Operation Ranch Hand (nor for stillbirths).140 Similar 
results were reported with wives’ of 2,4,5-T applicators in New Zealand.141 Between 
April 1977 to December 1984 more females than males were been born to residents in 
Zone A in Seveso following high level TCDD exposure,142 but from 1985 to 1994 the 
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sex ratio was normal. Similar changes in sex ratio have been reported in Ufa, Russia 
following TCDD exposure in contaminated 2,4,5-T.143 Another study assessing 
workers manufacturing 2,4, 5-T, and who demonstrated eleveated levels of TCDD, 
did not show any change in the birth sex ratio.144 
 
There was a rise in total birth defects following TCDD exposure in Seveso, though 
the incidence of any particular defect was not significant.102 The authors themselves 
suggested the defects may not be related to the TCDD exposure, as birth defects had 
been previously under-reported in Italy, and defects in Seveso were within the range 
reported by other Western countries. There were no significant increases over the next 
six successive years following exposure.104 However, the power of this study to 
determine significance was limited due to the small number of observed defects. Over 
the years 1973 to 1976, there was no significant increase in birth defects in residents 
in Northland (New Zealand), following 2,4,5-T exposure though there was an 
increased incidence of clubfoot.145 No significance increases in birth defects were 
found in mothers exposed to 2,4,5-T aerial spraying in a cohort study in Missouri.146 
 
Two major studies examined the risk of Vietnam veterans having children with 
defects determined the risk of birth defects was not significantly increased though 
there was a slightly higher proportion of children with some defects.139, 147 However, 
there was no documentation of TCDD exposure. In a study where veterans did report 
self-exposure, there was no significant increase in birth defects in their children.148 

4.8.2 Animal Studies 
Following oral exposure in rodents and monkeys, at doses ranging from 0.00012 to 25 
µg/kg/day of TCDD, effects have been observed to cause a range of malformations to 
offspring animals including structural malformations-cleft palate and kidney 
anomalies (e.g. 149), functional alterations-damage to the immune system (e.g. 150) 
and impaired development of the reproductive system (e.g. 151), decreased growth 
and fetal/newborn mortality (e.g. 152). Of note was the LOAEL following 1.2 x 10-4 
µg/kg/day chronic exposure, resulting in offspring neurobehavioral effects.153 This 
study was used by the ATSDR to derive a chronic oral MRL of 1×10-6 µg/kg/day. 
 

4.9 Environmental Fate (Metabolism and Accumulation) and Subsequent 
Ecotoxicity 

4.9.1 Environmental Levels 

Water 

Selected freshwater streams and lakes in New Zealand were shown to contain 
between 1.2 and 5.4 TEQ pg/l; TCDD levels were below the detectable limits of the 
assay, and when 50% of the limits of detection were used, it accounted for 6-29% of 
the total TEQs. The highest value was determined downstream from a sawmill.154 
Comparable studies in some other freshwater investigations have shown similar 
concentrations between 1.3 to 8.9 TEQ pg/l in the Xijiang River in China155 and 0.09 
to 2.91 TEQ pg/l in the Houston Ship channel in Texas,156 though other report 
describe concentrations in both fresh and sea water at levels at 33,157 41158 and 73 
TEQ pg/l.158 
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Air 

Recent monitoring of ambient air across New Zealand reported mean concentrations 
that ranged from 1.4 (Nelson Lakes) to 317 fg TEQ/m3 (industrial region in Auckland 
South).120 Mean concentrations in selected urban areas were elevated, compared to 
rural areas, and ranged from 28 to 77 fg TEQ/m3; Christchurch had the highest levels 
at 77 fg TEQ/m3. Values were lower than comparable regions in other countries. In 
Sweden, for example, values in rural regions were 3.8 to 55 fg TEQ/m3,159 whereas 
those in extreme remote coastal regions of Sweden were comparable to New Zealand 
levels at 2.6 to 4.4 fg TEQ/m3.160 Levels in urban areas of the industrialised countries 
were also in excess of New Zealand counterpart regions; urban regions of Flanders 
(Belgium) had values ranging from 17 to 194 fg TEQ/m3,161 whereas urban areas in 
Japan have recorded values in the summer months that range from 403 to 1310 fg 
TEQ/m3.162 

Soil 

Soil concentrations at Paritutu, regarded as the most heavily contaminated region in 
New Zealand for dioxins, particularly TCDD, were assessed at 2.6-79 ng TEQ per kg 
soil163; these values were dominated by TCDD. Overall dioxin concentrations across 
New Zealand ranged from 0.17 - 1.99 ng I-TEQ/kg dry weight in forest and grassland 
soils, 0.17 -0.90 ng I-TEQ/kg in agricultural soils and 0.26 - 6.67 ng I-TEQ/kg in 
urban soils.164 Values in New Zealand are lower than studies reported from other 
countries. Congener concentrations in German165 and Swiss forests,166 for example 
were 5.4-112 and 0.5-26.1 ng TEQ/kg soil respectively whereas typical agricultural 
soils in Sweden167 and the United States168 were determined to be 9-49 and 0.08-22.9 
ng TEQ/kg soil respectively. Wide variations in soil surrounding industrial sites and 
urban areas have also been reported; these include industrial and urban areas in 
Australia (1.6-14.4 ng TEQ/kg) and industrial regions in Brazil.(15-654 ng 
TEQ/kg).169, 170 

4.9.2 Environmental Fate 
Environmental emissions of dioxins, such as from incineration and combustion 
sources, have led to their widespread distribution in the environment. As such, they 
can be found at low levels in rural soils and in sediments of unpolluted water 
bodies.171 Following release and transport in the atmosphere, dioxins will readily 
partition onto particulate matter and, to a lesser extent, to the vapour phase.172 
Airborne dioxin conegeners that are partitioned in the vapour phase will undergo 
photo-degradation; in contrast, the more chlorinated congeners will readily bind to 
particulate matter, and are removed from the atmosphere predominantly by 
precipitation.173 
 
Upon contact with water, dioxins may volatilise back to the atmosphere, bind to 
particulates and sediments or become bioaccumulated by the aquatic biota.174, 175 As 
dioxins have very low Henry’s law constants (see Table 4.1), volatilization from 
water is very slow and negligible. Due to their poor water solubility (see Table 4.1) 
dioxins will readily adsorb to sediments, dissolved organic carbon and to soil.176, 177 
Upon entry into groundwater and other waterways, dioxins, due to their low water 
solubility, will readily enrich sediments.178 Historically, dioxin congeners will remain 
buried in sediments and are not considered to be bioavailable to the surrounding 
ecosystem. However, they can be mobilized during floods or due to other activities 
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that may disturb the sediments, leading to their re-entry into the surrounding 
environment.179 
 
Binding to soil and any subsequent mobility through soil will depend on the degree of 
dioxin chlorine saturation. Homologues with increasing saturation of chlorine atoms, 
such as TCDD, possess stronger hydrophobicity and therefore have poor to almost 
non-existent mobility in soil. Consequently, these homologues will persist in soil for 
many decades.180 Nevertheless, some movement and leaching from soil can occur, 
though this is probably dependent on the presence of dissolved organic matter.181 It is 
thought the mobility of the congeners is achieved by adsorption to organic colloidal 
particles enabling them to reach-ground water and other water bodies.182-184  
 
One of the concerning features of TCDD and other dioxin congeners is their ability to 
persist within the environment, bioaccumulate and biomagnify along the food 
chain.185 Consequently, foodstuffs of animal origin typically contain higher levels of 
dioxins than those sourced from a vegetable material.128 Ball clay sourced from a 
Mississippi geological formation, for example, contained substantially elevated levels 
of congeners including TCDD, that were most likely laid down in ancient sediment 
beds approximately 40 to 45 million years before the present.186 Processed clay from 
this source has been used as an anticaking agent for soybean meal destined for 
chicken and catfish consumption. Both feed187 and animals6 were later shown to have 
high levels of a distinct range of congeners, which included TCDD, unique to this 
clay. Such animals were later used for human consumption, which, over time, could 
lead to an increase in the host’s body burden, greater than other members of the 
population not consuming this food. 

4.9.3 Ecological Degradation 
The rates of ecological degradation of dioxins will depend on the degrees of chlorine 
saturation and the environment. Based on limited data, rates of elimination have been 
determined for air water and soil188; predicted values were reported to be 0.02-1.1 
years, 0.4-22 years and 17-273 years respectively. Homologues with increasing 
saturation of chlorine atoms, for example, possess the longer half-lives in soil.177 
 
Dioxins in the vapour phase will undergo photolysis, predominantly by reaction with 
OH radicals173, 189; higher chlorinated dioxins bound to airborne particulate matter are 
poorly photo-degraded.190 In aqueous solution, photolysis is also the dominant route 
of degradation,191 though it is slower. Rates will vary according to the time of 
season.192 Degradation by microorganisms in water is low.193 In contrast, degradation 
in soil occurs predominantly by anaerobic and aerobic bacteria194 as well as fungi 
such as white rot fungus.195 Photolysis may occur, but is only effectively at soil 
surfaces.196 
 

4.10 Dose Response Information 

4.10.1 Doses Necessary to Cause Toxicity 
There have been a wide range of animal studies conducted to assess the toxicity of 
TCDD. As this report examines the risk of human toxicity following exposure to the 
general population, the summary of animal toxicity will be kept to experiments that 
were used to determine what is defined as an tolerable daily intake of dioxins for a 
life-time exposure that will have no health consequences. 
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The WHO88 has defined 1-4 pg TEQ body weight per day as an tolerable daily intake 
of dioxins. This value has been based on developmental effects in a range of animal 
species. They chose several experiments that demonstrated doses-levels that caused 
the most sensitive toxic and biochemical endpoints. A summary of these experiments 
is presented in table 4.5, summarising the lowest daily doses (LOAEL) that have 
resulted in observable adverse effects in the studied species. 
 
Doses administered to the animals necessary to achieve this increment of body burden 
were 64 ng/kg acute (rat),89 100 ng/kg acute (rat),90 200 ng/kg acute (rat),91 0.160 
ng/kg/day chronic (monkey)92 and 0.160 ng/kg/day chronic (monkey).93 
 
The table summarises the observed developmental and reproductive effects in rats and 
monkeys in association with the necessary increment to background body burdens in 
the experimental animals. These body burdens can readily be transformed into 
estimated daily human intakes that, on a chronic basis, would be expected to lead to 
similar body burdens in humans (see table 4.6, section 4.10.4 for further details) and 
that may result in some adverse effect upon the host. 
 
Table 4.5 Summary of LOAEL responses, animal body burdens, and the 
calculated estimated daily intakes (EDI) of TCDD in humans88 
 

Reference Response (LOAEL) Body Burden  
(ng/kg bw 

Extrapolated Human 
EDI (pg/kg bw/day) 

91 Decreased sperm count 
in offspring (rat) 

28 14 

90, 94 Immune suppression in 
offspring (rat) 

50 25 

89 Increased genital 
malformations in 
offspring (rat) 

73 37 

92 Neurobehavioural 
(object learning) 
effects in offspring 
(monkey) 

42 21 

93 Endometriosis 
(monkey)  

69 35 

 
In 2002, the New Zealand Organochlorines Technical Advisory Committee adopted 
an Interim Maximum Monthly Intake (IMMI) of 30 pg TEQ per kg body weight per 
monthly intake.203 This is an interim value because further research on dioxins is 
underway and because the margin between current exposure even in NZ (which are 
low by international standards) and intakes that cause toxic effects in animals are 
undesirably small (see table 4.6). It is exposed as a monthly figure because dioxin 
stays in the body for a very long time. The lower end of the WHO TDI range (1 pg 
TEQ kg bw/ day)88 was used in deriving this value. 
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4.10.2 Summary of Case Reports Following Toxicological Exposure 

Seveso 

On the afternoon of July 10, 1976, an explosion occurred in the ICMESA (a 
subsidiary of Hoffman-La Roche) plant in Meda, about 25 km north of Milan (the 
Lombardia region of Italy) sending a plume of chemicals that was deposited south-
southeast of the plant over an area of about 2.8 km2 (700 acres) that included parts of 
the towns of Seveso, Meda, Cesano, Moderno, and Desi. This cloud consisted of 
2,4,5-trichlorophenate (the manufactured pesticide), sodium hydroxide, ethylene 
glycol, and approximately 30 kg of TCDD,95 which is a by-product of 2,4,5-
trichlorophenol synthesis. Based on TCDD grass and soil levels and the subsequent 
death of domestic animals and plants, the contaminated area was divided into three 
zones (A, B and R). The surrounding area that was not contaminated was designated 
as a control zone (Zone non-ABR). All residents in Zone A were evacuated, but 511 
(of 736) were allowed to re-enter areas of this zone after the least contaminated 
regions were decontaminated. 
 
Soil levels of TCDD in the exposed regions of Seveso were assessed in the three 
zones and were calculated to range from <0.75 to ~20 x 103 µg/m2 in Zone A, <50 
µg/m2 in Zone B and <5 µg/m2 in Zone R.96 Subsequent investigations have shown 
these values were most likely an underestimation.97 
 
Lesions and symptoms were the first symptoms to develop and these were later 
attributed to sodium hydroxide burns.98 By September, many cases of chloracne 
ranging from mild (type 1) to severe (type 4) were diagnosed; those identified with 
type 4 were residents in the heavily contaminated regions of zone A. Children from 
zone A who presented with chloracne had mean elevated TCDD blood lipid levels of 
16.6 ng/mL99; estimated body burdens in these children, based on this investigation, 
have been estimated to be approximately 2,500 ng/kg, which is similar to the LD50 for 
guinea pigs100 (see section 4.10.3.1). Following the accident, health outcomes were 
investigated, including tests for liver function and lipid metabolism,73, 74 chloracne,101 
miscarriages,102 cytogenetic abnormalities,103, 104 and neurological105 and 
immunological abnormalities.106, 107 A government appointed committee concluded 
that the only definable health effect was chloracne, and predominantly in children.108 
 
Long term cohort studies following this event have shown some statistical increases in 
morbidity and mortality. In the first years after the incident there were elevated 
mortalities associated with cardiovascular disease and a suggested increase in chronic 
lung diseases in males and diabetes in females.77, 78 There have been however, 
consistent increases in mortality due to non-Hodgkin's lymphoma and myeloid 
leukemia109, 110 suggesting high levels of TCDD may pose a carcinogenic risk to 
humans. 

4.10.3 Measures of Mammalian Toxicity 

4.10.3.1 LD50 values 
Reported acute oral LD50 values for TCDD vary considerably, depending on the 
studied species. For example, guinea pigs are the most sensitive at 0.6 to 2.1 µg/kg; 
22 - 45 µg/kg in rats and 115 µg/kg in rabbits.100 In hamsters, acute oral values are 
5500 µg/kg.111 Values in mice range from 100 to an excess of 3000 µg/kg.112 
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4.10.4 Guidance Values 
Tolerable daily intake (non-cancer related) 
The WHO has defined 1-4 pg TEQ per kg body weight per day as the tolerable daily 
intake (TDI) for lifetime exposure of dioxins that would have no health 
consequences.88 Such a value has been derived from animal studies assessing the 
LOAEL effect that caused the most sensitive toxic and biochemical endpoints in a 
range of animal species (see section 4.10.1 for more details). From these experiments, 
doses that were considered adverse occurred at body burdens in the range of 10 – 73 
ng/kg. The WHO committee considered this range of studies (and their projected 
burdens) critical for the assessment of low dose effects of PCDDs and PCDFs. These 
burdens, derived from studies on monkeys and rats, can (according to the WHO 
committee) be readily transformed into estimated daily intakes. Chronic ingestions at 
these levels would be expected to lead to adverse effects. The calculation for a daily 
intake is estimated with the following equation: 
 

Intake (ng/kg/day) = Body Burden (ng/kg) x (ln(2)/half-life)/f 
 
Where f is the fraction of dose absorbed and is assumed to be 50% for absorption 
from food for humans, and an estimated half-life for TCDD of 7.5 years is assumed. It 
also assumes elimination is linear (i.e. first-order kinetics), and the dioxins are 
distributed into one compartment alone (adipose tissue). The animal body burdens and 
related human estimated daily intakes (EDI) are presented in Table 4.5.  
 
The TDI is based on these EDI values. The WHO committee concluded that the 
uncertainty factor associated with species variability is covered in the range of these 
body burdens and only the uncertainty factor between animal and human need be 
considered; hence the EDI values were divided by 10 (human to animal variability) to 
yield the TDI which ranges from 1-4 pg TEQ per kg body weight per day. In addition 
to representing a tolerable daily intake for life-time exposure, the WHO committee 
concluded that an occasional short-term increase above this value would have no 
health consequences provided the average intake over a long time interval was not 
exceeded. They did stress that the upper value of 4 pg TEQ per kg body weight per 
day not be considered a maximal value, but rather the ultimate goal is to reduce 
human intake levels to below 1 TEQ per kg body weight per day. 
 
A summary of other recent evaluations, including the WHO TDI, is presented in table 
4.6. Not surprising, in all assessments, tolerable daily intakes are within an average 
value set by the WHO. 
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Table 4.6 Summaries of international assessments of tolerable daily intakes of 
dioxins 
 

Organisation Key end-point TDI 
World Health 
Organisation 

Developmental effects 1-4 pg TEQ / kg bw per day 

European Commission, 
Scientific Committee on 
Food 

Developmental effects 14 pg TEQ / kg bw per week 

Joint FAO/WHO Expert 
Committee on Food 
Additives 

Developmental effects 70 pg TEQ / kg bw per month 

Committee of Toxicity Developmental effects 2 pg TEQ / kg bw per day 
NZ Ministry of Health Developmental effects 30 pg TEQ / kg bw per month 

(Interim Maximum Monthly 
Intake) 

 

Other Guideline Values 

The EU Scientific Committee on Food (SCF) set a provisional tolerable weekly intake 
(pTWI) for dioxins at 14 pg TEQ/kg body weight (bw)/week, analogous to 2 pg 
TEQ/kg bw/day.118 
 
The maximum contaminant levels in water has been set at 0.00003 parts per billion 
(ppb) because EPA believes, given present technology and resources, this is the 
lowest level to which water systems can reasonably be required to remove this 
contaminant should it occur in drinking water. 

Acceptable Risk Level (cancer-related) 

Acceptable dietary intakes following exposure to TCDD (or other dioxin congeners) 
exposure, in association with risks of non-carcinogenic diseases, have been 
established from LOAEL animal studies. In contrast, investigations to establish an 
acceptable risk level for carcinogenic substances have been more complicated. An 
acceptable risk level is often used to define the acceptable risk associated with 
exposure to non-threshold contaminants. Rather than factoring in a margin of safety 
below a NOAEL or LOAEL, carcinogenic risk to human health has been defined by 
mathematically extrapolating a value from an appropriate dose response curve; the 
EPA have undertaken such an approach to determine a suitable ‘risk specific dose’ 
(RsD) for a one in a million lifetime cancer risk. The EPA regards such an approach is 
necessary as there is yet no known threshold for TCDD-related cancers.  
 
Linear modelling of female rat liver tumour data, over a range of high but decreasing 
doses of TCDD,113 has provided an estimate for an oral RsD of ~ 0.01 pg TCDD kg 
per day necessary for a one in a million lifetime cancer risk.114 This RsD corresponds 
to a unit risk estimate of 1 x 10-4 pg per kg per day. The most recent investigations by 
the EPA, based on the upper confidence interval of the mathematically modelled 
slope, have proposed an upper bound unit cancer risk of 1.4 x 10-3 pg per kg per day, 
is necessary for a one in a million lifetime cancer risk.12 
 
From this conservative unit cancer risk value (1.4 x 10-3 pg/kg/day), the risk level for 
the general population over a lifetime of 70 years can be determined from their 
respective average daily dose, using the following formula: 
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RL = LADD x ql 

 
Where RL represents the risk level over a life-time of 70 years, LADD defines the 
lifetime average daily dose (pg/ kg/ day) and ql is the unit risk cancer estimate (1.4 x 
10-3 pg/kg/day). Thus the present New Zealand intake, averaged over the last 30 
years,115 is ~1.4 pg TEQ per kg per day. This represents an approximately one 
additional cancer per 1000 people over a lifetime of 70 years. Such a risk is 100 times 
higher than the value of 1:100,000, the value that has been adopted in a number of 
government publications in New Zealand, such as the Drinking-water Standards New 
Zealand 2005 and the joint Ministry for the Environment and Ministry of Health’s 
“Health and environmental guidelines for selected timber treatment chemicals 
(1997).115 
 
However, given the controversy associated with the EPA’s risk assessment of TCDD 
and related dioxins, they published a draft reassessment in 2003 which was provided 
for review by the National Academy of Sciences.116. A comprehensive review of the 
EPA’s draft assessment included criticisms that the agency had understated the 
uncertainties associated with their risk assessment and they may have overstated the 
cancer risk.117 
 

4.11 A Summary of Biological Assays that are Available to Test for Evidence 
of These Chemicals in Biological Samples (e.g. blood, urine) 
TCDD and other dioxin congeners in biological samples are predominantly 
determined by gas chromatography mass spectrometry (high resolution).197 They can 
be assayed in serum,198 plasma,199 breast milk200 and adipose tissue201; levels of 
detection in these biological matrices have been determined, in some instances, to 
levels as low as sub parts per trillion.40, 198, 202 In recent years, blood lipid assessment 
has replaced adipose level determination as adipose samples required surgery for 
measurement. When based on a lipid-weight basis, there is a parallel correlation 
between adipose lipid and serum lipid content over a wide range of concentrations.40 
Dioxins have also been determined from other media such as foodstuffs of animal 
origin (meat, eggs, fish and milk), ambient air, soil, sediments and water.129 
Nevertheless, despite advances in technology, methodology and levels of detection, 
dioxin determinations in biological samples still require a series of complicated steps 
in order to extract, validate and finally assay the various congeners.197 Therefore, 
analysis is both slow and expensive. 
 
For dioxin blood lipid determination, approximately 30-50 mL of serum (60-80 mL 
blood) must be collected from each subject, plus an additional 5mL for lipid testing. 
Laboratory testing must comply with EPA method 1613 for dioxin and furan analysis 
by High Resolution Gas Chromatography Mass Spectrometry using isotopic dilution. 
Such a lab must also have ISO/IEC 17025 registration. This ensures the laboratory has 
been tested on managerial and technical competency on achieving accuracy, 
reproducibility and traceability of their test measurements and calibrations. Analysis 
must be undertaken for all 17 toxic dioxins and furans as well as the 12 PCB dioxin-
like congeners. Final results must be reported as pg TEQ / g blood lipid. In New 
Zealand, the only laboratory that meets these criteria, and routinely assays dioxins is 
AsureQuality Limited in Lower Hutt. 
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4.12 Summary 
The term dioxins describes 210 different dibenzo-p-dioxins and dibenzofurans of 
which only 17 are regarded as toxic; TCDD is regarded as the most toxic. The overall 
toxicity for these congeners, relative to TCDD, are summated and expresssed as a 
toxic equivalent (TEQ). Dioxins are overwhelmingly a product of industrialisation 
though they can form naturally. Most forms of exposure are a consequence of dietary 
ingestion though elevated exposure can occur following dermal or respiratory uptake, 
due to accidental industrial release. Daily exposure to dioxins, predominantly by 
dietary intake, has increased since the advent of mass industrialisation until the 1970s, 
from which time it has been steadily declining. Dermal contact and inhalation can 
both contribute to the burden, though contributions are only significant following 
workplace exposure or industrial accidents. 
 
The bioavailability of dioxin congeners is high following oral absorption with 
systemic circulation occurring via the lymphatic route; this results in distribution, 
predominantly in the adipose and hepatic tissue. Serum lipid concentrations closely 
parallel values in adipose tissue. Dioxins persist for many years in the adipose tissue; 
the elimination half-life of TCDD, for example, is approximately 7.4 years, though 
this will vary according to the congener. In animals, however, rates of elimination are 
measured in weeks. The pool of dioxins that can be calculated from serum dioxin 
levels is defined as the body burden, and is termed as the mean TEQ ng per kg body 
weight. This reflects the lifetime accumulation (to achieve steady-state levels) of 
dioxins and is an indicator of toxicity. Over the last 30 years there has been a 
worldwide steady decrease (by a factor of ten) in body burden. 
 
The mechanism of action of dioxin is poorly understood, though it is understood it 
binds to an intracellular AhR receptor. This induces a number of genes, including 
CYP 1A1. Molecular mechanisms occurring downstream of AhR binding are thought 
to initiate a series of biochemical steps necessary for host toxicity, rather than direct 
mutagenicity (this has not been conclusively demonstrated in eukaryotic or 
prokaryotic organisms). The most consistent symptoms following exposure are 
chloracne and to a lesser extent mild but transient hepatic injury. Other symptoms are 
subtle and require sophisticated statistical studies, typically decades after the 
exposure, to identify them. More often, conclusions drawn from different cohort 
studies are in conflict. There is some evidence of subtle changes in endocrine and 
biochemistry function. Some studies also suggest there is an increased risk of 
cardiovascular and pulmonary diseases and diabetes. IARC concluded there is a 
relative risk, though not high, of increased rates of risks of cancer and TCDD at high 
doses may act as a multi-site carcinogen. Such a risk is in certain workers that have 
had high exposure, and not the general population. There is still disagreement with 
other international bodies such as the US EPA. They extrapolated risks of increased 
cancers from a range of studies; their draft document, that is still under review, 
considered that even amongst the general population, who currently have relatively 
low body burden of dioxins, the cancer risk is regarded as unacceptably high. In 
contrast, JEFCA, ECSCF and ATSDR have concluded risks to human health are 
presently adequately addressed by the threshold phenomenon, which suggests current 
dietary exposure is well within tolerable daily intakes. At substantially higher doses of 
TCDD, animal studies have reported a range of different cancers. Evidence of 
teratogenicity in humans has been both subtle and inconclusive, though in animal 
models malformations have been demonstrated though at substantially high doses of 
TCDD. 
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The various congeners of dioxin have been determined in environmental samples 
sourced from water soil and air. Concentrations in New Zealand are relatively lower 
than overseas investigations. Dioxins released into the atmosphere either bind to 
particulate matter and remain resistant to degradation or remain in the vapour phase, 
where photo-degradation can occurs. Water-borne dioxins will either be 
bioaccumulated by the aquatic biota or adsorb to sediments where they remain buried, 
unless disturbed by floods or similar environmental action. In soil they are poorly 
mobile and can remain for many decades or centuries, unless adsorption to organic 
colloidal particles occurs, thereby leading to ground water leaching. Predicted half-
lives in air, water and soil are reported to be 0.02-1.1 years, 0.4-22 years and 17-273 
years respectively. Analysis of TCDD and other congeners are predominantly carried 
out by gas chromatography mass spectrometry (high resolution). Analysis of serum 
lipid content clearly defines adipose tissue concentration, from which the human body 
burden can be determined. 
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5.0 Tolerable Daily Intakes for a range of organochlorine 
pesticides as defined by various international bodies 
 
The Nelson Marlborough Health Board has requested a summary of TDIs for a range 
of OCPs, as derived by the various international bodies, and a comparison of the most 
conservative derived guidance values with those employed by Dr Craig Stevenson in 
his recalculation of the respective Total Hazard Index (THI) values.1 The THI values 
represent the total chronic daily intake of the respective OCP via all exposure 
pathways over the time interval of the Mapua remediation project divided by the TDI 
of that contaminant. For Mapua, THI’s were calculated monthly. 
 
Tables 5.1 to 5.8 summarise the calculation of tolerable daily intakes (TDIs) of 
various organochlorine pesticides (OCPs) that a consumer may ingest for the duration 
of his life without appreciable health risk, as determined by four major agencies: 
World Health Organisation (WHO), United States Environmental Protection Agency 
(EPA), National Institute of Public Health and the Environment, the Netherlands 
(RIVM), Agency for Toxic Substances and Disease Registry (ATSDR). There is some 
degree of variability amongst these agencies, as they have not always chosen the same 
study to determine their NOAELs, the applied safety factors and the derived guidance 
values. Nevertheless, all were determined with conservative safety factors to ensure 
safety is maintained for exposed populations. Table 5.9 in this section summarises 
these tables to present the lowest value for each organochlorine. EPA values were 
used by Dr Craig Stevenson to recalculate the Total Hazard Index (THI) for exposures 
to organochlorine pesticides.1 In the summary table (table 5.9), only the figures for 
lindane (RIVM), heptachlor (WHO) and hexachlorobenzene (ATSDR), are lower than 
the respective EPA guidance values.  
 
Caution must be raised with the derived RIVM guidance value for lindane. The Joint 
Meeting of the Food and Agriculture Organization and World Health Organisation on 
Pesticide Residues (JMPR), for example, noted the study underpinning this guidance 
value employed impure samples of lindane to demonstrate immunotoxic effects in 
rats; JMPR concluded, on the basis of another investigation, that lindane is not 
immunotoxic.2 Given the uncertainty surrounding the derivation of the respective 
guidance value, Dr Stevenson was therefore correct in not using it in his 
recalculations.  
The guidance values established by the EPA and the ATSDR for hexachlorobenzene 
were derived from the same study.3 Rats exposed to hexachlorobenzene for the 
duration of their lifetime had evidence of hepatic injury at doses 0.016, 0.08, 0.4 and 2 
µg/kg (though only at doses greater than 0.08 was the incidence of injury significant 
when compared to the incidence in respective controls). The ATSDR incorrectly used 
the lowest dose as a LOAEL, even though the results were not statistically significant 
for this dosage. In contrast, the EPA interpreted the dose at 0.08 µg/kg as the correct 
NOAEL as the 0.4 ug/kg was the first dose to show statistical evidence of increased 
risk of hepatic injury. Therefore, the ATSDR guidance value should not be considered 
as an appropriately derived value. The WHO value was derived from a number of 
investigations involving rats and pigs. The derived guidance value, based on 
investigations that had no serious design flaws and findings that were correctly 
interpreted, involved rat chronic studies and should therefore be used to derive the 
respective THI’s. 
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The WHO derived their guidance value for heptachlor (0.1 ug/kg/day) on 
investigations with beagle dogs. Concerns must be raised with the underlying 
investigation that employed a total of four dogs per sex of which 2 per sex were 
sacrificed for the histological evaluation. Such low number of animals questions the 
statistical viability of their derived NOAEL. Comparing the number of animals in the 
EPA derived guidance value, the underlying study employed six groups of rats 
containing 20 per sex, making this study statistically robust. Again, the EPA study 
was the correct choice for the THI values. 
 
Therefore, with the exception of hexachlorobenzene, the EPA values are 
representative of the figures calculated by the various agencies and can be 
recommended as acceptable for use in determining the respective THIs. 
Recommended values are summarised in table 5.9. 
 
 

Table 5.1 Tolerable daily intake values for aldrinf, as defined by various regulatory authorities 
 

Agency Type of 
Exposure 

Value 
 

Year Species Critical 
effect 

NOAEL/LOAEL Uncertainty 
factor 

Principal 
study 

WHO/FAO4 
a 

Chronic 
ingestion 
PTDI 

0.1  
µg/kg/day 

1994 rat liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 10H, 
2.5L) 

5 

EPA6 b Chronic 
ingestion 
RfD 

0.03 
µg/kg/day 

1988 rat liver 
changes 

0.025 mg/kg/day 
LOAEL 

1000(10A, 
10H, 10L) 

5 

RIVM7,c, Chronic 
ingestion 
TDI 

0.1  
µg/kg/day 

1999/2000 rat liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 10H, 
2.5L) 

5 

TGA8,d, Chronic 
ingestion 
TDI 

0.1  
µg/kg/day 

2003 rat liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 10H, 
2.5L) 

5 

ATSDRe Chronic 
ingestion 
MRL 

0.03  
µg/kg/day 

2002 rat liver 
changes 

0.025 mg/kg/day 
LOAEL 

1000(10A, 
10H, 10L) 

5 

 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cRIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and the 
Environment, the Netherlands) 
dTGA - Australian Therapeutic Goods Administration 
eATSDR - Agency for Toxic Substances and Disease Registry 
fTDI for aldrin can be determined separately or as the sum of aldrin and dieldrin 
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Table 5.2 Tolerable daily intake values for dieldrinf, as defined by various regulatory authorities 

 

Agency 
Type of 
Exposure 

Value 
 Year Species 

Critical 
effect NOAEL/LOAEL 

Uncertainty 
factor 

Principal 
study 

WHO/FAO4,a Chronic 
ingestion 
PTDI 

0.1  
µg/kg/day 

1994 dog/rat 
liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 
10H, 2.5L) 

5 
EPA6,b Chronic 

ingestion 
RfD 

0.05 
µg/kg/day 

1990 rat 

Liver 
parenchymal 
cell changes 

0.005 mg/kg/day 
NOAEL 

100(10A, 
10H) 

9 
RIVM 7,c, 

Chronic 
ingestion TDI 

0.1 
µg/kg/day 

1999/2000 dog/rat 
liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 
10H, 2.5L) 

5 
TGA8,d, Chronic 

ingestion 
ADI 

0.1 
µg/kg/day 

2003 dog/rat 
liver 
changes 

0.025 mg/kg/day 
LOAEL 

250(10A, 
10H, 2.5L) 

5 
ATSDRe Chronic 

ingestion 
MRL 

0.05  
µg/kg/day 

2002 rat 

Liver 
parenchymal 
cell changes 

0.005 mg/kg/day 
NOAEL 

100(10A, 
10H) 

9 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cRIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and the 
Environment, the Netherlands) 
dTGA - Australian Therapeutic Goods Administration 
eATSDR - Agency for Toxic Substances and Disease Registry 
fTDI for aldrin can be determined separately or as the sum of aldrin and dieldrin 

 
 

Table 5.3 Tolerable daily intake values for lindane, as defined by various regulatory authorities 
 

Agency 
Type of 
Exposure Value Year Species Critical effect NOAEL/LOAEL 

Uncertainty 
factor 

Principal 
study 

WHO/FAO4a 
Chronic 
ingestion 
PTDI 

5 
µg/kg/day 

2002 rat 

Periacinar 
hepatocellular 
hypertrophy 

0.47 mg/kg/day 
NOAEL 

100(10A, 
10H) 

10 
EPA6,b Chronic 

ingestion 
RfD 

0.3 
µg/kg/day 

1988 rat 

Liver and 
kidney 
toxicity 

0.33 mg/kg/day 
NOAEL 

1000(10A, 
10H, 10D) 

11 
RIVM7,c Chronic 

ingestion 
TDI 

0.04 
µg/kg/day 

1999/2000 rat 
Immunotoxic 
effects 

0.012 mg/kg/day 
LOAEL 

300(10A, 
10H, 3L) 

12 
TGA8,d, Chronic 

ingestion 
ADI 

3 
µg/kg/day 

 - - 

0.31 mg/kg/day 
NOAEL 

- - 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cRIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and the 
Environment, the Netherlands) 
dTGA - Australian Therapeutic Goods Administration 
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Table 5.4 Tolerable daily intake values for chlordane, as defined by various regulatory 
authorities 

 
aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cTGA - Australian Therapeutic Goods Administration 
dATSDR - Agency for Toxic Substances and Disease Registry 

 
 

Table 5.5 Tolerable daily intake values for DDT/DDE/DDDe, as defined by various regulatory 
authorities 

 

Agency 
Type of 
Exposure Value Year Species Critical effect NOAEL/LOAEL 

Uncertainty 
factor 

Principal 
study 

WHO/FAO4,a Chronic 
ingestion 
PTDI 

10 
µg/kg/day 

2000 rat 
Development 
toxicology 

1 mg/kg/day 
NOAEL 

100(10A, 
10H) 

16 
EPA6,b 

Chronic 
ingestion RfD 

0.5 
µg/kg/day 

1996 rat Liver lesions 

0.05 mg/kg/day 
NOAEL 

100(10A, 
10H) 

17 
RIVM 7,c 

Chronic 
ingestion TDI 

0.5 
µg/kg/day 

1999/2000 rat Liver lesions 
0.05 mg/kg/day 
NOAEL 

100(10A, 
10H) 

17 
TGA8,d 

Chronic 
ingestion ADI 

2 µg/kg/day 

2003 rat - 

0.25 mg/kg/day 
NOAEL 

100(10A, 
10H) 

- 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cRIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and the 
Environment, the Netherlands) 
dTGA - Australian Therapeutic Goods Administration 
eTDI for DDT can be determined separately or as the sum of DDT, DDE and DDD 
 

 

Agency 
Type of 
Exposure Value Year Species Critical effect NOAEL/LOAEL 

Uncertainty 
factor 

Principal 
study 

WHO/FAO4,a Chronic 
ingestion 
PTDI 

0.5 
µg/kg/day 

1994 rat 

Hepatocellular 
swelling/ 
necrosis 

50 µg/kg/day 
NOAEL 

100(10A, 
10H) 

13 
EPA6,b 

Chronic 
ingestion RfD 

0.5 
µg/kg/day 

1998 mice 
Hepatic 
necrosis 

0.15 mg/kg/day 
NOAEL 

300(10A, 
10H, 3D) 

14 
TGA8,c 

Chronic 
ingestion ADI 

0.5 
µg/kg/day 

2003 - 

Hepatocellular 
swelling/ 
necrosis 

50 µg/kg/day 
NOAEL 

100(10A, 
10H) 

13 
ATSDR d Chronic 

ingestion 
MRL 

0.6 
µg/kg/day 

1994 rat Hepatic effects 55 µg/kg/day 
NOAEL 

100(10A, 
10H) 

 15 
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Table 5.6 Tolerable daily intake values for heptachlor, as defined by various regulatory 
authorities 

 

Agency 
Type of 
Exposure Value Year Species Critical effect NOAEL/LOAEL 

Uncertaint
y factor 

Principal 
study 

WHO/FAO4a Chronic 
ingestion 
PTDI 

0.1 
µg/kg/day 

1994 dog 

Histopatholog
ical changes 
in the liver  

0.025mg/kg/day 
NOAEL 

200(10A, 
10H, 2D) 

18 
EPA6,b Chronic 

ingestion 
RfD 

0.5 
µg/kg/day 

1991 rat 
Liver weight 
increases 

0.15 mg/kg/day 
NOAEL 

300(10A, 
10H, 3D) 

19 
TGA8,c Chronic 

ingestion 
ADI 

0.5 
µg/kg/day 

2003 rat 
Liver weight 
increases 

0.025mg/kg/day 
NOAEL 

- - 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cTGA - Australian Therapeutic Goods Administration 

 
 

Table 5.7 Tolerable daily intake values for heptachlor epoxidec, as defined by various regulatory 
authorities 

 

Agency 
Type of 
Exposure Value Year Species Critical effect NOAEL/LOAEL 

Uncertaint
y factor 

Principal 
study 

WHO/FAO4,

a 
Chronic 
ingestion 
PTDI 

0.1 
µg/kg/day 

1994 dog 

Histopatholog
ical changes 
in the liver  

0.025mg/kg/day 
NOAEL 

200(10A, 
10H, 2D) 

18 
EPA6,b Chronic 

ingestion 
RfD 

0.013 
µg/kg/day 

1991 dog Liver changes 

0.0125 
mg/kg/day 
LOAEL 

1000(10A, 
10H, 10L) 

20 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cWHO/FAO use values for heptachlor to determine heptachlor epoxide TDI. 
 
 

Table 5.8 Tolerable daily intake values for hexachlorobenzene, as defined by various regulatory 
authorities 

 

Agency 
Type of 
Exposure Value Year Species 

Critical 
effect NOAEL/LOAEL 

Uncertainty 
factor 

Principal 
study 

WHO/FAO4,a Chronic 
ingestion 
PTDI 

0.17 
µg/kg/day 

1997 
Rat 
&pig 

hepatic 
effects  

0.05 mg/kg/day 
NOAEL 

300(10A, 
10H, 3D) 

21 
EPA6,b Chronic 

ingestion 
RfD 

0.8 
µg/kg/day 

1991 rat 
hepatic 
effects  

0.08 mg/kg/day 
NOAEL 

100(10A, 
10H) 

3 
RIVM7,c Chronic 

ingestion 
TDI 

0.5 
µg/kg/day 

1993 rat 
hepatic 
effects  

0.05 mg/kg/day 
NOAEL 

100(10A, 
10H) 

22, 23 
ATSDR d Chronic 

ingestion 
MRL 

0.05 
µg/kg/day 

2002  rat 
hepatic 
effects  

0.016 mg/kg/day 
LOAEL 

300(10A, 
10H, 3D) 

3 
 

aWHO/FAO – World Health Organisation / Food and Agriculture Organization of the United Nations 
bEPA – United States Environmental Protection Agency 
cRIVM - Rijksinstituut voor Volksgezondheid en Milieu (National Institute of Public Health and the 
Environment, the Netherlands) 
dATSDR - Agency for Toxic Substances and Disease Registry 
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Table 5.9 Summary and recommendations of the lowest guidance values for the respective 
organochlorines 

 

Pesticide 
Lowest TDI 
(µg/kg/day) 

Lowest 
recommended 
values (µg/kg/day) 

Aldrin  0.03 0.03 
Dieldrin 0.05 0.05 
Lindane 0.04 0.3 
Chlordane 0.5 0.5 
DDT/DDE/DDD 0.5 0.5 
Heptachlor 0.1 0.5 
Heptachlor epoxide 0.013 0.013 
Hexachlorobenzene 0.05 0.17 
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6.0 Appendices 
 
Appendix 1 
 
Abbreviations and Glossary 
 
Acute exposure: Exposure to a chemical for a duration of 14 days or less 
 
Ah receptor: Aryl hydrocarbon receptor 
 
ADI: Acceptable Daily Intake. It represents the acceptable daily intake 

of the amount of a substance in food (such as additives in food, 
residues of pesticides and veterinary drugs in food) a consumer 
may ingest for the duration of their life without appreciable risk. 
It is based on the NOAEL (see NOAEL) to which appropriate 
safety or uncertainty factors are applied. See tolerable daily 
intake 

 
Association: In statistics, an association comes from two variables that are 

related; it is often confused with causality. An association does 
not imply a causal relationship. In statistics, correlation and 
association are related but not entirely overlapping concepts 

 
ATSDR: Agency for Toxic Substances and Disease Registry 
 
Bioaccumulation: A process whereby chemicals are retained in body tissue and may 

increase in time 
 
Biomagnification: The increase in tissue accumulation in species higher in the 

natural food chain as a result of the ingestion of species that are 
contaminated 

 
 
 
Bio-concentration  
Factor: A measure of a chemical’s ability to accumulate in a living 

organism; it is the ratio of concentration in that living organisms 
tissue (defined as mg/kg) to the concentration in the surrounding 
environment (mg/L – if that environment is aquatic) 

 
Body Burden: The total amount of accumulated chemical present in an 

organism and represents the result of multiple years of exposure. 
For dioxin it represents the burden of the 17 toxic congeners, 
predominantly accumulated in adipose tissue (and serum lipids) 
and is typically expressed as picogram TEQ per gram of serum 
lipid (or alternatively defined per kg body weight)  

 
CAS: Chemical Abstract Service Registry Number 
 
Chronic exposure: See Repeated exposure 
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Clearance: The rate at which a given chemical is removed (typically from 

the kidney) from a solution; this is defined as the number of 
millilitres of solution that is completely cleared of a given 
chemical over a defined period of time 

 
Congener Molecules that belong to a closely related chemical family or 

have a similar chemical structure 
 
Cytochrome 
P450: Comprises of a large family of distinct yet related heme-

containing enzymes that catalyse a wide variety of chemical 
biotransformation reactions, predominantly in the liver and gut 
epithelial cells 

 
Developmental 
Effects Adverse effects occurring to an offspring of an animal from pre-

natal development to their sexual maturity; effects are due to 
exposure of a chemical to either parent prior to the offspring’s 
conception 

 
EDI: Estimated daily intake represents the summation of the TEQs 

present in all foods in a average diet 
 
EPA: Environmental Protection Agency (United States) 
 
FAO: Food and Agriculture Organization 
 
Hazard: Capability of a substance to cause an adverse effect. It is the 

inherent property of an agent having the potential to cause 
adverse effects. 

 
IARC: International Agency for Research on Cancer (World Health 

Organisation) 
 
IUPAC: The International Union of Pure and Applied Chemistry, whose 

responsibility is to establish official names of chemical elements 
and compounds 

 
JMPR: Joint Meeting of the FAO Panel of Experts on Pesticide Residues 

in Food and the Environment and the WHO Core Assessment 
Group on Pesticide Residues 

 
LD50: The statistically derived single dose of a chemical that can be 

expected to cause death in 50% of a given population of test 
animals under a defined set of experimental conditions. 

 
LOAEL: Lowest-Observed-Adverse Effect Level. This is the lowest dose 

of a chemical, which causes an observable adverse effect on a 
test animal or organism. Any dose or concentration that is below 
this value will (theoretically) not result in an adverse effect 
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log Kow: The log oil water partition coefficient defines the ratio of 

concentrations of a substance in equilibrium in a two-phasic 
system  i.e. oil and water.  The coefficient is defined as a logged 
ratio, indicating if a molecule is hydrophilic (values less than 
one) or lipophilic (values greater than 3) 

 
Meta  
Analysis: A method of analysis that combines the result of a number of 

surveys to determine the underlying processes 
 
MCL: Maximum Contaminant Level. The highest amount of a 

contaminant allowed by EPA in water supplied by a municipal 
water system; also referred to as "drinking water standard." 

 
MRL: Minimal Risk Levels, devised by ATSDR, is an estimate of the 

daily human exposure to a hazardous substance that is likely to 
be without appreciable risk of adverse noncancerous health 
effects over a specified duration of exposure (acute, subacute and 
chronic). These estimates are intended to serve as a screening 
tool, (predominantly used by ATSDR health assessors) to 
identify contaminants and potential health effects that may be of 
concern at hazardous waste sites 

 
NOAEL: No Observable Adverse Effect Level. This is the highest dose of 

a chemical, which doesn’t cause an observable adverse effect on 
a test animal or organism. Any dose or concentration that exceeds 
this value will (theoretically) result in an adverse effect 

 
Operation Ranch  
Hand: This describes a US Air Force operation to distribute the 

herbicide Agent Orange in Vietnam from 1962 to 1971. 
Consequent to this war, cohort studies have closely monitored 
personnel who served in units involved in this operation; they 
had elevated exposure to TCDD, a contaminant of this herbicide. 
Presently the US Air Force maintains an exposure registry of 
about 1,200 personnel 

 
PCB Polychlorinated biphenyl 
 
PCDD: polychlorinated dibenzo-p-dioxin 
 
PCDF: Polychlorinated dibenzofuran 
 
PPM Parts per million. A unit of measurement that expresses the 

number of parts of a substance contained within a million parts of 
either gas, liquid or solid 

 
Relative risk: A measure of the risk of disease in an exposed group compared 

with the risk of an unexposed group. A relative risk of 1.0 means 
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that risks in the two groups are the same. If that risk is doubled 
for an exposed population, the relative risk is 2.0 

 
Repeated exposure: Repeated exposure is divided into 3 categories: 
 

• Subacute exposure refers to repeated exposure to a 
chemical for one month or less; 

• Subchronic for 1 to 3 months 
• Chronic for more than 3 months 

 
RfD: Reference dose; an estimate of daily exposure a consumer may 

ingest for the duration of their life without appreciable risk. It is 
derived from an appropriate NOAEL (see NOAEL) with applied  
safety or uncertainty factors. 

 
Risk: Chance or probability of adverse effects occurring under specific 

exposure conditions. This can be expressed as risk (R) equals 
toxicity (T) times exposure (E), or R = T * E.  

 
Sub-acute  
Exposure: See Repeated exposure  
 
Sub-chronic  
Exposure: See Repeated exposure  
 
TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin 
 
TEF: Toxic equivalency factor. This term compares the potential 

toxicity of each dioxin-like compound with the most toxic 
congener, TCDD, which has been defined as 1 

 
Temporary 
tolerances: A temporary legal limit, established by EPA, for the maximum 

amount of a pesticide residue which may be present in or on a 
food. 

 
TEQ: Toxic equivalence. In a given mixture of dioxin congeners, the 

TEQ represents the summation of each congener’s TEF 
multiplied by its respective mass concentration 

 
Teratogen: Describes a substance that can cause non-heritable birth defects 
 
TDI: Tolerable Daily Intake. A TDI is defined as an estimate of the 

intake of a substance over a lifetime considered to be without 
appreciable health risk.  TDI is similar in definition and intent to 
terms such as the ADI. Like an ADI, they are based on 
extrapolated animal data to which appropriate safety or 
uncertainty factors are applied. See acceptable daily intake 

 
THI: Total Hazard Index. The THI represent the total chronic daily 

intake of a substance via all exposure pathways divided its TDI. 
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Toxicity: A chemical’s capacity to cause direct harm to an organism. Acute 

toxicity is the poisoning that occurs following a single exposure 
whereas chronic toxicity is the result of repeated or low-level 
long term exposures to a toxic agent causing injuries such as 
cancer, reproductive disorders etc 

 
TLV: Threshold Limit Value. The concentration of an airborne 

substance that a healthy person can be exposed to for a 40-hour 
work week without adverse effect; a workplace exposure 
standard 

 
UF: Uncertainty factor. An UF is a mathematical expression of 

uncertainty that is used to protect populations from hazards 
which cannot be assessed with high precision.  A maximum UF 
of 10 is assigned for interspecies extrapolation, etc. 
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Appendix 2 
 
U.S. Environmental Protection Agency maximum contaminant levels goals for 
organic contaminants in drinking water 
 
The EPA has formulated guidelines for the acceptable concentrations of various 
contaminants in drinking water, based solely on possible health risks and exposure 
(Code of Federal Regulations. 40 CFR 141.50). They are known as Maximum 
Contaminant Level Goals (MLCGs), which are set to zero for the following 
compounds (as the EPA believes this level of protection would not cause any of the 
potential health problems). They apply to community water systems and non-
transient, non-community water systems. 
 
As this level of protection is almost unattainable, the EPA has also formulated 
guidelines for the acceptable concentrations of these agents in drinking water (see 
appendix 4). 
 
MCLGs are zero for the following contaminantsa 
 

Benzene 
Vinyl chloride 
Carbon tetrachloride 
1,2-dichloroethane 
Trichloroethylene 
Acrylamide 
Alachlor 
Chlordane 
Dibromochloropropane 
1,2-Dichloropropane 
Epichlorohydrin 
Ethylene dibromide 
Heptachlor 
Heptachlor epoxide 
Pentachlorophenol 
Polychlorinated biphenyls (PCBs) 
Tetrachloroethylene 
Toxaphene 
 Benzo[a]pyrene 
Dichloromethane (methylene chloride) 
Di(2-ethylhexyl)phthalate 
Hexachlorobenzene 
2,3,7,8-TCDD (Dioxin) 

 
 
a http://law.justia.com/us/cfr/title40/40-22.0.1.1.3.6.16.1.html
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Appendix 3 
 
U.S. Environmental Protection Agency maximum contaminant levels for organic 
contaminants 
 
 
The following maximum contaminant levels (MCL) for synthetic organic 
contaminants (Code of Federal Regulations: 40 CFR 141.61) apply to community 
water systems and non-transient, non-community water systemsa. The EPA suggests 
such a value is associated with little to no risk of adverse health effects or cancer. 
 
 
 CAS No. Contaminant MCL (mg/L) 
(1) 15972-60-8 Alachlor 0.002  
(2) 116-06-3 Aldicarb 0.003  
(3) 1646-87-3 Aldicarb sulfoxide 0.004  
(4) 1646-87-4 Aldicarb sulfone 0.002  
(5) 1912-24-9 Atrazine 0.003  
(6) 1563-66-2 Carbofuran 0.04  
(7) 57-74-9 Chlordane 0.002  
(8) 96-12-8 Dibromochloropropane 0.0002  
(9) 94-75-7 2,4-D 0.07 
(10) 106-93-4 Ethylene dibromide 0.00005 
(11) 76-44-8 Heptachlor 0.0004 
(12) 1024-57-3 Heptachlor epoxide 0.0002 
(13) 58-89-9 Lindane 0.0002 
(14) 72-43-5 Methoxychlor 0.04 
(15) 1336-36-3 Polychlorinated biphenyls 0.0005 
(16) 87-86-5 Pentachlorophenol 0.001 
(17) 8001-35-2 Toxaphene 0.003 
(18) 93-72-1 2,4,5-TP 0.05 
(19) 50-32-8 Benzo[a]pyrene 0.0002 
(20) 75-99-0 Dalapon 0.2 
(21) 103-23-1 Di(2-ethylhexyl)adipate 0.4 
(22) 117-81-7 Di(2-ethylhexyl)phthalate 0.006 
(23) 88-85-7 Dinoseb 0.007 
(24) 85-00-7 Diquat 0.02 
(25) 145-73-3 Endothall 0.1 
(26) 72-20-8 Endrin 0.002 
(27) 1071-53-6 Glyphosate 0.7 
(28) 118-74-1 Hexacholorbenzene 0.001 
(29) 77-47-4 Hexachlorocyclopentadiene 0.05 
(30) 23135-22-0 Oxamyl (Vydate) 0.2 
(31) 1918-02-1 Picloram 0.5 
(32) 122-34-9 Simazine 0.004 
(33) 1746-01-6 2,3,7,8-TCDD (Dioxin) 3.0 x10-8 
 
a http://law.justia.com/us/cfr/title40/40-22.0.1.1.3.7.16.2.html 
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Appendix 4 
 
Agency for Toxic Substances and Disease Registry (ATSDR) Minimal Risk 
Levels 
 
The following list of minimal risk levels (MRL), pertinent for this review, have been 
reproduced from the ATSDR documenta 
 
 
Chemical Name Route Duration MRL (mg/kg/day) 
Atrazine Oral Acute 0.01 
  Subacute 0.003 
DDT, P,P'- Oral Acute 0.0005 
  Subacute 0.0005 
Dieldrin Oral Subacute 0.0001 
  Chronic 0.00005 
PCP Oral Acute 0.005 
  Subacute 0.001 
  Chronic 0.001 
PCB Oral Subacute 0.03 
  Chronic 0.02 
PeCDF Oral Acute 0.001 
  Subacute 0.00003 
TCDD Oral Acute 0.0002 
  Subacute 0.00002 
  Chronic 0.000001 
 
 
 

aMinimal Risk Levels for Hazardous Substances (2007). Agency for Toxic Substances & Disease 
Registry. Department of Health and Human Sevices, Atlanta, GA. 
(http://www.atsdr.cdc.gov/mrls/pdfs/mrllist_11_07.pdf ). Last accessed 27 September, 2008. 

 
 


