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Three Industry Sectors

Artisanal Gold Mining

Inorganic mercury (Hg)
Methylmercury (MeHg)
Lead (Pb)

Used Lead Acid Battery Recycling

Lead (Pb)
Cadmium (Cd)

Small-Scale Tanneries

Chromium (Cr)
Chromium VI (CrVI)
Lead (Pb)
Arsenic (As)
Cadmium (Cd)



Develop a Consistent Format Across Guidelines

Exposure 
Factors

• Population behaviors, activity patterns, and contact rates
• Section 2: Study Sampling Design and Annex 2: Home Survey Questionnaire

Exposure Point 
Concentration

• Chemical concentrations in environmental media
• Section 3: General Guidelines for Environmental Sampling

Internal Dose

• Chemical concentrations in biological matrices – biomarkers of exposure and 
effect

• Section 4: General Guidelines for Biological Sampling

Health 
Outcomes

• Symptoms, intermediate health outcomes, and health effects
• Section 5: Guidelines for Medical Survey, Exams, and Diagnostic Testing: 

Health Outcomes



Artisanal Gold Mining - ASGM



Process Leading to Environmental Releases

Extraction

Crushing

Milling

Concentrating

Amalgamation

Smelting

Refining

Underground mining; 
sediment pumping 
from riverbed

Typically done by 
hand; may be offsite 
from primary area

Use of ball mills or 
other grinding to 
obtain mineral 
powder

Hg added to form Hg-
gold amalgam

Excess Hg is 
removed, often by 
squeezing through 
cloth with bare hands 
resulting in 60% gold

Amalgam burned in 
open pans (fast and 
easy) or retorts (less 
Hg vapor)

Gold is heated to 
vaporize residual Hg. 
Often done indoors



Exposures at ASGM Sites
Exposure

Route
Environmental Media

Air Soil/Dust Water

Inhalation

Inhalation of Hg vapors and Hg, Pb, As particles 
in outdoor air due to releases to air during entire 
process or during crushing and milling of ore 

Inhalation of Hg soil vapors and Hg, Pb, As 
particles or dust in outdoor air due to releases 
to soil during entire process or during crushing 
and milling of ore or from mine tailing or 
wastewater discharges to water

Inhalation of Hg or Pb vapors released 
from tap, surface, or ground water (e.g., 
bathing, showering, washing, swimming) 
due to mine tailing or wastewater 
discharges to water

Inhalation of Hg vapors and Hg, Pb, As particles 
in indoor air due to releases to air during entire 
process or during crushing and milling of ore 

Inhalation of Hg soil vapors and Hg, Pb, As 
particles or dust in indoor air due to releases 
to soil during entire process or during crushing 
and milling of ore or from mine tailing or 
wastewater discharges to water 

Ingestion

Ingestion of agricultural products contaminated 
with Hg, Pb, As due to deposition of vapors or 
particles (e.g., fruits, vegetables, grains)

Incidental ingestion of Hg, Pb, As in soil or 
dust (indoors or outdoors) due to releases to 
soil during entire process or during crushing 
and milling of ore and from mine tailing or 
wastewater discharges to soil

Ingestion of Hg, Pb, As in tap, surface, or 
ground water due to mine tailing or 
wastewater discharges to water

Ingestion of agricultural products contaminated 
with Hg, Pb, As due to transfer of contaminants 
from air to animals or plants to animals (e.g., 
meat, milk, eggs)

Ingestion of agricultural products 
contaminated with Hg, Pb, As by transfer of 
contaminants from soil to plants, animals, or 
plants to animals

Ingestion of Hg, Pb, As in agricultural 
products due to being irrigated with 
contaminated water 

Ingestion of Hg, Pb, or As in agricultural 
products due to transfer of contaminants 
from water to animals 

Ingestion of MeHg in fish/shellfish due to 
deposition of Hg and methylation to MeHg 
in sediments

Dermal contact Dermal contact with Hg vapors and Hg, Pb, As 
particles due to releases to air during entire 
process or during crushing and milling of ore

Dermal contact with Hg, Pb, As in soil or dust 
(indoors or outdoors) due to releases to soil 
during entire process or during crushing and 
milling of ore and from mine tailing or 
wastewater discharges to soil

Dermal contact with Hg, Pb, As in tap, 
surface, or ground water due to mine tailing 
or wastewater discharges to water



Used Lead Acid Battery Recycling - ULAB

Draining 
batteries

•Draining electrolyte from batteries
•Can lead to direct discharges of lead to soil and 
water

•Purification and treatment of sulfuric acid 
electrolyte 

Cracking and 
breaking 
batteries

•Separation of component battery parts in a water 
bath (lead sinks to the bottom and plastics rise to 
the top)

•Disposal of plastics can involve burning
•Plastics repurposed without cleaning

Smelting

•Air drying of lead and lead oxide-containing 
materials 

•Mixing material with coal, soda ash, and scrap 
metal

•Transferring material to uncovered vessels for 
heating

•Lead fumes condense and settle as particulate

Refining

•Further heating to produce lead ingots
•Solid waste discharged to unlined lagoons or pits
•Wastewater discharged to soil or surface water



ULAB Exposures

Presentation Title

Exposure
Route

Environmental Media
Air Soil/Dust Water

Inhalation Inhalation of Pb vapors and particles  
in outdoor air due to releases to air 
from smelting

Inhalation of Pb soil vapors and Pb, As, or 
Cd particles or dust in outdoor air due to 
dismantling batteries, releases to soil from 
smelting, and solid waste or wastewater 
discharges to soil

Inhalation of Pb vapors released 
from tap, surface, or ground water 
(e.g., bathing, showering, washing, 
swimming) due to solid waste or 
wastewater discharges to water

Inhalation of Pb vapors and particles 
in indoor air due to releases to air 
from smelting

Inhalation of Pb soil vapors and Pb, As, or 
Cd particles or dust in indoor air due to 
dismantling batteries, releases to soil from 
smelting, and solid waste or wastewater 
discharges to soil 

Ingestion Ingestion of agricultural products 
contaminated with Pb, As, or Cd due 
to  deposition of vapors or particles 
(e.g., fruits, vegetables, grains)

Incidental ingestion of Pb, As, or Cd in soil 
or dust (indoors or outdoors) due to 
dismantling batteries, releases to soil from 
smelting, and solid waste or wastewater 
discharges to soil

Ingestion of Pb, As, or Cd in tap, 
surface, or ground water due to solid 
waste or wastewater discharges to 
water

Ingestion of agricultural products 
contaminated with Pb, As, or Cd due 
to transfer of contaminants from air 
to animals or plants to animals (e.g., 
meat, milk, eggs)

Ingestion of agricultural products 
contaminated with Pb, As, or Cd due to 
transfer of contaminants from soil to plants, 
animals, or plants to animals

Ingestion of agricultural products 
contaminated with Pb, As, or Cd due 
to being irrigated with contaminated 
water 

Ingestion of agricultural products 
contaminated with Pb, As, or Cd due 
to transfer of contaminants from 
water to animals 

Dermal
contact

Dermal contact with Pb vapors and 
particles due to releases to air from 
smelting

Dermal contact with Pb, As, or Cd in soil or 
dust (indoors or outdoors) due to 
dismantling batteries, releases to soil from 
smelting, and solid waste or wastewater 
discharges to soil

Dermal contact with Pb, As, or Cd in 
tap, surface, or ground water due to 
solid waste or wastewater 
discharges to water



Small-Scale Tanneries

Presentation Title

Delivery of raw 
hides and 

skins

Unhairing and 
liming

Lime splitting, 
trimming, 

bating

Pickling and 
tanning

Samming and 
shaving

Retanning, 
dyeing, fat 
liquoring

Drying and 
mechanical 

finishing
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Generalized Conceptual Site Models (CSMs)

Series of questions as a checklist to make the CSMs 
site-specific

Community exposures
Environmental setting combined with behaviors and 

activities
• Fate and transport of contaminants

• Where and how people spend their time

• Vulnerable subpopulations

Process for identifying participating households
• Must be a direct connection between environmental 

exposures, biomonitoring data, and health outcome 
data

Focus is on metals but recognize there are many 
different contaminants (e.g., solvents, pesticides, 
organics)

Primary contaminant – identifying signal in the noise
Iterative not linear process – may benefit from household 

survey input



Add a footer



Determining the Zone of Influence 

Link back to specific objectives (assumes primary 
objective is linking environmental sampling to 
biomonitoring data to community health 
outcomes)

Develop site map based on local land use

Characterize environmental setting
• Detailed checklist
• Individual vs. shared drinking water
• Agricultural products
• Schools, community centers, public gathering

General demographics
• Relative to environmental setting
• Vulnerable populations
• Places where people spend time

Refine the general CSM to finalize site-specific CSM

Collect field data



Identifying Participating Households

Sample sizes and power calculations
• Highly dependent on specific hypotheses, expected variance
• Multiple contaminants, exposure pathways, health outcomes
• Provide recommendations for how to calculate given specific objectives
• In general – 200-300 households as a working strawman

Overlay a grid on site map
• Recommendations for grid density

Need for targeted sampling
• May require additional input following results of household surveys

Children and youth generally the target population
• But also include adults – renal effects, cancer



Data from Household Surveys

• Stakeholder engagement!!!!! 
• Important data source
• Field implementation
• Demographics
• Economics – facilitate later linkages
• Behavior and time-activity patterns: 

exposure factors
• Self-reported health outcomes
• Limited observations on health outcomes 

(e.g., skin or other obvious responses)
• Recommend doing this early in the process 

– may change/augment the CSM, sampling 
plan and program

• Sets the stage for later (concurrent) 
environmental sampling, more detailed 
health outcome data collection, 
biomonitoring



Environmental Sampling

Media- and contaminant-specific

Emphasize use of in-field XRF
• 25% confirmatory samples sent to a 

laboratory – local laboratory
• Subset of samples for focused analyses, 

such as bioavailability of As, Pb and CrVI
• Hg vs MeHg in environmental samples

Recommendations related to site-specific 
CSM

• Agricultural products
• Fish and fish consumption
• If site-specific study objectives call for 

understanding bioaccumulation, then 
water, sediment and fish sampling should 
occur



Biomonitoring Data

Contaminant Recommendations

As Gold standard is metabolite monomethylarsonic acid (%MMA) 
obtained from a speciated creatinine-adjusted urine sample

Cd International consensus on use of creatine-adjusted urine

Cr (CrVI) Red blood cells or urine; can speciate. Recommend hair given non-
occupational exposures

Hg In-field XRF (toenails) together with blood

MeHg Hair and in-field XRF

Pb Venous blood is the gold standard but dried capillary blood spot 
also used, which allows in-field LeadCare analyzer



Health Outcomes

Presentation Title

Metals Measurable Health Outcomes
Hg Developmental and cognitive deficits in children

Neurotoxicity (e.g., tremors, ataxia) in children and adults
Renal health outcomes in children and adults

MeHg Developmental and cognitive deficits in children
Pb Developmental health outcomes in children (e.g., reduction in IQ,

cognitive deficits)
Cardiovascular health outcomes in adults
Renal health outcomes in children and adults

CrVI Renal health outcomes in children and adults
Lung, bladder, and gastrointestinal (GI) tract cancers in adults

As Skin rashes and lesions and hyperkeratosis, possible precursors to
skin cancer
Developmental and cognitive deficits in children
Lung cancer in adults
Bladder cancer in adults

Cd Nephrotoxicity and renal effects, possible precursors to kidney
cancer



Measuring Health Outcomes

Category Utility and Examples

Formal 
medical 
diagnosis or 
clinical testing

Related to direct or measurable clinical outcomes known to be associated 
with exposure
• bladder cancer or hyperkeratosis associated with As exposures
• cognitive deficits as measured by age-specific standardized testing 

instruments associated with exposures to MeHg, Pb, and As 

Intermediate, 
non-specific 
observation or 
measurement 

Associated with the health outcome of interest 
• increased blood pressure associated with cardiovascular outcomes that 

may be related to exposure to Pb, MeHg, Cd

Intermediate 
biochemical 
measurement  
or biomarker 
of effect 

Laboratory or in-field analysis of a biological matrix 
• diagnosis of anemia based on hematocrit level in blood that may be 

related to Pb exposures
• micronucleus formation in blood that may be associated with genotoxic 

effects of As 



Contaminant-Specific Recommendations

Presentation Title

CoC Biomonitoring 
(Exposure)

Health Outcomes

As Gold standard is 
metabolite 
monomethylarsonic acid 
(%MMA) obtained from a 
speciated creatinine-
adjusted urine sample

• Conduct age-specific, culturally-relevant cognitive testing for each child 
• Conduct in-field screening for keratosis on the soles of the feet as part of the household survey 

or as part of a more formal medical examination
• If keratosis is observed, consider a carcinogenic biomarker such as DNA adduct assay or 

micronucleus formation assay
• Measure C-reactive protein as a non-specific biomarker of intermediate effects on the renal and 

cardiovascular systems 

Cd International consensus 
on use of creatine-
adjusted urine

• Measure sensitive urinary biomarkers, including β2-m (urinary β2-microglobulin), and 
glomerular filtration rate (GfR)

• If elevated, consider measuring additional carcinogenic biomarkers, such as DNA adduct 
formation or micronucleus formation

Cr 
(CrVI)

Red blood cells or urine; 
can speciate. Recommend 
hair given non-
occupational exposures

• Evaluate CrVI-induced ulceration of the nasal septum mucosa and potential for skin allergies as 
demonstrated through skin rashes on the hands and feet

• If dermatological symptoms are observed, consider patch-testing for individuals with 
dermatological symptoms

• Consider measuring carcinoembryonic antigen (CEA; a non-specific biomarker of 
gastrointestinal cancers) in individuals with dermatological symptoms

• Conduct limited pulmonary function testing (PFT) and measure C-reactive protein (CRP; a non-
specific inflammatory biomarker in blood associated with lung, kidney, and cardiovascular 
outcomes)

Hg In-field XRF together with 
hair

• Administer the CIMI as presented in Table 5-2 to each participant (can be done in-field with 
appropriately trained personnel or as part of a more formal clinical assessment)

• Measure proteinurea (e.g., albumin)

MeHg Hair • Conduct age-specific, culturally-relevant cognitive testing for each child 

Pb Venous blood is the gold 
standard; dried capillary 
blood spot also used,  
allows in-field LeadCare
Analyzer

• Measure blood pressure in adults in the field or as part of a medical examination
• Measure specific biomarkers including proteinuria (e.g., albumin), anemia status (e.g., 

hematocrit), cardiovascular risk (e.g., C-reactive protein)
• Conduct age-specific, culturally-relevant cognitive testing for each child 



Conclusions

Guidelines geared toward a specific objective: understanding potential health outcomes at the 
community level as a function of specific land-based pollution sources

• Maximize likelihood of discerning signal from noise

But can be used to achieve multiple and varying sub-objectives
• Biomonitoring data – measurement and repository
• Comprehensive environmental characterization and setting
• Expanding local capability – laboratory analysis to conducting surveys to health outcome 

measurement
• Database of exposure factors

Depending on emphasis, need to carefully think through power and sample size calculations
• Guidelines do not address statistical methods and analyses
• Linkages to economic data



Moving Toward Solutions

Consistent data collection will improve understanding 
and implications of land-based pollution

There should be a plan / consensus on anonymized 
data repositories

Exposure Factors Handbook

How “big” is the problem

Can use the process to engage community and 
strengthen understanding of issues

Elicit community preferences

Support systems-based management approaches: 
Ecosystem services, climate change, 
transformation


