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Overview 
 

Purpose of the Report:  
 
This report addresses health and welfare issues related to the potential siting of an 
open-pit phosphate mine at the Sdeh Barir, Zohar south site located in the Southern 
District.  The report addresses the following:  1) General considerations in risk-
based decision-making; 2) Findings in the general scientific literature on phosphate 
mining based on a systematic review; 3) Assessment of potential health 
consequences of operating a mine at the Sdeh Barir site; 4) Specific considerations 
related to mining at the Sdeh Barir site; and 5) General recommendations on 
decision-making related to environmental hazards.  
 
Charge from the Ministry of Health:  
 
Prof. Itamar Grotto, the Director of Public Health Services for the Ministry of Health 
of Israel, provided the general charge that led to this report.  The elements of the 
charge, provided in an attachment to an email from Prof. Grotto on November 13, 
2013 included the following: 
 

a. “Different experts have given their opinion on open phosphate mining 

at Sde Barir, regarding health hazards as well as environmental 

impacts, in light of proposed work plans and environmental risk 

assessment. Experts were divided in their conclusions, each citing 

scientific literature on the subject supporting their opinion. 

b. We invite you as an independent international expert to review the 

subject of phosphate mining at Sdeh Barir and its possible health 

impact. We would like you to advise the Israeli Ministry of Health 

regarding its position regarding the plans for mining in Sde Barir.  

c. Additional data can be detailed by a tele/video conference. All expert 

reviews as well as the environmental impact assessment are written 

in Hebrew.”  

Interpretation of the charge:  
 
This charge inherently reflects more specific questions related to potential risks 
from operating a phosphate mine at Sdeh Barir, as follows: 
 

 What adverse effects are of concern? 
 How likely are such effects? 
 How might risk for adverse effects vary by distance from the site? 
 What is the potential magnitude of harm to the population? 
 Can an assurance of safety be provided to all residents? Some 

residents? 



 
In addressing the charge and limiting it to the topics above, consideration was not 
given to outcomes other than direct and indirect health implications of mine 
operations for the site. Thus, such topics as employment at the mine and economic 
implications locally, and the potential economic benefits of phosphate exports and 
the need for phosphate fertilizers were not considered.  The report also does not 
address the implications of mine operations for regional tourism. Additionally, I 
provide no systematic commentary concerning the various opinions that have been 
offered by others concerning the potential risks of the mine.  
 
Professional Background:  
 
I am a physician/epidemiologist with clinical training in internal medicine and the 
subspecialty of pulmonary disease and with public health training in epidemiology 
(a brief biographical sketch is provided in Appendix A and a full Curriculum Vitae is 
available on request).  I am presently Distinguished Professor and Chair of the 
Department of Preventive Medicine of the University of Southern California’s Keck 
School of Medicine and Director of the Institute for Global Health of the university. 
My research has addressed the health consequences of inhaled pollutants, including 
particulate matter and radon.  I have investigated health risks to underground 
miners. Relevant to this report, I was a member of the Biological Effects of Ionizing 
Radiation (BEIR) IV and VI Committees of the US National Research Council, which 
addressed radon and other internal emitters.  I chaired BEIR VI and led the radon-
related activities of BEIR IV.  I also chaired the National Research Council’s 
Committee on Research Priorities for Airborne Particulate Matter, which set a 
national agenda for research on particles, and the US Environmental Protection 
Agency’s Clean Air Scientific Advisory Committee (CASAC), which provides the 
scientific review for revisions of the National Ambient Air Quality Standards, which 
cover airborne particles.  I was Chair of the Working Group for the International 
Agency for Research on Cancer (IARC) that recently reviewed outdoor air pollution 
as a cause of cancer1 and I was a co-editor of a 2013 IARC Scientific Publication 
monograph on the topic.2 I have substantial experience in the general area of 
environmental risk assessment and was co-founder of the Risk Sciences and Public 
Policy Institute at the Johns Hopkins Bloomberg School of Public Health.  
 
This work was carried out through a contract between the Ministry of Health and 
the University of Southern California.  I received no compensation personally from 
the conduct of this project. Athena Foong, MS, an employee of the University of 
Southern California, was research assistant for developing this report.   
 
 

Approach to addressing the charge 
 
In addressing this charge, consideration was given to the array of potential adverse 
effects of operating a mine at the Sdeh Barir site.  The overall approach was shaped 
by the charge provided by Prof. Grotto, findings of an initial review of the general 



peer-reviewed literature, various background documents provided by the Ministry 
of Health, and information gained during meetings when I visited Israel from 
January 5-7, 2014. 
 
Meeting schedule for January trip:   
 
I traveled to Israel in January, 2014, spending the 5th, 6th, and 7th in meetings with 
various groups, following a schedule arranged by the Ministry of Health (see 
Appendix B).  While in Jerusalem on January 5th and 7th, the meetings included 
representatives from the Ministry of Health and other ministries, community 
representatives, and several academicians.  January 6th was spent on site, meeting 
with representatives of the Rotem Amfert Negev firm, touring the currently 
operating Oron mine, and visiting the Barir site.  Additionally, there was an 
impromptu visit to the town of Arad and a brief tour with a community resident.  On 
January 7, I also met briefly with the Minister of Health, Yael German, to gain an 
understanding of her expectations for the pending report.  
 
Materials provided:   
 
One complication in obtaining materials related to the proposed mine was the need 
to translate documents from Hebrew to English.  Consequently, I was not provided 
with all documents related to the mine, which date back more than a decade.  A 
listing of those provided is given in Table 1. The documents provided were sufficient 
for me to develop this report and to provide an assessment of potential risks.  The 
documents were authored by a wide range of parties, including the mining 
company, various consultants, and the public at large, as well as by government 
entities.  
 
Table 2 provides annotations to this listing, describing their contents.  Of note, the 
documents reflect diverse efforts to understand the potential risks of mining at the 
Sdeh Barir site.  They include the results of air quality modeling and efforts to 
estimate the risks associated with increments to airborne particulate matter 
stemming from mine operations.  Notably, many of the documents are labeled as 
“opinions” and, in fact, do reflect the opinions of their authors, with selective 
citation of articles from the peer-review literature.  A systematic review has not 
been conducted before my report.     
 
 

Background 
 
Approaches to risk-based decision-making:   
 
There is a rich international literature on making risk-based decisions in the face of 
uncertainty and on assessing health risks from environmental factors.  The US 
National Academy of Sciences has published a series of landmark reports that date 
to 1983 with release of the so-called “Red Book”, Risk Assessment in the Federal 



Government: Managing the Process.3  The Red Book described the four elements of 
quantitative risk assessment: hazard identification, exposure assessment, dose-
response, and risk characterization. Most recently, the 2009 report, Science and 
Decisions: Advancing Risk Assessment,4 provided an update and further refinements 
of the conceptual and technical basis for decision-making in the face of uncertainty.   
 
A 2013 report, Environmental Decisions in the Face of Uncertainty, is also relevant.5   
With regard to considering the consequences of a particular source of 
environmental contamination, the principles of health impact assessment (HIA) are 
applicable to the Sdeh Barir site.  A recent U.S. National Academy of Sciences report 
addresses HIA.6 Figure S-1 from that report provides an overall framework for 
characterizing the impact of diverse activities that may affect health (Figure 1). That 
figure chapters the broad scope of impacts to be considered in a HIA and the 
processes used to assure that all questions are identified and addressed.  
 
Several principles embraced in these reports and others are relevant to the present 
assessment of the Sdeh Barir site: 
 

 Initial scoping so that the issues of concern are fully addressed.   
 

 Full stakeholder engagement throughout the process. 
 

 Transparency in all steps of the decision-making process. 
 

 Identification of all assumptions made in assessing impact and consideration 
of the associated uncertainties.  

 
Systematic review of published literature:   
 
A systematic review involves the identification of all relevant evidence on a well-
defined question, review of the studies and evaluation of their quality, and quality-
controlled abstraction of the data into evidence tables.  The step of evidence 
integration follows in order to reach a conclusion on what the evidence shows. A 
systematic review may be complemented by a meta-analysis, i.e., a quantitative or 
statistical combination of the numerical results in the evidence tables.  
 
For this report, a systematic review was carried out on the topic of phosphate 
mining and health.  The PubMed database was searched using search string strategy 
that combined the following key search terms, with no restriction on language and 
date of publication: "phosphate mine" and "radiation", "radon", "uranium", "dust", 
"particulate matter", "particles", "metals", or "workers".  All search terms were 
automatically mapped to be searched as Medical Subject Heading (MeSH) and in all 
fields in PubMed.  Searches were completed as of January 10, 2014. The search 
strategy yielded 218 articles, and after review of titles and abstracts, 33 full-text 



articles were retrieved and abstracted.   All data were abstracted by Athena Foong 
and reviewed by Jonathan Samet.   
 
Table 3 provides the findings, including studies of workers in the phosphate 
industry; studies characterizing the radiological environment around phosphate 
mines and other facilities; and studies addressing air quality issues in relation to 
phosphate mines.  Mortality has been followed in two cohort studies of Florida 
phosphate workers;7,8 the phosphate industry has been extensive in the state of 
Florida in the United States.  Findings from workers are useful because their 
exposures are typically far greater than those experienced by the general 
population.  If adverse outcomes are not increased among workers, the information 
is useful for providing assurance of safety to the general population, although 
typically workers are healthier and less susceptible to environmental agents than 
are some segments of the general population and in some industries and jobs they 
may use personal respiratory protection.   
 
In considering disease risks among phosphate workers, lung cancer is of particular 
interest because of the exposure to radon and progeny and to long-lived 
radionuclides in the uranium decay series. The two studies provide some indication 
of increased lung cancer risk among the workers.  However, the study by Block and 
colleagues7 finds no excess for those hired after 1960 and the serial reports by 
Checkoway and colleagues on risks over time in a large cohort found no excess in 
the more recent follow-up—that through 1992.8,9  As would be anticipated for a 
workers’ cohort, standardized mortality ratios were below 1 for heart disease, 
consistent with the “healthy worker effect” and in the 1996 report by Checkoway et 
al., mortality from non-malignant respiratory diseases was not elevated.9 
 
Many of the studies address the radiological impact of phosphate mining, providing 
measurements of radon and radon progeny, and other radionuclides in the air, as 
well as measurements in soil and water.  Some dose calculations are offered.  As 
cited subsequently, the literature on this topic has also been reviewed by the 
International Atomic Energy Agency in its Safety Reports Series No. 78: Radiation 
Protection and Management of NORM Residues in the Phosphate Industry.10  
 
Several reports address airborne exposures other than radioactivity:  Othman et al. 
(2007)11, da Silva et al. (2010)12, Al Attar et al. (2012)13, and Al-Hwaiti et al. 
(2013)14.  Othman and Al-Masri reported on environmental measurements at sites 
of phosphate mining and processing in Syria, including at worker villages near the 
mines 11. At a distance of 700 meters from the Knefees mine, a concentration of 877 
micrograms per cubic meter was reported at the workers’ village, but details of the 
measurement protocol are not clear. A ten-fold higher concentration was reported 
for the mine area. The relevance of these results for other locations is uncertain. 
Heavy metals were investigated by da Silva and colleagues in relation to mining 
tailings, not directly applicable to the phosphate mine at the Sdeh Barir site, as 
proposed.  Al-Attar and colleagues investigated the impact of phosphogypsum piles 
on the surrounding environment in Syria.13  They made measurements of heavy 



metals and fluoride in various samples, including airborne particles. The findings 
are not of direct relevance to the Sdeh Barir field. Al-Hwaiti and colleagues studied 
composition and particle size of phosphate ores in two phosphate deposits in 
Jordan; however, air monitoring was not carried out.14  
 
Taken as a whole, the body of evidence reviewed in Table 3 documents the well-
known naturally-occurring radioactivity of phosphate ore.  The emphasis of most of 
the studies is on environmental contamination at the mine site and immediately 
adjacent areas.  A clear health hazard is not demonstrated for phosphate industry 
workers in the cohort studies, but the data are limited and mortality rates, even if 
cause-specific, are a relatively crude outcome measure. The studies did not directly 
address health consequences for populations living adjacent to phosphate mines.  
 
 

Assessment of health issues 
 
Air pollution by particulate matter:  
 
There is an extensive global literature on the risks of inhaling airborne particulate 
matter, a useful general indicator of air quality because of the multiplicity of its 
sources.  That literature has been reviewed repeatedly with recent critical 
documents including those prepared by the US Environmental Protection Agency 
for its periodic revisions of the National Ambient Air Quality Standards,15 the WHO 
Air Quality Guidelines,16 and the recent systematic review carried out for the 
European Union (Review of evidence on health aspects of air pollution – 
REVIHAAP).17  Several summary findings from these reviews are relevant to the 
proposed phosphate mine at Sdeh Barir: 
 

 Short-term and long-term adverse effects of airborne particulate matter have 
been demonstrated at exposure concentrations as low as those in the United 
States and Europe at present. 

 Exposure to airborne particles is associated with increased mortality; the 
relationship between exposure-concentration and risk is linear without 
apparent threshold at concentrations at which epidemiological studies have 
been conducted over the last four decades in the United States and Europe. 

 The range of adverse consequences continues to expand, as does the list of 
population groups considered to be susceptible to particles.  

 The International Agency for Research on Cancer (IARC) classified “outdoor 
air pollution” as carcinogenic in 2013.1 

 In spite of extensive research, there is still substantial uncertainty about 
those characteristics of particles that determine their toxicity.  Size is clearly 
critical as it determines the likelihood of deposition and the site of deposition 
within the respiratory track.  



 Relatively few studies have addressed the risks of crustal particles alone.  
There are studies indicating that such particles have adverse effects.  A 
growing literature addresses so-called “coarse mass” particles, those in the 
size range of 2.5 to 10 microns in aerodynamic diameter (PM2.5-10).   

 In the 2009 Integrated Science Assessment (ISA) for particulate matter, the 
US Environmental Protection Agency found the evidence to be “suggestive” 
for causal associations of PM2.5-10 with short-term cardiovascular and 
respiratory effects and with all-cause mortality.18  The ISA provides data on 
the quantitative relationships between PM2.5-10 and risks for various health 
outcomes. Data on long-term effects are lacking for this size fraction.  

 
Air quality modeling for Sdeh Barir: 
 
Air quality modeling is critical for addressing the potential impact of mine 
operations on the concentrations of air pollution to which people are exposed 
because of mine operations.  The modeling provides estimates of the increments of 
air pollution to already existing background concentrations from other sources that 
will result from mine operations.  The model used for a mine reflects the full scope 
of activities associated with mining; not only mining itself, but associated operations 
and transport.  The models used for this purpose are based in understanding of how 
pollutants generated are dispersed from a point source; as such, they incorporate a 
variety of critical assumptions and results are typically dependent on the 
assumptions that are made.  Hence, it is critical to be fully transparent with regard 
to assumptions made, and indicate if “standard” options are incorporated.  In the 
documents provided (Table 1), there is mention of the need for model “validation” 
or “calibration” to the local environment; absent the generation of data by operation 
of a mine at Sdeh Barir, there are no data available for comparison with model 
estimates. 
 
Over the 15 years since consideration of the site began, two air quality models have 
been used for estimating pollutant concentrations that would be generated by mine 
operations:  the ISCST3 and the AERMOD models.  Both are standard Gaussian 
dispersion models, i.e., the pollutant concentration is modeled as Gaussian, and both 
models incorporate meteorology as a key driver of dispersion.  Both models have 
been standard tools of the US Environmental Protection Agency for modeling source 
emissions; AERMOD replaced ISCST3 as the standard in the Guideline on Air Quality 
Models in 2005.19  AERMOD has a number of substantive changes from ICST3, 
including new and improved algorithms for dispersion, incorporation of 
meteorological data and the addition of topographical detail.20   
 
Consequently, the initial site modeling was done with ISCST3 and then subsequently 
updated with AERMOD.  The modeling was carried out with guidance from the 
Ministry of Environment and input was obtained from an outside consultant from 
Canada (Jesse Teh).  The most recent modeling findings are provided in the August, 
2010 report prepared for Rotem Amfert Negev Ltd. by Geoprospect.  In carrying out 



the modeling, a number of parameter values needed to be assumed.  As these were 
lacking for the site, default assumptions were made using a standard source, the US 
Environmental Protection Agency’s AP-42, Compilation of Air Pollutant Emission 
Factors.21  The report describes the emissions factors that were selected, noting that 
they were updated to reflect the most recent AP-42 values, and presents results for 
a field of receptors around the Sdeh Barir site under two different scenarios of 
operation.  Appropriate indicators of airborne particulate matter are considered:  
total suspended particulate (TSP), particulate matter less than 10 microns in 
aerodynamic diameter (PM10), and particulate matter less than 2.5 microns in 
aerodynamic diameter (PM2.5).  
 
I note that Drs. Barchana and Dubnov have criticized the use of the standard 
emissions factors and questioned whether the most recent values were used by 
Geoprospect.  In comments from a meeting on October 13, 2103, Professor David 
Broday from the Technion addressed the range of uncertainties concerning the 
potential health implications of phosphate mining in Sdeh Barir.  With regard to 
emissions factors, he commented that emissions factors are available for phosphate 
processing and open-pit coal mining, but not for phosphate mining, a limitation also 
acknowledged in the Geoprospect report.  He noted that “Today it is customary to 
use (for example in the Environmental Impact Review) the emission factors for open 
Coal mines for Phosphate mining processes” but questioned the use of emission 
factors for bulldozer work in coalmines for the circumstances of phosphate mining.  
 
The US Environmental Protection Agency’s AP-42, Compilation of Air Pollutant 
Emission Factors,21 provides emission factors for phosphate processing, but not 
phosphate mines, hence necessitating the use of emissions factors for open coal 
mines.  A Google search using the phrase “particle emissions factors for phosphate 
mines” carried out on February 21, 2104 did not identify any additional resources.  
Given ongoing controversy concerning the emissions factors used by Geoprospect, 
additional external consultation might be obtained specific to the modeling, 
although I note that the Ministry of Environment has expressed confidence in the 
most recent AERMOD modeling.  
 
One approach to determining whether the use of various defaults and standard 
values has important implications would be to carry out sensitivity analyses.  This 
might be done by increasing values for those parameters that are based on coal 
mining. Reasonable alternative values might be used, in consultation with mining 
experts; for example, increasing the emissions factors by 50% and 100%, both 
individually and for all factors simultaneously.  There are multiple activities 
captured with the AERMOD model that contribute particle emissions and 
consequently there is not a simple linear relationship between a change in one 
emissions factor and estimated concentrations at receptor sites.  Should a decision 
be made to carry out such sensitivity analyses, I am willing to work with the 
Government of Israel in identifying a suitable consultant. 
 



The results of the AERMOD modeling are presented in the August, 2010 
Geoprospect document.   The estimates are based on five years of meteorological 
data, 2005-2009.  The results are provided for three different averaging times (three 
hours, 24 hours, and annual) for the three particulate matter indicators.  Two 
scenarios are provided:  Scenario A (also referred to as Scenario 1)—working in the 
southern section and mining 1 million tons of phosphate and handling 2.4 million 
tons of overburden (corresponding to the proposed pilot mining); and Scenario B 
(also referred to as Scenario 2)—mining at the northeast area of the field, closest to 
Arad, with production at 2 million tons of phosphate and handling 5.7 million tons 
of overburden.  The report provides maximum concentrations; I requested and 
received additional data to include other percentile values (50, 80, 90, 95, and 99) 
that would be less subject to the instability of the maximum value (Appendix C).  I 
note that in setting the National Ambient Air Quality Standards the US 
Environmental Protection Agency sets the statistical form of the standard to avoid 
the instability of maximum values.  
 
Tables showing these data are included in Appendix C for both Scenarios A and B.   

 
Estimating the health risks of air pollution exposure: 
 
The AERMOD modeling provides estimated increments to the concentrations of 
particulate matter at various sites (receptors) in the vicinity of the Sdeh Barir site.  
These are outdoor concentrations and would not reflect indoor exposure 
concentrations directly.  However, particles in outdoor air do penetrate indoors, and 
thus, indoor concentrations would be anticipated to vary to an extent with changes 
in outdoor concentrations related to phosphate mining.  The estimated increments 
would be expected to increase the personal exposures of people sufficiently near the 
mine to be exposed to its emissions. These increments to outdoor concentrations 
are also appropriately used for estimating risk as the epidemiological studies of air 
pollution and health are based primarily on outdoor concentration measurements. 
Calculations of increased risk to air pollution can be made for both indicators of 
morbidity and mortality. Here, because of limitations of available data, calculations 
were only made for all-cause mortality.  
 
The basic approach to estimating risk to health is straight-forward; the increment in 
concentration is combined with an estimate of how much risk to health increases as 
the concentration increases, i.e., a risk coefficient.  The risk coefficients for 
particulate matter air pollution are based on results of epidemiological studies and 
are available for both short-term (24-hr) and long-term (one-year) exposures.  The 
short-term risk coefficients come from results of daily time-series studies of 
mortality, relating day-to-day variation in mortality counts with variation in air 
pollution concentrations on the same time-scale.  The longer-term coefficients are 
based on cohort studies that involve follow-up of large numbers of people and 
tracking of mortality in relation to air pollution concentrations in the communities 
where the study participants live.  The best-known of these studies are the Six Cities 



Study carried out by investigators at the Harvard School of Public Health22 and the 
American Cancer Society’s Cancer Prevention Study (CPS) II.23  More recently, 
relevant results have been reported from a number of European studies.24 Risk 
coefficients from CPS II have been used by the US Environmental Protection Agency 
in its Risk and Exposure Analysis (REA) for Particulate Matter25 and also in the 
estimates of the Global Burden of Disease Project.26  Barchana and Dubnov base 
their calculations of excess mortality on the CPS II study of Pope and colleagues.  
 
In its 2010 Risk and Exposure Analysis for particulate matter,25 the US 
Environmental Protection Agency used risk coefficients for longer-term mortality 
based on the analyses of the CPS II data carried out by Krewski et al. (2009) in an 
independent re-analysis funded by the Health Effects Institute.27  For a 10 
microgram per cubic meter increase in PM2.5, the analyses of the full cohort yielded 
the following: the hazard ratio (HR) (Note that the HR estimates the increase in risk 
for dying comparing the circumstances of a 10 microgram per cubic meter increase 
in PM2.5 to no increase.) for death from all causes was 1.033 (95% CI, 1.015–1.052), 
for death from CPD (cardiopulmonary disease) was 1.091 (95% CI, 1.063–1.120), 
for death from IHD (ischemic heart disease) was 1.152 (95% CI, 1.111–1.196), and 
for death from lung cancer was 1.110 (95% CI, 1.040–1.185).  To facilitate 
understanding of these HR coefficients, an annual increase of 10 micrograms per 
cubic meter would increase all-cause mortality by 3.3%.  If there were 100 deaths 
annually, the total would be augmented by an expected three additional deaths per 
year.  Emphasis is given in this report because an estimate of the total number of 
deaths is available for Arad.  For specific causes of potential interest, such as lung 
cancer, the numbers would be far smaller.  For example, using nationwide data for 
2008, about 5% of all deaths in Israeli males were due to lung cancer; the figure for 
women would be lower.28  With about 170 deaths annually in Arad, well under 10 
would likely be due to lung cancer.  
 
The table below provides the increments in relative risk associated with various 
increments in concentration of PM2.5.  The estimates can be used to translate 
AERMOD estimates into the associated increment in risk for all-cause mortality.   
 

PM2.5 Increment [µg/m3] RR Increment [%] 

0.01 0.0033 

0.10 0.033 

1.0 0.33 

10.0 3.3 

 
Thus, for example, to estimate the additional number of deaths at Arad associated 
with longer-term exposure, it is necessary to use the annual increment in PM2.5 at 
Arad (reported by Geoprospect and approved by the Israeli Ministry of 
Environmental Protection as 0.2 micrograms per cubic meter at the meeting on 



January 6, 2014) and the HR for all-cause mortality of 1.033 per 10 micrograms per 
cubic meter.  The product of the increment and the associated risk yields an 
estimated increased mortality of 0.066 percent (3.3% multiplied by 0.2/10).  
Barchana and Dubnov provide figures on the numbers of deaths in Arad in their 
2010 report, which range from 160-175. Assuming 170 deaths annually in Arad, the 
estimated increment in numbers of deaths would be 0.11 (170 x 0.066%).  These 
calculations are done on an annual basis, reflecting the time domain of the risk 
estimates from the epidemiological studies.  
 
This calculation is provided for Arad because the population is concentrated within 
the city and the AERMOD results provide estimates for receptors within the city.  To 
provide estimates for the full population within close distances of the Sdeh Barir site 
would require a complete mapping of the population so that the inhabitants could 
be linked to concentrations at nearby receptors.  In any extrapolation of risk 
estimates from one population to another, the issue of generalizability needs to be 
considered.  In these calculations, relative risk estimates from a study carried out 
several decades ago among a volunteer population in the United States is being 
extended to a particular population in Israel.  There is inherent uncertainty in such 
extrapolation, but the approach follows conventional practice.  There would be 
additional uncertainty in extending the estimation to the Bedouins who have 
generally poorer health and higher mortality than the population of Israel at-large.   
 
Similar calculations have been made by Drs. Barchana and Dubnov, also using the 
Geoprospect modeling and risk coefficients from the US American Cancer Society 
Study.  In their original calculations, they used PM10 estimates at receptors 15, 17, 
23, 25, 27, 31, 36, and 64 (comprising those most proximate to the northeast corner 
of the Sdeh Barir site).  Receptors 3, 8, and 11, located within the bounds of Arad, 
would appear to better reflect the incremental exposures to the population of Arad. 
Barchana and Dubnov averaged the estimates at the mentioned receptors to obtain 
an annual increment of 9.0 micrograms per cubic meter, which was converted to a 
PM2.5 value of 4.5 based on the assumption that 50% of PM10 mass is PM2.5.  This 
assumption would be reasonable for urban environments, but may overestimate the 
PM2.5 concentration derived from mining activities.  For that activity, a lower 
proportion of PM2.5 would be expected as larger particles are generated by 
mechanical processes compared with the secondary particles formed from 
combustion emissions in urban environments.18 In their 2014 update letter to me, 
they note that the latest AERMOD runs yield an annual increment to PM10 of around 
3 micrograms per cubic meter for these receptors.  Using this figure, they revise 
their estimates of attributable mortality for Arad to 1 to 3, versus the earlier figures 
of 4 to 11.   
 
To provide a further framework, I suggest combining the risk increments given 
above for various estimated increases in PM2.5 associated with mining (Appendix C) 
to calculate the incremental risk associated with the concentrations at various 
receptors.  The resultant mapping of risk would be useful as a guide to decision-
making.  The tables provide increments across the distributions for each receptor so 



that an estimate could be made at the median value, a reasonable choice, and at a 
point on the upper end of the distribution, e.g., the 90th percentile.  Some illustrative 
calculations are below for Scenarios A and B: 
 
 

Scenario A 
 

 Receptor 8 (SW Arad): 50th percentile (0.00023 μg/m3): mortality 
increment= 7.6 x 10-5 %; 90th percentile (0.03707 μg/m3): mortality 
increment= 1.2 x 10-2 % 

 
 Receptor 17 (mid-way from mine to Arad): 50th percentile (0.00045 μg/m3): 

mortality increment= 1.5 x 10-4 %; 90th percentile (0.06185 μg/m3): 
mortality increment= 0.020 % 

 
 Receptor 27 (adjacent to mine):  50th percentile (0.00085 μg/m3): mortality 

increment= 2.8 x 10-4 %; 90th percentile (0.13775 μg/m3): mortality 
increment= 0.045 %.   

 
Scenario B 

 
 Receptor 8 (SW Arad): 50th percentile (0.00148 μg/m3): mortality 

increment= 4.9 x 10-4 %; 90th percentile (0.13407 μg/m3): mortality 
increment= 4.4 x 10-2 % 

 
 Receptor 17 (mid-way from mine to Arad): 50th percentile (0.02425 μg/m3): 

mortality increment= 8.0 x 10-3 %; 90th percentile (0.45643 μg/m3): 
mortality increment= 0.15 % 

 
 Receptor 27 (adjacent to mine):  50th percentile (0.54826 μg/m3): mortality 

increment= 0.18 %; 90th percentile (4.43579 μg/m3): mortality increment= 
1.46 %. 

 
Radiation exposure:  
 
There has been extensive research on the lung cancer risk associated with radon, a 
high linear-energy-transfer (LET) internal emitter and also on low LET ionizing 
radiation.  Radon, a gas, is released by radium, a member of the U-238 decay 
series.29  With a half-life of 3.8 days, radon can diffuse from the earth where it is 
released and enter the atmosphere.  It decays into a series of short-lived decay 
products (referred to as “progeny” or “daughters”, two of which release alpha 
particles that are considered responsible for the DNA damage in cells of the 
respiratory epithelium that results in lung cancer.  The BEIR VI Committee 
concluded that the risks of lung cancer associated with exposure to radon and its 
progeny can be represented by a linear no-threshold model, implying that any level 



of exposure conveys some risk.29  The lung cancer risk associated with radon and 
progeny has been of particular concern for underground miners and indoors in 
homes in selected areas.   
 
With regard to open pit mines, the IAEA Report No. 78 on the phosphate industry 
states: “In opencast mining operations, no significant buildup of radon daughters 
occurs.”10  The studies of workers in the phosphate industry show no indication of 
increased cancer risk at the exposure levels experienced, which would be higher 
than those experienced by the general population adjacent to a mine.  Given the 
immediate dilution of radon emitted from the mine, it is unlikely that mining would 
increase exposure of the nearby population to radon progeny.  I note that several of 
the opinions suggest that mining and explosions would release radon gas trapped 
underground.  This suggestion is not correct as radon diffuses through the earth and 
has a relatively brief half-life, and hence pockets of radon do not build up. 
 
There is the additional possibility that exposure to internal emitters in the uranium 
decay series would occur through transport of dust containing these radionuclides.  
As documented in numerous studies and in the IAEA report, dust from phosphate 
mines contains these radionuclides at levels that raise concern for workers.10  
However, with regard to the general population, the IAEA report offers the 
following: 
 

“Exposure of members of the public, irrespective of the pathway 
involved, is likely to be very low because mining and beneficiation 
operations tend to be conducted at considerable distances from 
residential areas and involve materials with low activity 
concentrations. Most rock handling and processing operations are 
conducted under wet conditions. Under unfavorable wind conditions, 
it is possible for members of the public to be exposed to radionuclides 
in airborne dust generated by the crushing, milling and drying of rock. 
The migration of radionuclides from mining and residue management 
facilities into water bodies could result in the contamination of 
drinking water and food but, again, this exposure pathway is not 
expected to be significant, particularly because process water is 
usually recycled within the facility.” (p. 53) 
 

Thus, the IAEA report implies that residential areas should not be greatly affected, if 
at sufficient distance from the mining site; no definition of “considerable distance” is 
provided in the report. Table 3 provides data on radon concentrations adjacent to 
several mining sites. As documented in the calculations of Dr. Hisham Nesser 
(described in the Ministry of the Environment note from Shuli Nezer to Prof. Itamar 
Grotto), even under assumptions that would lead to maximum doses, the maximum 
estimated dose lies under population limits.   
 
While several of the reports raise concerns about cancer risks to the general 
population associated with phosphate mining, the global evidence and the findings 



of expert committees, e.g., the IAEA, do not support this concern. In their most 
recent opinion, Drs. Barchana and Dubnov speak of radiation risks, particularly to 
children.  They are correct that several recent cohort studies have associated 
medical use of CT scanning in children with childhood cancer risk; however, the 
findings of these studies are not relevant to the type of radiation exposure 
associated with phosphate mining, exposure to high linear-energy transfer (LET) 
internal emitters.  For this type of radiation there is an assumed linear, non-
threshold relationship between dose and risk for cancer.  

 
Secondary issues/welfare considerations: 
 
Considerations related to air quality impact and potential radiation exposure do not 
capture the full scope of concerns related to the operation of a phosphate mine at 
the Sdeh Barir site.  My listing of these issues reflects review of the literature, 
knowledge of mine operations, and conversations with community representatives.  
These include: 
 

 The need to relocate the Bedouins who live too close to the mining site.   
 Periodic noise from blasting. 
 The negative impact of having a nearby mine on tourism in the region. 
 An overall negative impact on perceptions of Arad, a community which 

prides itself on having good air quality and being a haven for people with 
asthma.   

 
These issues, while not quantifiable, should be considered in decision-making.  In 
the broadest sense, they represent adverse health effects as they impact the well-
being of community residents.   
 
 

Considerations of available options 
 

General considerations: 
 
A widely cited and useful definition of safety is:  “A thing is safe if its risks are judged 
to be acceptable”.30  Thus, to determine safety, it is necessary to estimate risks in 
some way and to make a judgment as to whether the estimated risks are acceptable, 
as judged against societal norms.  Much of this report is about the possibility of risks 
to health occurring because of mining and the potential magnitude of any risks.  The 
other element for decision-making is judging the acceptability of risks.  In some 
instances, there is no doubt as to the occurrence of an unacceptable risk, e.g., the 
extremely high levels of air pollution now happening regularly in megacities of Asia.  
But, as in this instance, potential elevations of risk associated with a source of 
environmental pollution may be subtle and judgments as to acceptability difficult.  
In risk management, various ‘bright lines” of risk have become engrained, e.g., a one 



per million increase in cancer risk, but Israel appears to lack an in-place quantitative 
framework for judging acceptability of risks.   
 
Hence, to provide guidance, I review selected US statutes and associated 
characterizations of population-level risks that have been deemed acceptable.  Table 
4 provides the principles used to characterize acceptability of risk, along with the 
numerical guidelines, if provided.  For cancer, for example, the acceptable risk level 
for cancer is specified as 10-4 to 10-6, in other words, an increment in lifetime risk 
for a population that would add 1 additional case per 10,000 at the 10-4 level and 1 
per 1,000,000 at 10-6.  Some laws provide descriptive language only, such as Section 
109 of the Clean Air Act, which covers the major pollutants including particulate 
matter.  For these pollutants, the language calls for a standard that protects the 
public health with “an adequate margin of safety.” Given the current evidence on 
risks of several pollutants, including airborne particulate matter, showing effects at 
contemporary exposures, a standard that achieves a margin of safety cannot be 
achieved.  Consequently, the US Environmental Protection Agency has turned to the 
Risk and Exposure Analysis as a vehicle for determining the extent to which risk can 
be reduced under various scenarios of short-term and long-term standards.  
 
The WHO Air Quality Guidelines also offer useful insights into air quality standards 
and population risk.   
 

“The setting of air quality guidelines and standards under such 
circumstances, where no clear “safe” levels of exposure exist, 
intrinsically involves risk management and the definition of 
acceptable risk to a population. In setting standards, decision-makers 
can evaluate the risks posed to their constituency at different air 
pollution levels by conducting a formal health impact assessment, as 
discussed in Chapter 7. They thereby explicitly determine the 
acceptable level of risk for their populations, given the specific 
circumstances. In an attempt to help countries evaluate air pollution 
risks and to allow them to make their own judgments about 
acceptable levels of risk, the second edition of Air quality guidelines for 
Europe (17) provide only the value of the concentration–response 
function for PM and mortality, instead of setting specific guideline 
levels. This was perceived as not very practical or feasible for 
developing countries, which may not have the necessary resources to 
conduct health impact assessments and prefer to receive clear 
guidance from WHO in setting their air quality standards. 
  
The typical message being sent to the population is that compliance 
with air quality standards implies that little or no risk is being posed 
to their health and therefore it is not necessary to reduce pollution 
below standard levels. This, however, is not the case for some 
pollutants, and significant risks have been demonstrated even below 
standard levels.” (WHO 2006,16 page 178) 



 
 
These principles and numeric guidelines can be used as one gauge for interpreting 
the increments in mortality associated with airborne particles or other pollutants 
that might result from mining at the Sdeh Barir.  For mortality risks associated with 
airborne particles, a linear relationship without threshold is generally presumed to 
apply and hence and increment will be estimated to convey some risk.  Similarly, for 
lung cancer risk associated with outdoor air pollution, a similar quantitative 
relationship would be presumed, thus similarly leading implicitly to the conclusion 
that any incremental exposure, no matter how small, will increase risk to some 
extent.  Most critical is the determination as to whether the increment is acceptable.   
 
The relative risk values and associated attributable incremental deaths (or other 
outcomes) do not directly translate into the lifetime estimates included in Table 4.  
Such calculations could be made with a lifetable analysis based on the local 
population’s demographics and mortality statistics.  Such analysis exceeds the scope 
for this report, but could be developed for the future if the needed local data were 
developed.  For feasibility, calculations might be done using national data because of 
the potential difficulties of developing a reliable local lifetable for the projection of 
risk.   

 
Options for decision-making 
 
There are three evident options as laid out below:  1) to not develop the Sdeh Barir 
site; 2) to carry out the pilot mining currently under discussion; and 3) to move 
forward with full production from the site.  At present, emphasis has been placed on 
the former two alternatives:  to not develop the site or to implement pilot mining.  
 
No production: In the past, the Ministry of Health had proposed that phosphate 
mining should not be implemented at the Sdeh Barir site.  This decision appears to 
have largely reflected concern about potential risks to health from airborne 
particulate matter and also radiation.  Of course, not mining at all represents the 
only decision that leads to no increment in potential health risk at all and represents 
the appropriate choice if operation of a mine or other industrial facility is not to be 
permitted if there is any possibility of risk to health.  As a practical matter, however, 
current understanding of airborne particulate matter and health risk brings the 
implication that any increment in particulate matter concentration arising from 
mining conveys some risk.  

 
Pilot mining: One option currently under discussion is to proceed with a one-year 
“pilot” or “experiment” during which there would be mining in one section with 
limited production and restrictions on mining based on weather.  There would be an 
initial year-long period of monitoring to document background concentrations 
followed by one year of mining in the selected location at approximately one-third 
of full capacity.  Only one section, at the corner of the Sdeh Barir field furthest from 



Arad, would be mined.  The pilot modeling corresponds to “Scenario A” in the 
AERMOD results.  
 
There are a number of expectations as to what might be learned from the pilot 
mining; overall, there is an expressed anticipation that the risks associated with 
operation of a mine at Sdeh Barir would be characterized with greater certainty 
under conditions that are expected a priori to pose minimal risk. In fact, this 
expectation for the pilot mining may be somewhat unrealistic.  The proposed 
“experiment” involves limited production in comparison with the full production 
figure and the site is at the portion of the field most distant from the major 
communities.   
 
What might be learned from the pilot mining, given the proposed conditions and the 
results of AERMOD for Scenario A?  In my opinion, the pilot mining would be useful 
for detecting any extremes, “surprises”, lying well beyond the bounds of the 
estimates for increments to particulate matter concentrations that have been made.  
Additionally, with careful air monitoring for particulate matter at the boundary of 
the mining site and at locations situated on trajectories towards Kaseifa and Arad, 
actual data, albeit limited, would be available to complement and validate the 
results of AERMOD.  That is, comparison could be made between the baseline 
monitoring data and data collected during mining operations and the observed 
increment in particle concentrations compared with estimates made by AERMOD. 
Sites selected for monitoring should be adjacent to the area of active mining, at the 
boundary of the proposed field (e.g., receptors 74 and 67 to the southwest and 25, 
27, and 36 to the northeast), at those locations closest to the mine where there are 
likely to be inhabitants after relocation of some residents (e.g., receptors 15, 16, and 
17) and also at key locations where there are major populations (e.g., receptors 1 
and 8).  
 
In my meetings with various stakeholders in January, there were requests for 
scientifically defensible parameters for carrying out the pilot mining.  The pilot 
mining planned, however, does not represent an experiment but a limited 
implementation of actual mining with a potential for identifying increases in particle 
concentrations that lie well beyond the bounds of modeling estimates. Given the 
parameters for the pilot mining, the experience gained could not be used to provide 
assurance that there would be no adverse health consequences for full mining. Pilot 
mining that would better reflect conditions more likely to impact adjacent 
population centers could be more informative, but is unlikely to be acceptable to the 
potentially exposed residents, such as mining at the northeast sections.   
 
One additional scenario that could be considered for the pilot mining would be full 
production at the southwest corner of the site, considered as the site for pilot 
mining under Scenario A.  A staged increase to full production with careful 
monitoring could be considered for that location.  Acceptability of such larger scale 
monitoring to the community is uncertain.  If this scenario were considered, an 
initial step would be to repeat the AERMOD modeling with this level of production.  



 
Full mining:  This option has received less attention at present in the options under 
consideration. The phased approach with pilot mining has been considered a more 
acceptable alternative.  Full mining with careful monitoring represents an 
alternative option, but one that would be unacceptable to some stakeholders.  If this 
were considered, further modeling would be needed to cover potential scenarios, 
beyond Scenario B.  

 
Guidance for decision-making 
 
Here, I provide summary guidance among the above options.  In doing so, I return to 
the charge provided by Prof. Grotto: “We invite you as an independent international 
expert to review the subject of phosphate mining at Sdeh Barir and its possible 
health impact. We would like you to advise the Israeli Ministry of Health regarding 
its position regarding the plans for mining in Sde Barir.” As requested, I provide 
advice on the decision faced by the Ministry of Health, but do not offer a summary, 
personal judgment on a preferred choice.  Below, I list the major issues to be taken 
into consideration: 
 

 While subject to substantial uncertainty, the output of the AERMOD modeling 
and the calculations of the associated increment in all-cause mortality 
indicate that mining at the Sdeh Barir site will pose a minimal increase in 
premature mortality for residents of Arad under the pilot mining conditions.  
For those at 1 Km from the mining boundary, under Scenario A, the 
estimated increase in risk for all-cause mortality would be around 0.02% at 
the 90th percentile, considering receptor 17 as an example. Adjacent to the 
mine at receptor 27, the attributable mortality risk approximately doubles. 
For Scenario B, as would be anticipated, the mortality increments are larger 
and clearly unacceptable at receptors adjacent to the mine.  At receptor 17, 
the increment in risk at the 90th percentile is 0.15%, a level likely to be 
viewed as unacceptable.   
 

 For decision-making purposes, the Ministry of Health might plot risk 
increments across the receptors for the various percentile points from the 
AERMOD output.  Such a plot could be readily prepared by the Ministry of 
Health. This would provide a picture of the increments to risk at various 
points and facilitate the determination as to the boundaries for moving 
households, should a decision be made to move ahead with pilot and then full 
mining.  To be conservative in decision-making, greater weight might be 
given to upper points on the distribution of PM2.5.    

 
 Interpretation of these estimates in the Israeli context is complicated by the 

lack of precedent for judging acceptability of risk.  I have provided guidance 
from the international context.  Lacking a history of risk-based decision-
making, the Ministry might assess whether there are informative examples 



within Israel of siting of polluting facilities adjacent to communities.  The 
acceptability of various risk levels involves a collective societal judgment; 
however, I have commented previously on the consequences of a criterion 
that avoids any increment in estimated risk.  

 
 The pilot mining under discussion may provide useful information and will 

be helpful in excluding the possibility of exposures that greatly exceed the 
model estimates.  Considering the proposed parameters for the pilot mining, 
its results cannot be used to provide assurance that full production will not 
harm the health of those exposed to airborne particles generated by the 
mining operation.  As mentioned above, consideration could be given to pilot 
mining scenarios that might more realistically represent anticipated mining 
if the site were to be fully operative.  While full mining at the southwest site 
proposed for the pilot under Scenario A would possibly be unacceptable to 
some in Arad, there would be greater likelihood of characterizing the 
potential for people living around the mine, including in Arad and Kaseifa, to 
experience exposures associated with an unacceptable risk.   

 
 While the validity of the model results has been questioned, further 

refinement of the modeling still leaves the acceptability of the estimated risks 
to be judged.  I mentioned sensitivity analyses that could be carried out to 
gauge whether default assumptions have led to substantial underestimation.  
If such analyses are entertained, I suggest consultation with an expert on the 
AERMOD model and would work with the Government of Israel to identify an 
appropriate expert.  

 
 Israel is implementing air quality standards.  These represent maximum 

allowable concentrations for protection of public health.  Clearly, any 
increment to air pollution concentrations resulting from mining that leads to 
an exceedance of the standard is unacceptable.  However, estimated 
increments to particulate matter concentrations that do not result in values 
above the standard should not be interpreted as acceptable.  Rather, the 
acceptability of the increment in risk is critical for decision-making.  

 
 To date, the considerations related to welfare have received little attention, 

although they figure strongly for some stakeholders.  Integration of these 
considerations into the final decision will require judgment as to the weight 
to be given; clearly, across the various stakeholders such considerations are 
viewed quite differently.  At least one segment of Arad residents has 
expressed concerns about the secondary effects of mining; these 
considerations will need direct acknowledgment in the decision-making 
process. To date, stakeholder engagement processes have been relatively 
limited.  Whether entering into a stakeholder engagement process would be 
helpful at this point is unclear, given the current tensions as a decision is 
anticipated.   



 
 For the sake of transparency in the decision-making process, it will be critical 

for the Ministry of Health to provide a clear rationale for its decision as to the 
most appropriate option.  That rationale needs to address: (1) the relative 
weighting of risks to health and of secondary, welfare effects; (2) the criteria 
used for determining acceptability of potential risks; and (3) if implemented, 
anticipated decision-making criteria for the pilot mining.  Regardless of the 
option selected, it is clear that some stakeholders will view the decision 
unfavorably.  

 
General comments 

 
Assessment of the process to now:  The initial planning for mining in the area began in 
1999.  Subsequently, an environmental impact statement was prepared and the 
initial air quality modeling has been updated.  Various experts have given their 
opinions on the potential risks and the involved ministries have provided their 
views on whether to proceed with the mining.  Most recently, there has been 
engagement of an external expert (Dr. Shapira) and subsequently myself.  Decision-
making now involves whether to move forward with a one-year pilot.  Looking 
retrospectively, the process has been lengthy and lacking clear landmarks and 
targets for the evidence to be developed.  In my view, there has been too much 
reliance on expert opinions rather than on identifying the evidence needed for 
decision-making and proceeding to gather it for review by an appropriate 
multidisciplinary and unbiased panel of experts.   
 
Documents/transparency: Over time, a variety of documents have been developed 
on the potential risks to health that might occur with mining at Sdeh Barir.  These 
reports have been produced over a span of approximately 10 years.  Drs. Barchana 
and Dubnov have periodically updated their opinions, first offered in 2008.  Without 
exception, none of the reports/opinions provided achieve a level of quality and 
transparency consistent with international standards.  Notably, a systematic review 
on the topic, requisite for establishing the existing background existing scientific 
knowledge, has not been completed by either the company or any of the 
government agencies involved. Estimates of risk to health have been provided with 
relatively limited documentation to assure that decision-makers can understand 
how the estimates were generated and that stakeholders can assess their quality 
and attempt replication.  Uncertainties are not discussed in any depth.   
 
Stakeholder engagement: There are multiple stakeholders concerned with mining at 
the Sdeh Barir site: the Bedouins living adjacent to the site and in nearby 
communities, the residents of Arad and other nearby communities, the mining 
company and its employees, the citizens of Israel generally, and the government.  
Typically, the process of siting a potentially polluting facility would involve 
systematic engagement of stakeholders in open processes along with the 
opportunity to comment on documents on environmental and health impact.  



Notably, in the process to now, there has only been one identifiable meeting with 
community stakeholders, that held in January, 2005.  When I met with community 
representatives, they expressed frustration with the process to date and the limited 
extent of stakeholder engagement.  

 
Lessons from elsewhere: There are examples of processes used for site evaluation 
that could have been extended to the siting of a phosphate mine at Sdeh Barir.  Some 
of the processes that could have been incorporated include a formal health risk 
assessment and comprehensive health impact assessment.    
 

 Conduct of a systematic review:  To date, a full systematic review of the 
evidence on phosphate mining and impact on health of workers and people 
in nearby communities has not been completed.  In general, a systematic 
review should be a starting point, providing the evidence foundation for 
subsequent assessments of impact. 

 
 Quantitative risk assessment:  An understanding of the health risks imposed 

on the communities surrounding the site is critical for decision-making.  The 
air quality modeling and radiation dosimetry are critical starting points, to be 
followed by estimation of health risks.  This has only been done with a 
relatively informal approach to date by Drs. Barchana and Dubnov.  There 
are many protocols for risk assessment, all emphasizing transparency, clear 
statements of assumptions made, and assessment of uncertainty. 

 
 Expert judgment:  Expert judgment is typically a critical element of decision-

making in risk issues, such as the operation of a phosphate mine at Sdeh 
Barir.  To date, there are opposing opinions from the various experts who 
have commented on the Sdeh Barir site.  Not surprisingly, consultants for 
mining company have found little basis for concern about health risk while 
others have voiced that the risks are not acceptable.  In the United States, 
expert multidisciplinary committees are often convened by the National 
Academy of Sciences to provide a bias-free assessment of risk issues.   
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Table 1. List of Materials Provided 
 

1. Letter from Dr. Chanoch Kislev entitled “Estimation of the Quantity of Suspended 

Particles – Putting into operation a mine in Sdeh Barir,” undated. 

2. Report by Dr. Eric Karsenty to Dr. Levana Cordoba, Scientific Director, Ministry of the 

Environment, entitled “Reference to the opinion of the Ministry of Health on the 

erection of a Phosphate Mine in Sdeh Barir, on the subject of population exposure to 

fine Respirable Particulate matter in the Arad Region, undated.  

3. Report from the Ministry of the Environment entitled “Opinion of Ministry of the 

Environment on the Environment Impact Review,” dated August 8, 2004. 

4. Report authored by Professor R. Carel entitled, “Specialist Opinion,” dated May 26, 

2008. 

5. Report written to Ariel Hurt, Director Arad Municipality, by Drs. Micha Barchana and 

Yehonata Dubnov, entitled “Update--Opinion on our behalf in the matter of Sdeh Barir, 

Completions and reference to opposing Opinions,” dated May 30, 2008. 

6. Document prepared by the Ministry of Health entitled “Summary of a Discussion on 

the subject on Phosphates in Sdeh Barir,” dated June 19, 2008. 

7. Letter to Dr. Yaakov Mimran, Ministry of National Infrastructure, from Dr. Moshe 

Shirav-Schwartz, Geological Survey of Israel, concerning radon, dated July 6, 2008. 

8. Report authored by Dr. Elli Stern, “Radiological effects on operating a Phosphate 

mine,” dated July 23, 2008. 

9. Letter to Dr. Itamar Grotto from Drs. Micha Barchana and Yehonatan Dubnov entitled 

“Health Impacts from the Operation of an Open Phosphate Mine Next to ARAD “ ‘Sdeh 

Barir’ site, dated April 16, 2010 

10. Report prepared by Geoprospect for Rotem Ampart Negev Ltd. entitled “Approach to 

the Department of Health Opinion on the Subject of mining in Sdeh Barir,” undated 

but listed as submitted in August 2010. 

11. Slide presentation prepared by Geoprospect entitled “Sdeh Barir Discussion at the 

Ministry for Environmental Protection,” dated October 31, 2010. 

12. Report by Professor Josef Ribak, entitled “Specialist Opinion” undated, but written to 

examine the letter of February 25, 2008 from Drs. Barchana and Dubnov. 

13. Letter to Mr. Eyal Gabi, Director-General, the Prime Minister’s office, from Professor 

Shamuel Shapira entitled “Medical Opinion Regarding Sdeh Bair – Professor Schmuel 

Shapira,” dated December 26, 2010.  

14. Reply of the Government to the appeal to the Supreme Court entitled “Preliminary 

response on behalf of the respondents,” dated April 3, 2011. 

15. Note to Prof. Itamar Grotto from Shuli Nezer, Ministry of the Environment, “Subject: 



Phosphate mining in Sdeh Barir, dated July 21, 2011. 

16. Letter from the Rotzim Lichyot Bli Michrot Association to Yael Guerman, Minister of 

Health and Professor Ronny Ganzu, Director of Ministry of Health, entitled “Ministry 

of Health’s Objection to experiment mining and faults in the advancement of the 

experiment run of Phosphate mining Sdeh Barir,” dated April 18, 2013. 

17. Report written by Shiri Spector-Ben Ari, from the Parliament Research & Information 

Center, “Phosphate Mining in Sdeh Barir,” dated May 21, 2013. 

18. Report by Drs. Micah Barchana and Yehonatan Dubnov entitled “Opinion Update on 

the Subject of Phosphate Mining in the Barir Field,” dated June 20, 2013. 

19. Presentation by Dr. H. David Broday, the Technion, “On the lack of knowledge 

concerning the health implications of phosphate mining in Sdeh Barir,” given at 

meeting on October 13, 2013 at Ministry of Industry. 

20. Letter from Dr. Hanoch Kislev to Professor Jonathan M. Samet, dated January 7, 2014 

with article attached concerning the Syrian phosphate industry. 

21. Position paper form the Ministry of National Infrastructures, Energy and Water 

Resources entitled “Position paper on Phosphate mining in Barir field,” dated January 

9, 2014. 

22. Letter from Dr. David Asaf, Director of Environment in the Industry, Ministry of 

Economy, to Professor Jonathan Samet, “Examining the possibilities of Phosphate 

mining in Barir field,” dated January 16, 2014. 

23. Translation of Table of Contents for 2001 Environmental Impact Statement provided 

by Ministry of Health, February, 2014. 

24. Additional AERMOD data providing estimates for selected percentiles at specified 

receptors.  Provided to Dr. Jonathan Samet by Uri Yasur of Rotem Amfert Negev LTD. 

at request of Dr. Samet. 

25. Additional information provided at my request by Drs. Barchana and Dubnov in a 

letter dated February 19, 2014.  Drs. Barchana and Dubnov provided further details 

on their estimation of potential health risks from operation of a mine at Sdeh Barir.   

26. Slide presentation by Geoprospect for Rotem Ampart Negev Ltd. entitled "Barir Field 

Phosphate Mine", given at meeting on January 6, 2014. 

 
 

  



Table 2. Annotations to the List of Materials Provided  
 
1. Letter from Dr. Chanoch Kislev entitled “Estimation of the Quantity of 

Suspended Particles – Putting into operation a mine in Sdeh Barir,” undated. 

 
 While undated, this report incorporates information from the 2008 report of Drs. 

Barchana and Dubnov.  According to the Ministry of Health, the report was written for 
residents of Arad.  It addresses results of the initial modeling by Geoprospect, which 
were based on the ISCST3 model.  Making comparison to findings reported in a paper 
on a phosphate mine in Syria, Dr. Kislev concludes that the model estimates are low by 
about an order of magnitude.  He faults the modelers for not validating/calibrating 
their model against measurement data.  He also comments on the failure to consider 
radon.   

 
 He offers an estimate of excess mortality for people at a distance of 3.5 km from the 

mine, based on estimated increase of PM2.5 and figures cited by Drs. Barchana and 
Dubnov on risk.  For Arad, assuming that all live at 3.5 km from the mine site, his 
calculation (details not provided) is an increase of 13% per year, leading to an 
increase in 21 deaths for year, given 167 average deaths per year in Arad. He 
concludes that risk at 1 km is too high to allow habitation. 

 
2. Report by Dr. Eric Karsenty to Dr. Levana Cordoba, Scientific Director, Ministry 

of the Environment, entitled “Reference to the opinion of the Ministry of Health 

on the erection of a Phosphate Mine in Sdeh Barir, on the subject of population 

exposure to fine Respirable Particulate matter in the Arad Region, undated.  

 

An examination of excess mortality and morbidity potentially attributable to mine 

operations. Draws on modeling and the epidemiological literature. 

 
3. Report from the Ministry of the Environment entitled “Opinion of Ministry of the 

Environment on the Environment Impact Review,” dated August 8, 2004. 

 
This document reviews various activities related to the proposed site up through 
2004.  The Ministry finds the modeled increments to TSP concentrations to be 
acceptable, referencing them to a standard concentration.  It provides requirements 
for proceeding with one-year experimental mining.   

 

4. Report authored by Professor R. Carel entitled, “Specialist Opinion,” dated May 

26, 2008. 

 
 This is a report that responds to the February 25, 2008 document of Drs. Barchana 

and Dubnov.  Carel considers the assessments of Barchana and Dubnov for radon and 

particulate matter.  He concludes that mine operations will not increase 

concentrations of radon.  With regard to airborne particulate matter, he questions the 

extrapolation of risk estimates from US studies, as done by Barchana and Dubnov, to 

the particles generated by mining activity.  Overall, he concludes that there will not be 



additional illness in Arad and Kaseifa as a result of operation of the mine. 

 

5. Report written to Ariel Hirt, Director Arad Municipality, by Drs. Micha Barchana 

and Yehonata Dubnov, entitled “Update--Opinion on our behalf in the matter of 

Sdeh Barir, Completions and reference to opposing Opinions,” translation dated 

May 30, 2008, but corrected to 2010. 

 
This 30 page report provides a broad perspective on the potential risks of mining at 

Sdeh Barir.  It responds to the comments from Professor Ribak and offers a selective 

review of the literature.  The report provides quantitative estimates of the potential 

mortality and morbidity burden from operation of the mine.  The general approach is 

described, i.e., using estimated increases in PM2.5 associated with mine operations and 

coefficients describing increased morbidity and mortality associated with particulate 

matter.  While estimates are provided, details of the calculations are not transparent. 

 

6. Document prepared by the Ministry of Health entitled “Summary of a Discussion 

on the subject on Phosphates in Sdeh Barir,” dated June 19, 2008. 

 
 These notes provide a summary of the discussions at the meeting which involved 

some of the key commenters on health risks:  Drs. Barchana, Stern, and Ribak, among 
others.  

 

7. Letter to Dr. Yaakov Mimran, Ministry of National Infrastructure, from Dr. 

Moshe Shirav-Schwartz, Geological Survey of Israel, concerning radon, dated 

July 6, 2008. 

 
 This is a one-page letter stating the judgment that the mine would not pose a 

radiological hazard. 
 

8. Report authored by Dr. Elli Stern, “Radiological effects on operating a Phosphate 

mine,” dated July 23, 2008. 

 
 This is a descriptive analysis of the potential for radon exposure and associated risks 

in the surrounding populations.  The radiological dose calculations are based on 
radioactive particulate matter and on radon.  Stern concludes that there is negligible 
radiological risk.   
 

9. Letter to Dr. Itamar Grotto from Drs. Micha Barchana and Yehonatan Dubnov 

entitled “Health Impacts from the Operation of an Open Phosphate Mine Next to 

ARAD “ ‘Sdeh Barir’ site, dated April 16, 2010 

 
 This report provides an update to the 2008 analyses by Barchana and Dubnov, and 

acknowledges the various expert reports done to that time.  One section of the report 

concerns the potential for radon gas exposure to be increased; Barchana and Dubnov 

propose that such an increase would occur because of the release of radioactive 



materials contained in the rock.  They also address air pollution exposure, referring to 

estimated concentrations of PM2.5 at the town of Arad.  They question the value of the 

estimate at 0.4 micrograms per cubic meter and suggest that the correct figure is as 

much as 16 times higher.  Using risk estimates from prospective cohort studies, they 

propose that as a consequence of operation of the mine as many as one in five deaths 

in Arad could result from the operation of the mine. They also comment on the nature 

of the pollution and propose that the particles will not have reduced risk and that 

heavy vehicles will make a substantial contribution. 

 

10. Report prepared by Geoprospect for Rotem Ampart Negev Ltd. entitled 

“Approach to the Department of Health Opinion on the Subject of mining in Sdeh 

Barir,” undated but listed as submitted in August 2010. 

 
 This report provides the results of the most recent modeling carried out by 

Geoprospect using AERMOD rather than ISTST3, which was used in the prior 
modeling that was included in the original Environmental Impact Assessment.  The 
report provides documentation of modeling assumptions and the results of the 
modeling for several scenarios and for a field of receptors that covers the periphery of 
the mine and locations of key communities, including Arad and Kaseifa.  Comments 
are provided concerning the criticisms of Drs. Barchana and Dubnov.  
 

11. Slide presentation prepared by Geoprospect entitled “Sdeh Barir Discussion at 

the Ministry for Environmental Protection,” dated October 31, 2010. 

 
 These slides provide an overview of the air quality modeling approach and findings.  

 

12. Report by Professor Josef Ribak, entitled “Specialist Opinion” undated, but 

written to examine the letter of February 25, 2008 from Drs. Barchana and 

Dubnov. 

 
This is a report written by Professor Ribak at the request of Rotem Amfert Negev Ltd. 

on the letter of February 25, 2008 authored by Drs. Barchana and Dubnov.  It 

addresses both radon/radioactivity and particulate matter potentially generated by 

the mine.  On the subject of radon, Ribak concludes that operation of a mine at Sdeh 

Barir will not increase radon concentrations in Arad or other nearby locations and 

cites occupational studies to conclude that there is no basis for anticipating increased 

cancer risk.  With regard to particulate matter, he distinguishes dust generated in the 

desert, i.e., crustal, with dust from anthropogenic sources, concluding that such such 

particles of crustal material are not injurious.  He is in full disagreement with the 

opinions of Barchana and Dubnov. 

 

13. Letter to Mr. Eyal Gabi, Director-General, the Prime Minister’s office, from 

Professor Shamuel Shapira entitled “Medical Opinion Regarding Sdeh Bair – 

Professor Schmuel Shapira,” dated December 26, 2010.  

 



 Professor Shapira wrote this report as an external expert at the request of the Prime 

Minister.  The report provides a clear description of the material reviewed by Shapira, 

which largely overlaps with the documents included in this table.  Professor Shapira 

finds that there should not be increased risks to residents of Arad and Kaseifa from 

radioactivity or particulate air pollution but does recommend careful monitoring 

during the first year of operation. 

 

14. Reply of the Government to the appeal to the Supreme Court entitled 

“Preliminary response on behalf of the respondents,” dated April 3, 2011. 

 
 This is a legal document without scientific content.  

 

15. Note to Prof. Itamar Grotto from Shuli Nezer, Ministry of the Environment, 

“Subject: Phosphate mining in Sdeh Barir, dated July 21, 2011. 

 
 This note provides the perspective of the Ministry of the Environment on increments 

in exposure to particles and radiation to the population arising from operation of a 
phosphate mine at Sdeh Barir.  The document reviews the pollutant air modeling, 
comparing the results of the ISCST3 and AERMOD runs and examining the increments 
at selected receptors representing Kaseifa and Arad.  The document also reviews 
calculations of radiation dust from long-lived radionuclides in the uranium-decay 
series.  These calculations were made by Dr. Hisham Nasser with assumptions that 
would lead to a maximum dose estimate.   
 

16. Letter from the Rotzim Lichyot Bli Michrot Association to  Yael Guerman, 

Minister of Health and Professor Ronny Ganzu, Director of Ministry of Health, 

entitled “Ministry of Health’s Objection to experiment mining and faults in the 

advancement of the experiment run of Phosphate mining Sdeh Barir,” dated 

April 18, 2013. 

 
 This document comments on the recent chronology of actions and opinions by the 

Ministry of Health.  It expresses concern about the consequences of pilot mining and 
objects to obtaining input from “external entities” after the Ministry of Health had 
apparently made a clear judgment previously.  
 

17. Report written by Shiri Spector-Ben Ari, from the Parliament Research & 

Information Center, “Phosphate Mining in Sdeh Barir,” dated May 21, 2013. 

 
 This report provides general background and a review of the chronology of the 

various opinions provided on the potential health risks of mining at the Sdeh Barir 
site. 
 

18. Report by Drs. Micah Barchana and Yehonatan Dubnov entitled “Opinion Update 

on the Subject of Phosphate Mining in the Barir Field,” dated June 20, 2013. 

 
 In this three-page note, Barchana and Dubnov update their prior opinion on 



phosphate mining in the “Barir” field.  They repeat their overall objection to 
proceeding with mining, even the pilot mining.  The note gives emphasis to radiation 
and cancer risk, citing enhanced risks to children from ionizing radiation generally 
and to radon specifically.  They refer to the ever-increasing literature on air pollution 
and premature mortality and the recent report from the Global Burden of Disease 
project.   
 

19. Presentation by Dr. H. David Broday, the Technion, “On the lack of knowledge 

concerning the health implications of phosphate mining in Sdeh Barir,” given at 

meeting on October 13, 2013 at Ministry of Industry. 

 
 This document appears to summarize a presentation by Dr. Broday with highlights as 

to what is known and not known.  Recommendations for measurements are provided.  
 

20. Letter from Dr. Hanoch Kislev to Professor Jonathan M. Samet, dated January 7, 

2014 with article attached concerning the Syrian phosphate industry. 

 
 Dr. Kislev provides comments concerning the radon issue and brings an article by 

Othman et al., “Impact of phosphate industry on the environment: A case study.” to my 
attention (note, this article is included in the systematic review).  
 

21. Position paper form the Ministry of National Infrastructures, Energy and Water 

Resources entitled “Position paper on Phosphate mining in Barir field,” dated 

January 9, 2014. 

 
 The document indicates that the Ministry of National Infrastructures recommends 

proceeding with the pilot study.  Based on a 2013 International Atomic Energy Agency 
(IAEA) report, it suggests that radiation should not be of concern.  The Ministry 
interprets the AERMOD analyses as showing that particulate matter levels will not 
exceed the new standards of the Clean Air Law in Arad, but could pose a threat to 
Bedouins living nearby.  The Ministry is concerned about transportation as a main 
source of pollution. 
 

22. Letter from Dr. David Asaf, Director of Environment in the Industry, Ministry of 

Economy, to Professor Jonathan Samet, “Examining the possibilities of 

Phosphate mining in Barir field,” dated January 16, 2014. 

 
 This letter provides a request from the Ministry of Economy concerning decision-

making based on currently available information as well as on how to make a pilot 
experiment as informative as possible.  
 

23. Translation of Table of Contents for 2001 Environmental Impact Statement 

provided by Ministry of Health, February, 2014. 

 
 As stated.  

 



24. Additional AERMOD data providing estimates for selected percentiles at 

specified receptors.  Provided to Dr. Jonathan Samet by Uri Yasur of Rotem 

Amfert Negev LTD. at request of Dr. Samet. 

 
 These data are described within the body of the report and in Appendix C.   

 

25. Additional information provided at my request by Drs. Barchana and Dubnov in 

a letter dated February 19, 2014.  Drs. Barchana and Dubnov provided further 

details on their estimation of potential health risks from operation of a mine at 

Sdeh Barir.   

 

Further information on attributable mortality calculations and potential health 

consequences of the mine. 

 

26. Slide presentation by Geoprospect for Rotem Ampart Negev Ltd. entitled "Barir 

Field Phosphate Mine", given at meeting on January 6, 2014. 

 

Description of the site and modeling. 

 

 
  



Table 3. Results from Systematic Review of Published Literature on Phosphate Mining and 
Various Health and Environmental Impacts 
 

Reference Location and 
year of study 

Description Findings 

Health of workers in phosphate mining industry 
Block, 19887 Florida, 

retrospective 
cohort from 
1950-1979, 
follow-up 
through 1981 

 Cohort of 3,451 male 
workers employed 6 
months or more between 
1950 and 1979 by one 
phosphate company 

 Mortality follow-up 
through 1981 

 Statistically significant 
elevations in lung cancer (SMR 
= 1.62) and emphysema (SMR 
= 2.19) were observed in white 
but not in black workers, in 
relation to US rates. 

 When SMRs for lung cancer 
among white males are 
recalculated using Florida 
rates, a lower but still 
statistically significant excess 
(SMR = 1.50) is seen. 

 Among workers for whom 20 
years had elapsed since first 
employment, there was a dose-
response trend of increasing 
lung cancer risk with 
increasing duration of 
employment (SMR = 2.48 with 
20 years of employment). 

 No evidence of excess lung 
cancer risk among employees 
hired after 1960.  

 Multivariate analyses and 
internal comparisons of risk by 
job type are consistent with a 
hypothesis of occupationally 
related lung cancer, but small 
numbers prevent firm 
conclusions. 

Checkoway, 
1985a8 

Florida, 
retrospective 
mortality cohort 
from 1949-1978 

 17,601 white and 4,722 
nonwhite male workers in 
16 mining companies in 
Florida phosphate 
industry 

 Follow-up through 
December 1978 

 Analysis presented for 
industry-wide cause-
specific mortality 
patterns 

 Compared to US rates, small 
excess of mortality rates of 
lung cancer were observed for 
white (SMR = 1.22) and 
nonwhite workers (SMR = 
1.24); however, these excesses 
disappeared when contrasts 
were made with prevailing 
rates in Florida. 

 Emphysema mortality slightly 
elevated in comparison with 
US rates (SMRs = 1.48 and 1.73 
for white and nonwhite males, 
respectively). 

 Neither disease related to 
overall length of employment. 

Checkoway, 
1985b31 

Florida, 
retrospective 

 17,601 white and 4,722 
nonwhite male workers in 

 Consistent associations seen 
for increased lung cancer 



mortality cohort 
from 1949-1978 

16 mining companies in 
Florida phosphate 
industry 

 Follow-up through 
December 1978 

 Analysis presented for 
cause-specific mortality 
relationships with work 
areas and exposures 

mortality rates among long-
term workers in plant-wide 
services and skilled crafts jobs. 

 No evidence to support causal 
associations with exposures 
characteristic of the phosphate 
industry. 

Checkoway, 
19969 

Florida, original 
cohort from 
1949-1978, 
follow-up 
through 
December 1992 

 Cohort of 18,446 white 
and 4,546 nonwhite male 
workers in Florida 
phosphate industry 

 Lung cancer SMR slightly 
elevated among white (SMR = 
1.19; 354 observed) and 
nonwhite males (SMR = 1.13; 
105 observed), compared with 
national rates 

 No lung cancer excesses 
relative to local county rates 
(SMR = 0.98 for whites, SMR = 
0.94 for nonwhites) 

 No associations of lung cancer 
with cumulative exposures to 
total dust, silica, or acid mists. 

 Weak trends of lung cancer 
risk with alpha and gamma 
radiation among white males, 
but no associations with 
radiation in nonwhites. 

 No relation between acid mist 
exposures and laryngeal 
cancer. 

Laraqui, 
199932 

Morocco  Analysis of occupational 
safety data of mining 
industry from 1975 to 
1995 

 Reduction in occupational 
injuries and progressive 
increase in occupational 
diseases, 96% of which were 
silicosis 

Samara, 
198933 

Jordan  Pilot study of lung 
function in 56 workers of 
phosphate mining 
industry 

 Significant cough, chronic 
bronchitis, and abnormal 
spirometry among smokers 
(p<0.1) 

 No correlation between 
spirometry, A-aDO2, and chest 
x-ray changes  

 Smoking more detrimental 
than occupational exposure 

 
Radiation and/or airborne exposures in phosphate mining industries 

Abbady, 
200534 

Egypt, study 
date N/A 

 Phosphate rock samples 
from 2 mines collected, 
analyzed for 226Ra, 232Th, 
40K 

 Ra equivalent activities, 
representative level index 
and dose rates due to 
natural radionuclides 1m 

 Mean activity concentrations 
in phosphate rocks: 
o Wadi El-Mashash mine: 

226Ra=665.8 Bq/kg, 
232Th=329.4 Bq/kg, 
40K=587.6 Bq/kg 

o El-Mahamid mine: 
226Ra=566.8 Bq/kg, 



above ground were 
estimated 

232Th=217.3 Bq/kg, 
40K=560.1 Bq/kg 

 Calculated external gamma-
radiation dose received by 
workers of mine = 538 µSv/y 
(Wadi El-Mashash) and 418 
538 µSv/y (El-Mahamid) 

Bolivar, 
201335 

South-west 
Spain, 2009 

 One mono-ammonium 
phosphate (MAP) 
fertilizer plant and one di-
ammonium phosphate 
(DAP) fertilizer plants 
studied 

 External gamma dose 
rates determined using a 
portable dosimeter at 
several locations inside 
the plants; aerosol filters 
collected for evaluation of 
exposures due to 
inhalation of particulate 
matter; and 222Rn 
concentrations were 
determined using passive 
detectors. 

 Annual effective doses 
received by plant workers 
below 1 mSv yr-1 and the 
contribution due to external 
radiation similar to that due to 
inhalation. 

 Contribution to the maximum 
effective doses due to 
inhalation of particulate 
matter has been estimated to 
be about 0.12 mSv yr-1, while 
the 222Rn concentrations inside 
the plants are of no concern. 

El-Hady, 
200136 

Egypt, study 
date N/A 

 Filter method used to 
measure individual radon 
progeny concentrations 
(218Po, 214Pb, 214Po) in 3 
underground phosphate 
mines 

 Mean values of radon progeny 
concentrations significantly 
exceed the action level for 
working places recommended 
by ICRP 65 

 Dose from 218Po was higher 
than that from 214Pb and 214Po 
in all mines 

 Calculated dose exceeded the 
dose limit 20 mSv y-1 
(averaged over a period of 5 
years with the proviso that the 
effective dose should not 
exceed 50 mSv in any single 
year) as recommended by 
ICRP 60 

Hussein, 
199437 

Abu-Zaabal 
phosphate 
plant, Egypt, 
study date N/A 

 Radioactivity content of 
phosphate ore, 
phosphatic fertilizer 
(superphosphate) and PG 
measured 

 Concentrations levels in ore, 
superphosphate, and PG for: 
o 238U = 523, 473, and 134 

Bq/kg, respectively 
o 226Ra = 514, 301, and 411 

Bq/kg, respectively 
o 232Th = 37, 24, and 19 

Bq/kg, respectively 
o 40K = 19, 3, and 16 Bq/kg, 

respectively 
Khater, 
200438 

Abu-Tartor 
phosphate mine, 
Egypt,  

 Airborne radioactivity 
(222Rn, 222Rn daughters, 
and 220Rn) measured in 

 Mean 222Rn concentration ± 
standard error (SE) is 4187 ± 
685 Bq/m3 with a range of 



20 locations along mine 
tunnels 

 Environmental gamma 
(40 locations) and 
workers (45 persons) 
dose equivalent rate 
(mSv/y) measured inside 
and outside the mine 
using thermo-
luminescence dosimeters 
(TLD)  

1801–5535 Bq/m3. 
 Mean concentration ± SE 

(range) of 222Rn decay 
products in working level unit 
and its effective annual dose 
rate in mSv/y are 0:22 ± 0.05 
(0.01–0.67) and 26:90 ± 5:67 

 (0.69–80.99), respectively. 
 Calculated annual effective 

dose due to airborne 
radioactivity is the main 
source of occupational 
exposure and exceeding the 
maximum recommended level 
by ICRP-60 inside the mine 
tunnels. 

Olszewska-
Wasiolek, 
199539 

Poland, 1989-
1990 

 Samples of raw phosphate 
rocks, products, and by-
products from 5 phosphate 
plants collected 

 Measurement of absorbed 
dose rates in air, gamma 
doses, radon gas 
concentrations in air, and 
concentrations of natural 
radionuclides (238U, 226Ra, 
201Po, 232Th, and 40K) 
obtained 

 Individual occupational 
doses using models for 
dose estimates were 
evaluated for phosphate 
industry workers involved 
in production of fertilizers 

 Phosphate rocks from 
Morocco, Florida, and Israel 
show highest concentrations 
of radionuclides from the 
uranium series. Lowest values 
were obtained for Tunisian 
rocks.  

 Concentration of natural 
radionuclides in phosphorites 
and phosphate fertilizers 
similar to data reported 
elsewhere. 

 Considerable increase in 
radiation levels above 
background in facilities 
utilizing phosphorites for 
production of phosphate and 
multicompound fertilizer. 

 External gamma radiation 
rates and radon 
concentrations highest in the 
phosphorite storehouses. 

 On average, estimated dose for 
yearly exposure ranged from 
2.8 to 5.6 mSv, with highest 
contributor to individual doses 
from particulate inhalation, 
and second highest from 
inhalation of radon decay 
products. Internal doses to 
workers were more significant 
than external ones. 

Othman, 
199240 

Syria, 1989-
1990 

 37 locations selected in the 
mines, factories, offices 
and homes in mining area 

 For radon measurements, 
discrete air samples 
without progeny were 

 Dose equivalent from radon 
daughters varies from 1 mSv-1 
to a maximum of 10 mSv-1. 

 Radon concentrations vary 
from 100 Bq.m-3 to several 
hundreds. 



collected over short 
periods of time, while 
daughters were collected 
on filter paper 

 A three-count procedure 
was used for measurement 
of radon daughters 
concentrations to improve 
accuracy 

 Sampling repeated 
monthly for full calendar 
year 

 Doses were estimated 
using proper occupancy 
factors 

Righi, 200541 Ravenna, 
northeastern 
Italy 

 Measurements of gamma 
dose rates carried out in 61 
spots, both inside the plant 
main premises and outside 

 Estimated annual effective 
doses range from 0.6 tp 1.4 
mSv y-1.  

 Operators in charge of end 
products (sacking, handling, 
etc.) result to be exposed to 
higher doses as against those 
in charge of raw materials and 
production process. 

 The main contributions result 
to be due to external 
irradiation e probably owing 
to the large amounts of 
potassium materials used e 
and to radon inhalation. The 
contribution to the total dose 
due to dust inhalation appears 
to be of secondary importance 
also keeping into account that 
conservative hypotheses have 
been done. The contribution 
due to dust ingestion appears 
negligible. 

 Annual individual effective 
doses to local residents, 
resulting from internal and 
external irradiation caused by 
particulate matter emitted into 
the atmosphere by the plant 
have been estimated. The 
maximum individual dose rate 
is estimated to be about 4 mSv 
y-1. 

 
Phosphate mining and environmental impact assessments 

Al Attar, 
201213 

Syria, 2006 and 
2007 

 86 soil, 139 plant, 30 air 
particulate, 16 water, 12 
phosphogypsum (PG) pile, 
6 phosphate ore (raw and 

 Heavy metals were retained in 
the fertilizer.  

 Fluoride content in PG was 
0.47%. The presence of PG piles 



treated) and 3 fertilizer 
samples collected 

 Samples tested for heavy 
metals (Pb, Cd, Zn, Cr, Cu, 
Se, Ni, As, Hg) and fluoride 
contents 

 

showed no impact on the run-
off and ground and lake waters 
in the area. 

 Fluoride concentration was 
double the permissible 
airborne threshold in the sites 
to the east of the PG piles due 
to prevailing wind in the 
region. 

 Content of heavy metals in 
plants was element- and plant-
specific and influenced by 
element concentration in soil, 
the soil texture and pH. 

 Maximal mean of fluoride was 
found in the plants species of 
the eastern sites (699 mg 
kg−1), which mainly related to 
PG erosion and airborne 
deposition.  

 Thus, the main impact of the PG 
piles was to increase the 
concentration of fluoride in the 
surrounding area. 

Al-Hwaiti, 
201314 

Al-Jiza 
phosphate ores, 
Jordan, study 
date N/A 

 140 samples selected from 
71 boreholes, collected 
from the two phosphate 
beds 

 Samples tested for 
concentrations and 
chemical distribution of 
heavy metals (Cd, Cr, Ni, 
Zn, U, V) 

 Contamination factors of U and 
Cr are greater than 1, indicating 
that these heavy metals could 
be potentially hazardous, if 
released to the environment. 

 Health risk assessments of 
noncancerous effects in finer-
grained size fraction that might 
be caused by contamination 
with the heavy elements was 
calculated: 
o For children, U has values 

greater than the safe level of 
hazard index (HI = 1) 

o For adults, U is also higher 
as compared to those of Cd, 
Ni, Cr, and Zn where it lies 
within the safe range of 
hazard index (HI<1). 

Al-Khashman, 
201342 

South Jordan, 
2006-2011 

Note:  This is not a specific 
study of phosphate mining 
 A total of 205 daily moist 

precipitation samples, 
representing 90% of the 
rain events that occurred 
in the investigated area 
during the period of study, 
were collected at Shoubak 
weather station 

 Samples were analyzed for 

 Highest ion concentrations 
were observed during the 
beginning of the rainfall events 
because large amounts of dust 
accumulated in the atmosphere 
during dry periods and were 
scavenged by rain. 

 The rainwater in the study area 
is characterized by low salinity 
and neutral pH.  

 Major ions found in rainwater 



pH, EC, major ions (Ca2+, 
Mg2+, Na+, K+, HCO3

−, Cl−, 
NO3

−, and SO4
2−), and trace 

metals (Fe2+, Al3+, Cu2+, 
Pb2+, and Zn2+) 

followed the order of HCO3 > Cl− 

> SO4
2− and Ca2+ > Na+ > Mg2+ > 

NH4
+ > K+.  

 Trace metals were identified to 
be of anthropogenic origin 
resulting from cement and 
phosphate mining activities 
located within the investigated 
area and from heating activities 
during the cold period of the 
year (January to April). 

Azouazi, 
200143  

Morocco, study 
date N/A 

 Sedimentary phosphate 
rock samples collected 
and measured for natural 
radionuclides 

 226Ra levels in water 
samples determined by 
studying leaching of 
radioisotopes from PG 

 Water sample from mine area 
showed presence of 226Ra of 
about 0.2 Bq l-1 level 

Banzi, 200044 Minjingu 
phosphate 
mine, Tanzania, 
~1993-1997 

 Samples of phosphate 
rock, waste rock, leaf 
vegetation, cattle flesh, 
chicken feed and surface 
water from and around 
mine collected 

 Outdoor dose rate in air 
and the activity levels of 
226Ra, 228Ra, 228Th and 40K 
radionuclides in samples 
determined 

 High concentrations of 226Ra 
were observed in phosphate 
rock (5760 ± 107 Bq kg−1), 
waste rock (4250 ± 98 Bq kg−1), 
wild leaf vegetation (650 ± 11 
Bq kg−1), edible leaf vegetation 
(393 ± 9 Bq kg−1), surface water 
(4.7 ± 0.4 mBq l−1) and chicken 
feed (4 ± 0.1 Bq kg−1) relative to 
selected control sites. 

 Radiation dose from ambient 
air over five years at the 
phosphate mine ranges from 
1375 to 1475 nGy h−1 with an 
average of 1415 nGy h−1. 

Chanyotha, 
201245 

Thailand, study 
date N/A 

 92 terrestrial soil and 90 
mineral samples collected 

 Samples analyzed for 
radioactivity 
concentrations of 226Ra 
and 228Ra 

 Highest activity of 226Ra and 
228Ra (6990 and 337 kBq 
kg21) measured during this 
study were observed in waste 
products (scale and 
precipitate) from tantalum 
processing. 

 Discarded by-product material 
from metal ore dressing also 
showed enrichment in the 
radium concentration by 3–10 
times. 

 Phosphogypsum contained 700 
times the level of 226Ra 
concentration found in 
phosphate ore. 

da Silva, 
201012 

Kalaat Khasba 
mine, Tunisia, 
study date N/A 
(mine was in 

 Four composite samples of 
phosphorites collected 
from different tailing 
deposits 

 Cd is enriched 105–208 times, 
when compared with shales, 
and U is enriched by a factor 
varying between 18 and 44.  



operation from 
1893 to 1993) 

 Major and trace elements 
contents in phosphorite 
analyzed 

 The general trend shows an 
increase in heavy elements 
content with decreasing 
particle size.  

 Concentrations of Sr, Cr and U 
exhibit the same distribution 
for the different size fractions.  

 Cd concentrations exceed the 
allowed EC soil limits for 
growing crops. 

Duenas, 
200746 

South-west 
Spain, 2002 

 Samples collected from 
three sites: active PG 
stacks, restored zone 
(covered  with a 25-cm 
thick layer of natural soil) 
and unrestored zone 

 Activity concentrations of 
226Ra, 232Th and 40K in 
samples determined 

 Exhalation from unrestored 
zones has decreased around 
50% in relation with active PG 
stacks.  

 Exhalation from restored zones 
was eight times lower than the 
active PG stacks.  

 Exhalation depended on 
properties of the materials, and 
a prediction equation was 
obtained to estimate the 222Rn 
exhalation as a function of the 
activity concentration of 226Ra, 
porosity and density of the soil: 
E = -2.5478 + 0:0010 density + 
2.3136 porosity + 0.0006 226Ra 

El Afifi, 
200947 

Egypt, 2004  12 solid PG waste samples 
taken from storage 
accumulated around 
facility for production of 
fertilizers and chemicals 

 Mineralogy structure, 
activity concentrations of 
the different radionuclides 
(i.e., Ra-226 and Pb-210) 
in the PG waste samples 
measured 

 Activity ratios of 
parent/daughter 
radionuclides and some 
radiation hazard indices 
calculated and evaluated 

 ɣ-ray measurements showed 
average activity concentrations 
of 140 ± 12.6, 459 ±  36.7, 323 
±  28.4, 8.3 ± 0.76 and 64.3 ±  
4.1 Bq/kg for U-238, Ra-226, 
Pb-210, Th-232 and K-40, 
respectively.  

 α-particle measurements of 
uranium isotopes showed that 
the average activity 
concentrations of U-238, U-235 
and U-234 were 153 ±  9.8, 7 ± 
0.38, 152 ± 10.4 Bq/kg, 
respectively.  

 The average radiochemical 
recovery (%) of the destructive 
α-particle measurements is 
~70% with a resolution 
(FWHM) of ~30 keV.  

 Activity ratios of U-238/Ra-226 
and U-238/Pb-210 were less 
than unity (i.e., <1) and equal to 
0.31 ± 0.02 and 0.47 ± 0.16, 
respectively.  

 Isotopic ratios of U-238/U-235 
and U-238/U-234 (in PG and 
PR samples) were close to the 
normal values of ~21.7 and ~1, 



respectively and are not 
affected by the wet processing 
of phosphate rock (PR). 

 The radiation hazard indices 
are namely, radium activity 
index (Ra-Eq > 370 Bq/kg), 
total absorbed gamma dose 
rate (Dɣr > 5 nGy/h) and radon 
emanation fraction (Rn-EF > 
20%). 

El Mamoney, 
200448  

Egyptian coast 
of the Red Sea, 
study date N/A 

 Shore sediment samples 
collected, measured for 
natural and man-made 
radionuclides 

 Absorbed radiation dose 
rates in air and radium 
equivalent index 
calculated 

 Mean specific activity of 226Ra 
(238U) series, 232Th series, 40K, 
210Pb were 24.7, 31.4, 427.5, 
and 25.6 Bq/kg, respectively. 
137Cs levels lower than limit of 
detection 

 Specific activity of 238U, 235U, 
and 234U were 25.3, 2.9, and 
25.0 Bq/kg, respectively 

 Mean specific activity ratios of 
226Ra/228Ra, 210Pb/226Ra, and 
234U/238U were 1.67, 1.22, and 
1.0, respectively 

Haridasan, 
200949 

Kerala, India, 
study date N/A 

 Samples of rock 
phosphate, phosphoric 
acid and PG collected from 
the fertilizer plants 

 Gamma exposure rates 
over the disposed PG 
measured 

 Measurements also 
carried out in public 
residential areas near the 
PG disposal sites 

 222Rn gas concentration in 
the indoor environment of 
PG disposal area 
measured 

 Committed annual 
effective dose from 
inhaled intake of airborne 
226Ra activity estimated 
using the dose conversion 
factors 

 Average concentration of 238U 
in rock phosphate is 1.34 Bq g-1 
and 226Ra selectively 
concentrates in PG to an extent 
of 0.82 Bq g-1.  

 About 77% of uranium 
concentrates in phosphoric 
acid and 17.2% concentrates in 
gypsum, during the sulphuric 
acid digestion of rock 
phosphate.  

 Average 83.5% of 226Ra activity 
concentrates in PG. 

 External gamma exposure and 
inhalation of radon and 
progeny are found to be the 
major routes of exposure to 
public in PG disposal 
environment.  

 An estimate of the committed 
effective dose to a 
representative person gives an 
average additional dose of 0.6 
mSv annually in the study sites. 

Lakehal, 
201050 

East Algeria, 
study date N/A 

 Samples from 2 phosphate 
ores collected 

 Activity concentration of 
natural radionuclides 238U, 
235U and 232Th, and the 
primordial radionuclide 
40K measured 

 Concentration ranges were 6.2 
± 0.4 to 733 ± 33 Bq.kg-1 for the 
232Th series; 249 ±16 to 547 
±39 Bq.kg-1 for the 238U series; 
around 24.2 ±2.5 Bq.kg-1 for the 
235U series; and from 1.4 ± 0.2 
to 6.7 ± 0.7 Bq.kg-1  for 40K. 



 Radium equivalent (Raeq), 
external and internal hazard 
indexes (Hex and Hin) were from 
831 ± 8 to 1298 ± 14 Bq.kg-1 for 
Raeq, from 2.2 ± 0.4 to 3.5 ± 0.7 
Bq.kg-1 for Hex; and from 4.2 ± 
0.7 to 4.5 ± 0.7 Bq.kg-1 for Hin 

Mitsch, 
198451 

Aurora, eastern 
North Carolina, 
1981-1983 

 Ground water samples 
from three classes of 
wells: research wells 
owned by the State of 
North Carolina, residential 
wells, and dewatering and 
monitoring wells located 
on the properties of Texas 
Gulf Incorporated and 
North Carolina Phosphate 
Company collected 

 Samples analyzed for Ra-
226 and Rn-222 analyses  

 Water sampled from the deeper 
wells (upper and lower Castle 
Hayne) had significantly lower 
concentrations of Ra-226 and 
Rn-222 than water taken from 
the shallower wells (Yorktown 
and water table). The reason 
for this observation appears to 
be the natural occurrence of 
radioactivity in the respective 
geologic formations. 

 Ra-226 and Rn-222 
concentrations in water taken 
from the Castle Hayne aquifer 
were uniformly low as 
predicted by the gamma logs of 
the formation containing the 
aquifer. There does not appear 
to be any radiological impact 
on the Castle Hayne as a result 
of phosphate mining and 
milling. 

 No apparent changes in Ra-226 
and Rn-222 concentrations in 
ground water sampled at 
different times. This would 
support the theory that the 
radionuclide concentrations 
are a function of the geology of 
the area. 

 Wells sampled in the same 
locality and at the same depth 
exhibit uniform concentrations 
of Ra-226 and Rn-222. Again, 
this would support the theory 
stated above. 

 The Ra-226 and Rn-222 
concentrations found in the 
ground water of the Aurora 
area are relatively low. There 
does not appear to be any 
concern of a health risk from 
ingesting ground water. 

Okeji, 201252 Kaduna North, 
Nigeria, study 
date N/A 

 Phosphate ore, PG and soil 
samples in the vicinity of 
phosphate fertilizer plants 
collected 

 Mean activity concentration of 
226Ra, 232Th, and 40K 
radionuclides in phosphate ore 
samples were 616 ± 38.6, BDL 



 Control soil samples were 
collected from Kaduna 
State in an uncultivated 
land 35 km from the plant 
area. 

(Below Detection Level) and 
323.7 ± 57.5 Bq kg-1, 
respectively. 

 For PG, concentrations were 
334.8 ± 8.8, 4.0 ± 1.4, and 199.9 
± 9.3 Bq kg-1, respectively 

 For soil samples, 
concentrations range from 20.5 
± 7.3 to 175.7 ± 10.5 Bq kg-1 
for 226Ra, 15.5 ± 1.5 to 50.4 ± 
0.6 Bq kg-1 for 232Th and 89.5 ± 
8.1 to 316.1 ± 41.3 Bq kg-1 for 
40K, respectively. 

 The absorbed dose rate range 
from 32.22 to 95.03 nGy h-1 
with mean of 71.4 nGy h-1. This 
is higher than the world 
average of 59 nGy h-1. 

 The mean annual effective dose 
was 86 µSv. 

 An interesting finding was that 
the mean activity concentration 
of 226Ra in soil samples from 
the holding pond is about 10 
times that of control soil while 
soil samples in public effluent 
channel about 1 km away from 
the plant showed 226Ra mean 
activity concentration 3.6 times 
that of control soil samples. 

Orloff, 199853 Florida, study 
date N/A 

 Two communities near 
active phosphate mining 
areas 

 Indoor air levels of radon 
and outdoor gamma 
radiation levels were 
measured 

 Elevated radon levels >4 pCi/L 
detected in 8 of 27 homes in 
community built on reclaimed 
land 

 In nearby community built on 
unmined land, elevated levels 
of radon detected in 1 of 69 
homes 

 Outdoor gamma radiation 
levels significantly higher in 
reclaimed area than unmined 
area 

 Air particulates from outdoor 
ambient air did not contain 
elevated levels of radionuclides 

Othman, 
200711 

Syria, June and 
Dec 1998 (Port 
Tartous), 
March and May 
1999 (Knefees 
and Al-Sharkia 
mines), 2002 
(phosphate 
fertilizer site) 

 Samples of air 
particulates, soil, plant, 
water and marine samples 
collected 

 TSP concentrations 
determined for air 
samples 

 210Po, 210Pb, 226Ra, and natU 
levels determined  

 Vicinity of phosphate mines 
and workers’ village: 
o Highest TSP levels 24,106 

µg/m3 (Knefees mine site) 
and 55,358 µg/m3 (Al-
Sharkia mine site) – more 
milling and mining 
operations at Al-Sharkia 
mine 



o In air particulates, highest 
210Po level =47 mBq/m3 and 
highest 210Pb level =50 
mBq/m3 (both Al-Sharkia) 

o U concentration 5-811 ng/m3 
(Knefees mine sites), <207 
ng/m3 (Al-Sharkia) 

o In soil samples, uranium 
content higher than natural 
levels reported in Syria 

 Vicinity of phosphoric acid 
plant: 
o TSP levels 31-514 µg/m3 
o U concentration as high as 

5.9 ng/m3 
o 210Po and 210Pb levels did not 

exceed 2 mBq/m3 
o In soil samples, relatively 

high concentrations of U, 
210Po, 210Pb, 226Ra measured. 
Highest 226Ra level=56 Bq/kg 

o In leafy vegetable samples, 
highest 210Po level=109 
Bq/kg dry wt and highest 
210Pb level=30.5 Bq/kg dry 
wt 

 Vicinity of Tartous port: 
o At loading platform, TSP 

levels=136-2269 µg/m3, 
U=2010 ng/m3, 210Po=305 
mBq/m3, 210Pb=160 mBq/m3 

o In soil samples, activity 
concentrations of U and 226Ra 
vary widely, while 210Po and 
210Pb levels relatively high. 
Authors suggest high levels 
in soil due to high radon 
concentrations generated 
from phosphate piles stored 
near platform 

Salahel Din, 
201254 

Egypt and 
Finland, date of 
study N/A 

Note:  This is not a specific 
study of phosphate mining 
 Egypt: Thirteen shore 

sediment and nine bottom 
sediment samples were 
collected from two 
different areas (El 
Hamraween harbour and 
Ras El Behar) on the 
Egyptian Red Sea coast 

 Finland: Two sediment 
cores (30 cm in length) 
were collected from two 
locations in the Baltic Sea, 

 Average activity concentrations 
were 238± 4 Bq kg-1 (226Ra), 
215± 11 Bq kg-1 (210Pb) and 
311± 18 Bq kg-1 (210Po) for El 
Hamraween area. In Ras El 
Behar area, the corresponding 
values were 16± 0.4, 18± 1 and 
20± 5 Bq kg-1, respectively. 

 Activity concentrations for 
226Ra, 210Pb and 210Po 
(uranium series) in El 
Hamraween bottom sediment 
are much high compared with 
those in Ras El Behar area, 



Gulf of Finland 
 Levels of 226,228Ra, 232Th, 

210Pb, 210Po and 40K 
measured 

which indicates the enhanced 
levels due to the activities of 
phosphate mining and 
shipment operations in El 
Hamraween area. 

 Excluding the influence of 
phosphate mining activities, it 
can be concluded that the levels 
of radioactivity in Baltic Sea 
sediments are higher than 
those in Red Sea sediments. 

Strain, 197955 Aurora, North 
Carolina, study 
date N/A 

 Well-water samples from 
area around phosphate 
facility and river-water 
samples upstream and 
downstream from facility 
were collected 

 Concentrations of 226Ra 
and 222Rn in ground water 
supplies measured 

 Concentrations of 226Rain 
Pamlico River measured 

 226Ra concentrations in most 
well-water samples determined 
to be less than 2pCi/l and 222Rn 
concentrations generally less 
than 500pCi/l. 

 Significantly higher 
concentrations of radium and 
radon observed in four wells 
east of plant with max 226Ra 
concentration of 150 pCi/l and 
max 222Rn concentration of 
19,000 pCi/l. 
 

Zielinski, 
201156 

Jordan, 2004  Five PG stacks of 15–30 m 
in height from 2 industrial 
sites were sampled 
 

 226Ra concentrations in ten 
composite samples of Jordan 
PG range from range from 468 
to 746 Bq/kg, with mean 601 ± 
98 Bq/kg 

 All ten samples show close 
agreement between 226Ra and 
210Pb concentrations, indicating 
a lack of fractionation of these 
radionuclides during the wet 
process production of PG from 
phosphorite 

 No analytically significant 
enrichment (<10%) of 226Ra in 
the finer (<53 µm) grain size 
fraction. 

 Water-insoluble residues from 
Jordan PG constitute<10% of 
PG mass but contain 30–65% of 
the 226Ra. 

 
  



Table 4. Risk Principles and Acceptable Risk Levels of Selected U.S. Statutes 
 

Laws or regulation Risk principle Acceptable risk level 

Comprehensive 
Environmental 
Response, 
Compensation, and 
Liability Act 
(CERCLA), 
commonly known as 
Superfund 

Section 102, Reportable quantities and 
additional designations: 
“The Administrator shall promulgate and 
revise as may be appropriate, regulations 
designating as hazardous substances, in 
addition to those referred to in section 
101(14) of this title, such elements, 
compounds, mixtures, solutions, and 
substances which, when released into the 
environment may present substantial 
danger to the public health or welfare 
or the environment, and shall 
promulgate regulations establishing that 
quantity of any hazardous substance the 
release of which shall be reported 
pursuant to section 103 of this title. The 
Administrator may determine that one 
single quantity shall be the reportable 
quantity for any hazardous substance, 
regardless of the medium into which the 
hazardous substance is released.”  
§102(a) 
 
Section 104, Response authorities: 
“Whenever (A) any hazardous substance 
is released or there is a substantial threat 
of such a release into the environment, or 
(B) there is a release or substantial threat 
of release into the environment of any 
pollutant or contaminant which may 
present an imminent and substantial 
danger to the public health or welfare, the 
President is authorized to act, consistent 
with the national contingency plan, to 
remove or arrange for the removal of, and 
provide for remedial action relating to 
such hazardous substance, pollutant, or 
contaminant at any time (including its 
removal from any contaminated natural 
resource), or take any other response 
measure consistent with the national 
contingency plan which the President 
deems necessary to protect the public 
health or welfare or the environment.”  
§102(a)(1) 
 

“For known or suspected carcinogens, 
acceptable exposure levels are generally 
concentration levels that represent an 
excess upper bound life-time cancer risk to 
an individual of between 10-4 and 10-6 using 
information on the relationship between 
dose and response. The 10-6 risk level shall 
be used as the point of departure for 
determining remediation goals for 
alternatives when ARARs are not available 
or are not sufficiently protective because of 
the presence of multiple contaminants at a 
site or multiple pathways of exposure.” 40 
CFR 300.430(e)(2)(i)(A)(2)  
(See http://www.gpo.gov/fdsys/pkg/CFR-
2011-title40-vol28/pdf/CFR-2011-title40-
vol28-sec300-430.pdf)  

Clean Water Act Section 303, Water quality standards and 
implementation plans:  
“Whenever the State revises or adopts a 
new standard, such revised or new 

National recommended water quality 
criteria: “The human health criteria for the 
priority and non priority pollutants are 
based on carcinogenicity of 10-6 risk.”  (See 

http://www.gpo.gov/fdsys/pkg/CFR-2011-title40-vol28/pdf/CFR-2011-title40-vol28-sec300-430.pdf
http://www.gpo.gov/fdsys/pkg/CFR-2011-title40-vol28/pdf/CFR-2011-title40-vol28-sec300-430.pdf
http://www.gpo.gov/fdsys/pkg/CFR-2011-title40-vol28/pdf/CFR-2011-title40-vol28-sec300-430.pdf


standard shall be submitted to the 
Administrator. Such revised or new water 
quality standard shall consist of the 
designated uses of the navigable waters 
involved and the water quality criteria for 
such waters based upon such uses. Such 
standards shall be such as to protect the 
public health or welfare, enhance the 
quality of water and serve the purposes of 
this Act.” §303(2)(A) 
 

http://water.epa.gov/scitech/swguidance/s
tandards/criteria/current/index.cfm#conte
nt ) 
 
“For deriving 304(a) criteria or 
promulgating water quality criteria for 
States and Tribes under Section 303(c) 
based on the 2000 Human Health 
Methodology, EPA intends to use the 10-6 
risk level, which the Agency believes reflects 
an appropriate risk for the general 
population.” (EPA 2000)57 
 
“EPA believes that both 10-6 and 10-5 may be 
acceptable for the general population and 
that highly exposed populations should not 
exceed a 10-4 risk level.” (EPA 2000)57 
 

Clean Air Act Section 109, National ambient air quality 
standards: 
“National primary ambient air quality 
standards, prescribed, under subsection 
(a) shall be ambient air quality standards 
the attainment and maintenance of which 
in the judgment of the Administrator, 
based on such criteria and allowing an 
adequate margin of safety, are 
requisite to protect the public health. 
Such primary standards may be revised in 
the same manner as promulgated.” 
§109(b)(1) 
 
Section 112, Hazardous Air Pollutants: 
“Emission standards promulgated under 
this subsection shall provide an ample 
margin of safety to protect public 
health in accordance with this section (as 
in effect before the date of enactment of 
the Clean Air Act Amendments of 1990), 
unless the Administrator determines that 
a more stringent standard is necessary to 
prevent, taking into consideration costs, 
energy, safety, and other relevant factors, 
an adverse environmental effect.”  
§112(f)(2)(A) 

“The CAA does not specifically define the 
terms “individual most exposed,” 
“acceptable level” and “ample margin of 
safety.” In the Benzene NESHAP, 54 FR 
38044-38045, we stated as an overall 
objective: 
 
In protecting public health with an ample 
margin of safety under section 112, EPA 
strives to provide maximum feasible 
protection against risks to health from 
hazardous air pollutants by (1) protecting 
the greatest number of persons possible to 
an individual lifetime risk level no higher 
than approximately 1-in-1 million and (2) 
limiting to no higher than approximately 1-
in-10 thousand [i.e., 100-in-1 million] the 
estimated risk that a person living near a 
plant would have if he or she were exposed 
to the maximum pollutant concentrations 
for 70 years.” 
(See 
https://www.federalregister.gov/articles/2
014/01/09/2013-30132/national-emission-
standards-for-hazardous-air-pollutants-
generic-maximum-achievable-control)  

  

http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#content
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#content
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#content
https://www.federalregister.gov/articles/2014/01/09/2013-30132/national-emission-standards-for-hazardous-air-pollutants-generic-maximum-achievable-control
https://www.federalregister.gov/articles/2014/01/09/2013-30132/national-emission-standards-for-hazardous-air-pollutants-generic-maximum-achievable-control
https://www.federalregister.gov/articles/2014/01/09/2013-30132/national-emission-standards-for-hazardous-air-pollutants-generic-maximum-achievable-control
https://www.federalregister.gov/articles/2014/01/09/2013-30132/national-emission-standards-for-hazardous-air-pollutants-generic-maximum-achievable-control


Figure 1. Overall Framework for Health Impact Assessment (HIA) 
 

 
Source: National Research Council. (2011) Improving Health in the United States: 
The Role of Health Impact Assessment.6 
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Appendix C. AERMOD Modelling Data 
 
Table A1. Data for annual PM2.5 estimates modelled under Scenario A - working in the southern section and mining 1 million 
tons of phosphate and 2.4 million tons of overburden (corresponding to the proposed pilot mining) 
 

99% 98% 95% 90% 80% 50% Mean Y X  Location Receptor 

 1 תל ערד 212000 576550 0.00433 0.00013 0.00058 0.00211 0.0095 0.06419 0.12628

0.04602 0.03443 0.01953 0.01066 0.0026 0.00013 0.00358 574500 220600 
צומת כידוד,  ערד,
 3 ס"ביה

 4 מלונות 222200 574350 0.0066 0.00018 0.00756 0.02457 0.03813 0.05572 0.0679

 5 פארק ערד 215250 573950 0.01973 0.00073 0.00309 0.00965 0.0731 0.27558 0.42761

 6 שכונה מתוכננת ערד, 217850 573900 0.01038 0.00023 0.00224 0.01608 0.07884 0.1329 0.17195

0.36921 0.20936 0.04449 0.00708 0.00291 0.00083 0.01442 573600 212000 
ערד )כביש  צומת תל

 7 מערב( 13

 8 נת גביםשכו ערד, 219200 573300 0.00949 0.00023 0.00489 0.03707 0.06538 0.09386 0.11391

0.56262 0.3431 0.07206 0.0136 0.00395 0.00091 0.0224 573200 214850 
בדואים + שביל  מגורי

 9 חוצה ישראל

0.13525 0.10667 0.07089 0.05095 0.0139 0.00034 0.01282 573000 220850 
שכונת נעורים  ערד,
 10 דרום

 11 (13כביש ) צומת ערד 220000 573700 0.00606 0.00018 0.00529 0.02075 0.03386 0.05284 0.06918

 12 כסיפה 209600 572350 0.01404 0.00081 0.00312 0.0089 0.05118 0.18925 0.29859

0.83462 0.51941 0.17826 0.0296 0.00553 0.00111 0.03716 572000 215250 
חוצה ישראל +  שביל

 15 קו מתח גבוה

 16 בדואים מגורי 213145 571411 0.03479 0.0016 0.00656 0.02337 0.15769 0.4895 0.75529

0.16341 0.13785 0.09713 0.06185 0.01714 0.00045 0.01677 571400 217600 
אזור תעשיה  גבול

 17 מתוכנן

0.13697 0.11827 0.07704 0.04914 0.02319 0.00049 0.01456 570950 217450 

קצה ) מנחת ערד
מערבי( גבול תכנית 

 23 תאר ערדמ

 25 אל פורעה בית ספר 215685 570893 0.03356 0.00074 0.0092 0.11524 0.24752 0.3692 0.45046

 27 בדואים מגורי 215925 570715 0.03758 0.00085 0.01404 0.13775 0.26738 0.39729 0.479

 29 בדואים ורימג 211318 570653 0.02888 0.00159 0.00657 0.02377 0.1327 0.3875 0.57644

 36 בדואים מגורי 216110 570370 0.05794 0.00129 0.03856 0.21935 0.37725 0.52272 0.6378



 39 בדואים מגורי 212553 570233 0.04669 0.00225 0.00951 0.05962 0.28237 0.59977 0.90266

 59 בדואים מגורי 211443 568795 0.03519 0.00293 0.01764 0.07438 0.16706 0.41238 0.591

 64 בדואים מגורי 215715 568640 0.35332 0.14074 0.6488 0.97377 1.30404 1.68752 1.88605

 67 בדואים מגורי 211056 567915 0.04816 0.00275 0.02282 0.12086 0.31165 0.59183 0.74428

 74 בדואים מגורי 211897 566978 0.07066 0.0063 0.0721 0.22558 0.38389 0.63251 0.80345

 76 בדואים מגורי 212077 566504 0.07451 0.00672 0.10013 0.23122 0.38364 0.56756 0.75583

 77 בדואים מגורי 214203 566360 0.06833 0.0086 0.09716 0.22476 0.33897 0.51893 0.70442

 78 בדואים מגורי 212961 566326 0.07467 0.00196 0.13874 0.2579 0.36224 0.48846 0.58136

 79 רשת רצפטור 220000 576000 0.0133 0.0004 0.00237 0.01251 0.07681 0.1752 0.28396

 80 רשת רצפטור 220000 575000 0.00437 0.00012 0.00189 0.01384 0.02889 0.04427 0.0604

 81 רשת רצפטור 221000 575000 0.00302 0.00011 0.00217 0.00839 0.01702 0.02939 0.03994

 82 רשת רצפטור 222000 575000 0.01127 0.00023 0.00572 0.04101 0.07451 0.1199 0.13604

 83 רשת רצפטור 219000 574000 0.00927 0.00022 0.00279 0.02485 0.06816 0.10886 0.12544

 84 רשת פטוררצ 220000 574000 0.00455 0.00015 0.00309 0.01335 0.02743 0.0457 0.0556

 85 רשת רצפטור 221000 574000 0.00685 0.00019 0.00679 0.02494 0.03865 0.06096 0.07628

 86 רשת רצפטור 221000 573000 0.01274 0.00035 0.01371 0.04952 0.07048 0.10645 0.13726

 87 רשת וררצפט 220000 573000 0.01548 0.00033 0.0144 0.05844 0.09757 0.13042 0.16731

 88 רשת רצפטור 219000 573000 0.01523 0.00033 0.00612 0.05291 0.09908 0.16105 0.19585

 
 



Table A2. Data for annual PM10 estimates modelled under Scenario A - working in the southern section and mining 1 million 
tons of phosphate and 2.4 million tons of overburden (corresponding to the proposed pilot mining) 
 

99% 98% 95% 90% 80% 50% Mean Y X Location  Receptor 

 1 תל ערד 212000 576550 0.01224 0.00097 0.00348 0.01017 0.0317 0.18534 0.31239

0.1493 0.11175 0.06628 0.03662 0.01163 0.00097 0.01234 574500 220600 
צומת כידוד,  ערד,
 3 ס"ביה

 4 מלונות 222200 574350 0.02136 0.00136 0.02511 0.07664 0.11439 0.1713 0.22036

 5 פארק ערד 215250 573950 0.04391 0.00496 0.01652 0.03813 0.21707 0.62063 0.83512

 6 שכונה מתוכננת ערד, 217850 573900 0.03085 0.00168 0.01196 0.05205 0.2395 0.36414 0.46231

0.7986 0.52385 0.14909 0.03179 0.01588 0.00568 0.03776 573600 212000 
ערד )כביש  צומת תל

 7 מערב( 13

 8 שכונת גבים ערד, 219200 573300 0.02961 0.00171 0.01961 0.10337 0.18993 0.27429 0.3332

1.04281 0.75743 0.20337 0.05062 0.02048 0.00619 0.05113 573200 214850 
בדואים + שביל  מגורי

 9 חוצה ישראל

0.38867 0.31797 0.21449 0.15575 0.04414 0.0024 0.03946 573000 220850 
שכונת נעורים  ערד,
 10 דרום

 11 (13כביש ) צומת ערד 220000 573700 0.01981 0.00139 0.01981 0.06491 0.10477 0.17709 0.21673

 12 כסיפה 209600 572350 0.03621 0.00524 0.01566 0.03527 0.14827 0.5068 0.68779

1.51485 1.21384 0.46161 0.10323 0.02754 0.0076 0.08525 572000 215250 
חוצה ישראל +  שביל

 15 קו מתח גבוה

 16 בדואים מגורי 213145 571411 0.0885 0.01134 0.03464 0.08653 0.44923 1.20806 1.70922

0.5006 0.41293 0.29961 0.19736 0.06037 0.0032 0.05344 571400 217600 
אזור תעשיה  גבול

 17 מתוכנן

0.43246 0.38441 0.24835 0.1646 0.07318 0.00375 0.04836 570950 217450 

קצה ) מנחת ערד
מערבי( גבול תכנית 

 23 מתאר ערד

 25 אל פורעה בית ספר 215685 570893 0.09803 0.00555 0.03999 0.35707 0.67078 0.99648 1.23764

 27 בדואים מגורי 215925 570715 0.11168 0.00613 0.05375 0.42535 0.73885 1.12615 1.36693

 29 בדואים מגורי 211318 570653 0.07825 0.0106 0.03211 0.08653 0.40493 0.96186 1.37611

 36 בדואים מגורי 216110 570370 0.16837 0.00877 0.13064 0.63716 1.00099 1.47919 1.75019

 39 בדואים מגורי 212553 570233 0.12589 0.01557 0.04833 0.18574 0.76105 1.49612 1.95607

 59 בדואים מגורי 211443 568795 0.10906 0.01896 0.07861 0.24428 0.53682 1.14034 1.63079



 64 בדואים מגורי 215715 568640 1.10168 0.44588 2.06448 3.02744 4.02983 5.09512 5.88864

 67 בדואים מגורי 211056 567915 0.13914 0.01806 0.09478 0.35912 0.84773 1.52743 1.80594

 74 בדואים מגורי 211897 566978 0.21488 0.03749 0.24677 0.69601 1.12603 1.73777 2.05565

 76 בדואים מגורי 212077 566504 0.22566 0.04006 0.30648 0.70389 1.13553 1.61455 1.94554

 77 בדואים מגורי 214203 566360 0.24045 0.04918 0.33672 0.78691 1.12055 1.59545 2.15837

 78 בדואים מגורי 212961 566326 0.23107 0.01364 0.39997 0.80107 1.12092 1.47547 1.88116

 79 רשת רצפטור 220000 576000 0.03128 0.00264 0.01207 0.04216 0.18709 0.3927 0.59531

 80 רשת רצפטור 220000 575000 0.01438 0.00095 0.00957 0.04551 0.08596 0.14002 0.18325

 81 רשת רצפטור 221000 575000 0.01053 0.00087 0.00938 0.02899 0.05661 0.0985 0.12862

 82 רשת רצפטור 222000 575000 0.03272 0.00157 0.02174 0.12565 0.21076 0.301 0.36222

 83 רשת רצפטור 219000 574000 0.02783 0.0016 0.01342 0.07327 0.20027 0.28426 0.36232

 84 רשת רצפטור 220000 574000 0.0153 0.00115 0.01309 0.04321 0.08861 0.14185 0.1756

 85 רשת רצפטור 221000 574000 0.02225 0.00144 0.02372 0.08015 0.12289 0.19193 0.23757

 86 רשת רצפטור 221000 573000 0.03913 0.00242 0.04366 0.15558 0.21291 0.32081 0.38446

 87 רשת רצפטור 220000 573000 0.04686 0.00237 0.0449 0.18228 0.25869 0.37035 0.46927

 88 רשת רצפטור 219000 573000 0.04473 0.00232 0.02542 0.16538 0.28687 0.42795 0.566

 
 



Table B1. Data for annual PM2.5 estimates modelled under Scenario B - mining at the northeast area of the field, closest to Arad, 
with production at 2 million tons of phosphate and 5.7 million tons of overburden 
 

99% 98% 95% 90% 80% 50% Mean Y X  Location Receptor 

 1 תל ערד 212000 576550 0.00951 0.00045 0.00195 0.00555 0.03966 0.15927 0.23429

0.11667 0.09416 0.06673 0.03431 0.00739 0.00025 0.01032 574500 220600 
צומת כידוד,  ערד,
 3 ס"ביה

 4 מלונות 222200 574350 0.01857 0.00051 0.02269 0.06166 0.10995 0.15913 0.19455

 5 פארק ערד 215250 573950 0.04285 0.00445 0.01602 0.03593 0.23025 0.62899 0.87004

 6 שכונה מתוכננת ערד, 217850 573900 0.0431 0.00125 0.01078 0.09049 0.29836 0.56134 0.6457

0.44278 0.30802 0.108 0.03273 0.01154 0.00322 0.0254 573600 212000 
ערד )כביש  צומת תל

 7 מערב( 13

 8 שכונת גבים ערד, 219200 573300 0.0423 0.00148 0.03831 0.13407 0.25847 0.4223 0.51991

1.01241 0.73977 0.33591 0.05016 0.02247 0.0062 0.05488 573200 214850 
שביל בדואים +  מגורי

 9 חוצה ישראל

0.529 0.4398 0.26266 0.12007 0.04736 0.00328 0.04522 573000 220850 
שכונת נעורים  ערד,
 10 דרום

 11 (13כביש ) צומת ערד 220000 573700 0.01826 0.0006 0.02081 0.0607 0.10553 0.16018 0.18777

 12 כסיפה 209600 572350 0.01597 0.00262 0.01025 0.02485 0.07171 0.18023 0.26289

2.49276 1.63241 0.93431 0.30607 0.06627 0.01485 0.1511 572000 215250 
חוצה ישראל +  שביל

 15 קו מתח גבוה

 16 בדואים מגורי 213145 571411 0.0796 0.0101 0.04726 0.14669 0.48045 0.90308 1.1388

1.03246 0.89656 0.64328 0.45643 0.25933 0.02425 0.14995 571400 217600 
אזור תעשיה  גבול

 17 מתוכנן

0.76193 0.67427 0.51389 0.40908 0.28454 0.07644 0.15253 570950 217450 

קצה ) מנחת ערד
מערבי( גבול תכנית 

 23 מתאר ערד

 25 האל פורע בית ספר 215685 570893 0.91019 0.16381 1.60436 2.79586 4.03585 5.53644 6.16225

 27 בדואים מגורי 215925 570715 1.55593 0.54826 2.70787 4.43579 6.20105 8.10901 9.73492

 29 בדואים מגורי 211318 570653 0.04043 0.00498 0.02414 0.08558 0.24938 0.42388 0.62551

 36 בדואים מגורי 216110 570370 2.72519 1.6006 4.30352 6.55131 8.79329 11.72207 13.89883

 39 בדואים מגורי 212553 570233 0.08327 0.00961 0.05658 0.21747 0.51059 0.88878 1.09302

 59 בדואים מגורי 211443 568795 0.04825 0.00676 0.03716 0.11429 0.28272 0.43972 0.66808



 64 בדואים ורימג 215715 568640 0.2888 0.06971 0.25919 0.82169 1.37762 2.40844 3.1044

 67 בדואים מגורי 211056 567915 0.03463 0.00577 0.03727 0.08538 0.1745 0.31316 0.39565

 74 בדואים מגורי 211897 566978 0.03179 0.00592 0.0385 0.07304 0.15384 0.28831 0.36293

 76 בדואים מגורי 212077 566504 0.02775 0.00542 0.02729 0.05539 0.14192 0.25224 0.33674

 77 בדואים מגורי 214203 566360 0.03767 0.00269 0.01384 0.05643 0.26545 0.44531 0.61616

 78 בדואים מגורי 212961 566326 0.03261 0.00327 0.01726 0.04666 0.14457 0.38289 0.56204

 79 רשת רצפטור 220000 576000 0.02994 0.00208 0.00982 0.05625 0.19937 0.37104 0.52054

 80 רשת רצפטור 220000 575000 0.01773 0.00038 0.00941 0.05971 0.11729 0.18019 0.22187

 81 רשת רצפטור 221000 575000 0.0084 0.00018 0.00576 0.02895 0.05456 0.07875 0.10218

 82 רשת רצפטור 222000 575000 0.0296 0.00103 0.01742 0.0783 0.16716 0.32466 0.42663

 83 רשת רצפטור 219000 574000 0.04505 0.00116 0.02098 0.14022 0.31709 0.48467 0.57784

 84 רשת רצפטור 220000 574000 0.01439 0.00039 0.01125 0.04917 0.09022 0.12475 0.15741

 85 רשת רצפטור 221000 574000 0.02604 0.00068 0.03047 0.09087 0.15136 0.22573 0.28264

 86 רשת רצפטור 221000 573000 0.04397 0.00324 0.04617 0.11906 0.24737 0.42214 0.4984

 87 רשת רצפטור 220000 573000 0.05556 0.00228 0.06573 0.17696 0.3146 0.51858 0.6194

 88 רשת וררצפט 219000 573000 0.07104 0.00293 0.06739 0.19726 0.4045 0.67169 0.86869

 
 



Table B2. Data for annual PM10 estimates modelled under Scenario B - mining at the northeast area of the field, closest to Arad, 
with production at 2 million tons of phosphate and 5.7 million tons of overburden 
 

99% 98% 95% 90% 80% 50% Mean Y X  Location Receptor 

 1 תל ערד 212000 576550 0.04885 0.00452 0.01822 0.04072 0.22898 0.75805 1.0458

0.48604 0.41519 0.3099 0.16772 0.05153 0.00247 0.05071 574500 220600 
צומת כידוד,  ערד,
 3 ס"ביה

 4 מלונות 222200 574350 0.08893 0.00448 0.12373 0.28586 0.50149 0.70999 0.84436

 5 פארק ערד 215250 573950 0.24782 0.04265 0.15976 0.28918 1.01886 2.90975 4.63031

 6 שכונה מתוכננת ערד, 217850 573900 0.20344 0.01093 0.07191 0.46171 1.25359 2.47909 2.86388

2.11706 1.50446 0.67581 0.28664 0.13574 0.03574 0.15715 573600 212000 
ערד )כביש  צומת תל

 7 מערב( 13

 8 שכונת גבים ערד, 219200 573300 0.20451 0.01227 0.22323 0.63824 1.15097 1.89353 2.41942

4.79337 3.3324 1.60225 0.40139 0.21709 0.05861 0.30743 573200 214850 
בדואים + שביל  מגורי

 9 חוצה ישראל

2.3308 1.89952 1.19117 0.59116 0.27674 0.02732 0.21876 573000 220850 
שכונת נעורים  ערד,
 10 דרום

 11 (13כביש ) צומת ערד 220000 573700 0.08695 0.00557 0.11957 0.2735 0.46691 0.71691 0.8417

 12 כסיפה 209600 572350 0.10392 0.02899 0.11428 0.22301 0.41005 0.84029 1.15687

11.38509 8.31526 4.44295 1.40236 0.51806 0.1277 0.76914 572000 215250 
חוצה ישראל + קו  שביל

 15 מתח גבוה

 16 בדואים מגורי 213145 571411 0.45574 0.10107 0.45881 1.04111 2.19519 4.11468 5.06794

4.57469 3.95255 2.8695 1.96155 1.12281 0.16948 0.66959 571400 217600 
תעשיה אזור  גבול

 17 מתוכנן

3.17102 2.86693 2.19043 1.7389 1.25866 0.35594 0.66621 570950 217450 

קצה ) מנחת ערד
מערבי( גבול תכנית 

 23 מתאר ערד

 25 אל פורעה בית ספר 215685 570893 3.94337 0.89667 6.64567 12.06619 17.23683 24.4289 27.28621

 27 בדואים מגורי 215925 570715 6.56495 2.25697 11.06532 18.43697 25.853 34.62985 43.45995

 29 בדואים מגורי 211318 570653 0.23004 0.0582 0.25562 0.55515 1.12169 1.7943 2.55009

 36 בדואים מגורי 216110 570370 11.44846 6.84387 18.40188 26.79924 36.14499 48.66951 57.80581

 39 בדואים מגורי 212553 570233 0.46199 0.11198 0.53793 1.21485 2.11457 3.80421 4.42264

 59 בדואים מגורי 211443 568795 0.26917 0.07877 0.32809 0.66075 1.22712 1.9308 2.72376



 64 בדואים מגורי 215715 568640 2.08051 1.07698 2.46304 4.77444 7.48817 12.66216 15.56688

 67 בדואים מגורי 211056 567915 0.20862 0.06935 0.28589 0.5155 0.86281 1.34017 1.69946

 74 בדואים מגורי 211897 566978 0.20862 0.07841 0.30713 0.4871 0.80823 1.31257 1.57664

 76 בדואים מגורי 212077 566504 0.18899 0.06812 0.26114 0.45702 0.76855 1.19709 1.6031

 77 בדואים מגורי 214203 566360 0.22831 0.02682 0.12456 0.35877 1.53365 2.64057 3.25474

 78 בדואים מגורי 212961 566326 0.19639 0.03166 0.17644 0.4022 0.91327 1.84167 2.69127

 79 רשת רצפטור 220000 576000 0.16136 0.01885 0.08598 0.31001 1.02191 1.69976 2.31672

 80 רשת רצפטור 220000 575000 0.08256 0.00364 0.0595 0.26013 0.51861 0.80185 1.01096

 81 רשת רצפטור 221000 575000 0.04115 0.00188 0.04005 0.13925 0.2495 0.35577 0.45714

 82 רשת רצפטור 222000 575000 0.14594 0.00935 0.12749 0.38755 0.76622 1.47282 1.92148

 83 רשת רצפטור 219000 574000 0.20771 0.00985 0.14252 0.62126 1.36032 2.11632 2.56086

 84 רשת רצפטור 220000 574000 0.07017 0.00357 0.07871 0.23743 0.41249 0.55167 0.6797

 85 רשת רצפטור 221000 574000 0.1207 0.00628 0.15379 0.40901 0.67484 0.99364 1.2011

 86 רשת רצפטור 221000 573000 0.21072 0.0289 0.26681 0.54624 1.12367 1.8994 2.236

 87 רשת רצפטור 220000 573000 0.26444 0.01746 0.34981 0.79569 1.39998 2.32705 2.76761

 88 רשת רצפטור 219000 573000 0.3394 0.02369 0.36651 0.93287 1.73723 3.10921 3.98221
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