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ABSTRACT

An extensive field study whose primary objective was to obtain knowledge
and understanding of the nature and quantity of windblown particles from
uranium mill tailings piles was conducted in the Ambrosia Lake District of New
Mexico.

The following major field tasks were undertaken: determination of
physical, chemical, and radioactivity characteristics of mill tailings
particles; an investigation of the nature and quantity of tailings particles
in soil in the vicinity of tailings piles; and the determination of the nature
and flux of particles being transported by wind as a function of wind speed
and height. Results of the field study are presented. Particle size
distributions and associated radioactivity were measured. Radioactivity
relationships showed uranium daughters in mill tailings to be in essential
radioactive equilibrium for the carbonate leach process but thorium-230 tends
to be leached into the slurry water for the acid process mill tailings. One
objective of the study was to relate windblown particle concentrations,
fluxes, and particle sizes to wind speed. Hundreds of samples were taken and
analyses were performed, but relationships between wind speed, airborne
particle sizes and concentrations were found to be vague and inconclusive. A
resuspension, deposition, and transport model was developed and applied using
site meteorology. Ground deposition patterns predicted were similar to those

found.



SUMMARY

A research study was carried out whose primary objective was to obtain
knowledge and understanding of the nature and behavior of uranium mill tailings
particles when acted upon by wind stresses. The investigation consisted of
field and modeling studies designed to develop data and relationships between
particle suspension, wind speed and other important variables. The field study
was conducted at three uranium mills in the Ambrosia Lake District of New
Mexico, but with much of the study centered on an alkaline carbonate leach
plant., Two other tailings piles investigated were at plants employing the acid
leach processes. Four major tasks comprised the study. Following are brief
descriptions with some of the highlight findings:

o Tailings particle characterization. Surface and core samples to 40 cm
deep were taken from selected areas of the tailings piles, and the activity
densities of uranium-235, uranium-238, lead-210, radium-226 and thorium-230
were determined as a function of depth. Considerable variation with depth was
noted. For the alkaline leach plant generally, daughter radionuclides of
uranium were in radioactive equilibrium, Acid leach tailings showed some
depletion of 230Th due to solubility in the acidic slurry which was confirmed
by considerably higher levels in water samples. Particle size distributions
and associated radioactivity distributions showed much higher activity dencity
in the 7- to 20-um fraction than for larger particles, but all size fractions
had significant associated radioactivity. Relationships are presented in a
series of graphs. A complete spectrum of elements taken through x-ray fluo-
rescence showed uranium, selenium, and molybdenum prominently present above

ambient levels.

e Tailings particles in the vicinity of the plant. Soil samples out to
about 8 km taken from the surface and in some samples taken from depths showed
the presence of tailings particles. Isopleths showed a general pattern similar
to the pattern for prevailing winds. Activity density of 22Ra and 2 0pp
ranged from a few hundred dpm per g near the pile to background levels of a few
dpm per g at distances several km from the pile. Estimates of radon release
from deposited soil showed this deposited material to contribute radon to the
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air roughly 20% that of the tailings pile itself. Association of radionuclides
with particle size fractions was determined through particie size separations.
Radioactivity with depth in the soil at various distances showed that mixing in
the upper several cm had occurred such that roughly exponential decrease of
radioactivity with depth occurs. At distances of a few miles, surface and
subsurface concentrations reached ambient levels. In flood plain areas north
of the tailings pile, solid particle size distributions showed much smaller
sizes due to water classification.

e Characterization of airborne particles and measurement of fluxes. Many
field experiments were carried out at the alkaline leach plant to characterize
particles blowing from the tailings pile as a function of wind speed and
height. The sampling array permitted samples to be taken on the pile and at
various downwind points when wind was blowing within a given sector and at
selected wind speeds. The expected general trend of very low upwind concentra-
tions, increasing concentrations across the pile, and subsequent return to
background Tevels at distances of a few km was found. Concentration changes
as a function of wind speed and height up to 15 m showed no consistent pat-
tern, demonstrating the very complex nature of the suspension process. The
distribution of radionuclides on airborne particles was determined and showed
the activity density of the smaller size fraction to be greater than for
larger particles. Fluxes of particles as a function of wind speed could only
be roughly bracketed because of wind variations among samples taken from
crosswind points in the vicinity of the tailings pile and further downwind.
Apparent anomalous concentrations with height from the ground could not be
reconciled with present knowledge of wind character near the ground. Downwind
concentrations were referenced to guidance levels in 10 CFR 20 with the
conclusion that 23oTh likely represents the radionuclide of most interest,
Elemental composition of airborne particles was reasonably consistent with
that reported for the tLailings material and showed selenium to be present in
considerably greater abundance than in local virgin soil. The great complexity
of the system studied emphasized the considerable uncertainties in applying
simplistic models to suspension, deposition, and transport. Attention is
called to the unrealism in considering only particle mass flux measurements for
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modeling when both mass flux and associated radionuclide activity densities
vary as a function of wind speed and height.

e Model development. A transport and deposition mode! was developed and
applied to the alkaline leach tailings pile. Actual site meteorology was
organized into joint frequency distributions of wind speed, direction, and
stability for a 17-mo period. The model utilizes deposition velocities of
each particle size and thus calculates net vertical fluxes to the ground as
well as air concentrations at ground level. Relationships are presented in a
series of curves showing relative air concentrations as a function of wind
speed ana distance. The model was applied using an actual size distribution
of composited airborne particle samples from the alkaline leach tailings pile.
A unit source term was input. Resulting vertical fluxes to the ground at
various distances from the source were in reasonable agreement with relative
surface concentrations measured. The model has not yet been exercised using
exper imentally derived source and wind-speed data. Additional work is recom-
mended to exercise this and other models with the data available and to
determine the sensitivities to the source term description of the resulting
downwind airborne concentrations and deposition.
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INTRODUCTION

Windblown solid wastes from a uranium mill tailings pile will result in
airborne concentrations of particles containing uranium and daughter products,
toxic elements in the original ore, and small amounts of residual chemicals
used in the .rocess. These particles do not remain airborne indefinitely but
are deposited at various distances from the tailings pile. The airborne
concentrations and deposition fluxes will be functions of wind speed, direc-
tion, distance, particle size, and nature of the surface. The characteristics
of the tailings pile particles and their subsequent suspension, transport, and
deposition determine the environmental significance whose evaluation is impor-
tant in determining whether additional control measures should be instituted.
Although radon gas emission from tailings has been given considerable attention
in environmental assessment, windblown particles have received a rather small
investigative effort. One reason for this situation is that usual measures to
suppress radon emission will greatly reduce windblown particles; hence, once
it is determined that radon release must be mitigated, airborne particles will
also be reduced in significance or completely eliminated from consideration as
an airborne source.

Active tailings piles provide a field laboratory and an opportunity for
examining the influence of important variables on wind suspension, transport,
and deposition of particles. The Nuclear Regulatory Commission's Office of
Nuclear Regulatory Research recognized the need to determine how well modeling
concepts could be used to predict airborne concentrations and surface deposi-
tion. Thus, this study was sponsored tc develop an understanding of the prob-
lem and to determine the nature and quantity of airborne particles from an
active tailings piie. Although the emphasis of the study was to be placed on
investigating the influencing factors, the field measurements were expected to
yield information at specific sites that could be useful in determining the
radiological significance of operating a uranium mill over many years.

The study described here was initiated by Pacific Northwest Laboratory
(PNL) for the Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory
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Research in late 1976 at an alkaline leach process mill near Grants, New
Mexico. The field sampling program was in place in late summer of 1977, and a
large number of samples was taken and analyzed in 1978. This earlier work was
reported in an interim report, A Field and Modeling Study of Windblown
Particles from a Uranium Mill Tailings Pile, NUREG/CR-0629, PNL-2890
(Schwendiman et al. 1979). Much valuable data related to the flux of wind-
blown particles and their deposition to surfaces around the tailings pile were
reported in the interim report.

Since the publication of that report, the complexity of the system has
become better known and the limitations of the early sampling arrays have been
observed. Maintaining reliability of the sampling control system during heavy
particle fluxes and severe weather continued to be a challenge.

This report presents the results of continuing experiments in 1979 and
examines the application of a resuspension, transport, and deposition model to
some of the results.



UBJECTIVES

A prime objective of this study was to achieve an understanding of the
variables influencing airborne suspension of tailings particles from an active
uranium mill tailings pile. Complete achievement of this objective would be a
descriptive model that would permit reasonable estimates of downwind concen-
trations of airborne particles and ground contamination at various distances
and azimuths from the tailings pile as a function of time, and that takes into
account site meteorology and climatology. Supplemental objectives needed to
fulfill the principal objectives were the following:

e Determine the chemical, radiochemical, and physical characteristics
of the surface material! on the tailings pile.

e Determine the nature and extent of tailings particles which have been
deposited on soil in the vicinity of the mill during its operating
life. This information would be used to estimate secondary sources
of particle resuspension and radon emission. Model prediction could
be compared with field measurement.

e Collect field data relating suspension flux of particles with wind
speed and other variables.

e Investigate and apply transport and deposition models that take into
account important variables and predict airborne concentration and
ground deposition as a function of particle size.

e Make observations of concentrations of radionuclides in the environ-
ment and reference these concentrations to background levels or
regulatory requirements. (The environmental monitoring aspects of
the study, however, were of lesser importance than the other
objectives.)

Although much of the experimental field work was focused on a large alka-
line carbonate process tailings pile, the initial scope of the work was to
include acid leach tailings piles. Some samples of acid leach process parti-
cles were collected; measurements were made and are reported in this document.
However, insufficient data were collected to permit a good description of



airborne particles from acid leach mills. This study has been truncated before
reaching several of the objectives, particularly in relationship to acid leach
mill tailings piles.

To avoid repetition, much of the data reported in the 1979 report will not
be repeated here. The reader is encouraged to refer to the earlier report for
tables, figures, diagrams, and other data developed during 1977 and 1978,

Although intended to be a field study to demonstrate the practical feasi-
bility of relating concentrations of airborne particles to a particular active
tailings pile configuration and makeup, it was believed that the relationships
might prove valuable generically. However, the early data obtained on airborne
particles at the downwind boundary of the tailings pile and on the tailings
pile proper proved to be almost intractable insofar as providing consistent
relationships between composition and concentrations of airborne particles and
the dominating variable, believed to be wind speed. The system under study is
extremely complex, and the inability to adequately define the atmospheric
processes and interactions at the surface has contributed materially to the
lack of definition of relationships in the study.

A different approach was taken for the current phase of the study of air-
borne constituents from the tailings pile, and as described in the following
section, the intention was to avoid some of the problems attending on-pile and
close-in sampling.



EXPERIMENTAL STUDY APPROACH

SITE SELECTION AND DESCRIPTION

The Ambrosia Lake District in New Mexico was visited in the fall of 1976,
and three tailings piles were investigated. Mill A was using the carbonate
(alkaline) leach process, whereas mills B and C were using the acid leach
process.

Since an extensive air sampling network was required, available electrical
power was needed within a reasonable distance to operate a widespread array of
air samplers. The principal site for the study, Site A, was selected not only
on the basis of available power but also on the choice of a relatively unob-
structed, flat terrain in all directions from the tailings pile. Although
ideal conditions were not met by any of the three mill tailings piles, Site A
was judged to have the most advantages for the objectives of the study.

An aerial photograph of the tailings pile at Site A is shown in Figure 1.
The tailings pile at the time of our field studies was about 600 m wide and
1400 m long. The tailings pile is divided into two approximately equal halves
by a north-south tailings dike. The tailings pile is formed by the delivery
of water and the spent, finely ground ore to a point on the perimeter of the
tailings dike. The slurry of sand and water is then discharged through a
truck-mounted centrifugal (cyclone) separator which effects a partial separa-
tion of the water containing the finer material and the coarser particles.
The slurry containing the finer particles is directed toward the center of the
tailings pile. The cyclone separation vehicle is moved around the perimeter
of the dike at a rate to keep the dike level with ample height above the water.
The wetted surface area varies considerably, but during most of the 1978 to
1979 sampling period, much of the east half of the tailings pile was dry. In
the 1979 period about 85% of the west area was dry (Silker and Heasler 1979).

A typical rorth-south section through the west tailings pile is shown
roughly to scale in Figure 2. The crest of the dike is about 25 m above the
level terrain. Water evaporates or seeps through the bottom of the tailings
pile, some of which is collected in ditches at the toe of the perimeter dike.



N-S CROSS SECTION THROUGH PLANT A
MILL TAILINGS PILE ,
100 m

FIGURE 2. North-South Cross Section Through Tailings Pile, Site A



The profile shown in Figure 2, taken generaliy parallel to the prevailing
wind, provides a long, relatively flat surface for suspension of particles.
The profile of the dike also provides surfaces that produce flow patterns
causing heavy erosion on the upwind site. In our 1978 study we attempted to
evaluate the flux of particles from these bluff surfaces but were only
partially successful.

The terrain to the nor‘h (downwind side) of the tailings pile is virtually
flat for ~4 km. The flat terrain transforms into rolling hills and then into
much more pronounced topography.

The climnatology and meteorology of the site are described ir detail in the
section of the report dealing with atmospheric modeling.

GENERAL STUDY APPROACH

The field investigation was composed of four separate studies or tasks:

e Task A. Characterization of the physical and radiochemical proper-
ties of tailings sand.

e Task B, Determiration of the windblown particles from the tailings
pile that have been deposited on the soil in the vicinity of the
site,

e Task C. Implementation of a study to determine the nature and quan-
tity of windblown particles through an air sampling program designed
to evaluate particle flux as a function of wind speed.

e Task D. Investigation and application of atmospheric dispersion and
deposition models to the field experimental data.

Each task and its experimental methods, results, and conclusions will be
discussed separately.



TASK A. CHARACTERIZATION OF TAILINGS

Principal Investigator: C. W. Thomas

The principal objective of this task was to determine the physical, chemi-
cal, and radiochemical nature of the tailings particles. General observations
concerning the nature of the tailings at the carbonate leach plant, the experi-
mental mevhods employed, and the resuits of these characterization studies are
reported in the following sections.

GENERAL OBSERVATIONS

The development of the Site A tailings pile was described earlier. During
the milling process the ore is crushed and then rod-milled to reduce the parti-
cle sizes to 5% +48 mesh, 38% -200 mesh.(a) After chemical separation of
“95% of the uranium, this finely ground depleted ore is slurried with a large
volume o process water to the tailings pile and is discharged to the dike
around the tailings pond. The active side of the tailings pile (about one
half) stays relatively wet, although the dike and portions of the "beach" area
can dry out on one side during the time the tailings slurry is being
discharged to the opposite side. The inactive half of the tailings pile dries
out to a much greater degree although the central portion remains wet. The
slurried water passing through the cyclone separator carries many of the finer
particles with it, and these are flushed out onto the "beach" area where they
settle as the water seeps into the sand or flows to the center pool.

This continual building of the tailings pile, with the depleted ore sand
experiencing various degrees of classification and wetting-drying cycles,
results in highly variable surface conditions. Upon drying, residual chemi-
cals in the process slurry water tend to cement the surface layer into a crust
in places. Characterization of the deposited tailings sand in terms of the
ease with which the particles may resuspend presented a difficulty which could

not be completely resolved.

(a) 48 mesh = 297 um, 200 mesh = 74 um (1 um = 10'4 cm).



The degree of solubility of uranium and daughter radionuclides also deter-
mines which nuclides remain with the sand grains and which move preferentially
with the water. The geochemistry involved in the precipitation of uranium and
daughter products on the surface of the sand grains results in higher radioac-
tivity per unit weight of the very fine or "slime" fraction of the tailings
particles. Properly characterizing the tailings material will require recogni-
tion of these many factors that affect the physical and chemical composition
of the tailings material.

Other sites visited were acid leach plants with tailings impoundments gen-
erally consisting of an earth dam across a small valley. The tailings were
slurried out to the tailings impoundment where a large fraction was maintained
wet or underwater.

EXPERIMENTAL: MILL TAILINGS CHARACTERIZATION

The characterization of mill tailings was accomplished by: 1) sampling
the tailings pile in a manner believed to insure representative samples;
2) determining particle size distributions; and 3) measuring radioactive and
nonradioactive elemental constituents in the various particle fractions that
dissolved in water by a "heap-leaching" process in the tailings pile.

Sampling locations for the two halves of the tailings pile at Site A are
shown in Figure 3. Cores 5 cm and 40 cm in depth were collected as shown in
the diagram. Analysis of sections of these cores indicated the degree to which
various uranium daughters remained in solution o~ were held on particles.

The radionuclides of principal concern in the tailings material included
234U, 238U, 230Th. 226Ra. and 21°Pb. There was also interest in the
trace element concentrations in the tailings material. Some samples were
analyzed for potentially toxic materials, and results were compared with
ambient soils in the area. A1l the measurements were made by nondestructive
analyses; the techniques employed for these analyses are described in
Appendix A,

In addition to the sampling and analysis at tailings pile A, some initial
measurements of the material from tailings piles B and C were made. These
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FIGURE 3. Sampling Locations on Tailings Pile A

acid leach tailings were expected to show differences in the uranium daughter
ratios which reflected the chemical extraction process differences.

Samples of tailings sand were separated into particle size fractions and
the various radionuclides present per unit weight in each particle size were
determined.

To provide a sample for such an analysis, 1/2-cm-deep samples from several
positions across the tailings pile A were collected. A portion of this col-
lected material was dried in the laboratory under a heat lamp and subsequent ly
pulverized and analyzed using an air elutriation procedure.

The results of initial measurements indicated that smaller particles were
associated with larger particles, and the particle size distribution was not
likely to be the same as the tailings mat:rials themselves. Therefore, a
particle size separation based on wet sieving and sedimentation rates was
conducted. A slurry of the tailings material was wet-sieved through sieve
sizes down to 44 um. Smaller size fractions were separated using a sedimen-
tation column, and the Stokes Law equations were applied to obtain size
fractions down through less than 1.4 um,

11



RESULTS AND DISCUSSION--MILL TAILINGS PARTICLES CHARACTERIZATION
Aikaline Leach Tailings Pile (Pile A)

The percent of material in each size fraction along with its radionuclide
composition and the amounts of the radionuclides that were dissolved in the
water are shown in Table 1.

To investigate further the distribution of radioactivity as a function of
particle size, a second set of measurements was made in which the slurry mate-
rial that comes to the tailings pile from the mill was collected and fraction-
ated according to particle size as described above. These results are shown in
Table 2.

Particle size distributions frem these two samplings are shown in Figure 4
plotted as log-probability versus particle diameter. Size distributions fre-
quently follow a normal distribution of the logarithm of diameters and thus
show as a straight line on a log-probability plot. The two ways of obtaining

TABLE 1. Particle Size Versus Radionuclide Composition of
Tailings from Top 0.5 cm of Tailings Pile A

dpm/g and (%) activity

Srem i D0 Dy (g Wp () Wb (y
>250 60.3 319 217 38.0 16.9 198 14.4 299  19.9
125-250 7.5 385 3.3 40.4 2.2 269 2.4 370 3.1
53-125 4.2 476 2.2 5.0 1.7 420 2.1 475 2.2
44-53 3.8 429 1.8 50.4 1.4 497 2.3 551 2.3
20-44 7.8 1527 13.56 230 13.2 1825 17.2 1785  15.4
7-20 7.2 2415  19.6 379 20.1 2616 22.8 2222  11.7
1.4-7 9.1 3663  37.6 653 43.8 3514 38.6 3876  39.0
<1.4 0.1 2703 0.3 75 0.6 1208 0.1 2991 0.3
2.6(a) 15.9(2) 1.6(2) 10.0(2}

(a) RadTonucTide radioactivity in the water used for sieving and sedimentation
as a % of radicactivity associated with particles

12



TABLE 2. PA(ticle Size Versus Radionuclide Composition of
Tailings in Input Slurry to Tailings Pile A

dpm/g and (%) activity

Particle Weight

Size um 3 Wy (1) 28y (q) By (5 26, ()

5250 39.6 229 6.2 94 11.3 148 11.0 166  20.8
125-250  26.0 22 1.7 M5 9.1 187 9.1 184 15.1
53-125 7.1 316 4.0 160 3.5 289 3.8 217 4.9
44-53 1.6 345 1.0 224 1.1 35 1.0 214 1.1
20-44 4.0 707 5.1 53 6.5 1053 7.9 364 4.6
7-20 14.5 1900  49.2 1362 59.9 2115 57.6 775  35.5
1.4-7 1.6 3119 8.9 1342 6.5 2448 7.4 2128  10.7
a.4 0.9 2402 3.9 774 2.1 1269 2.1 2585 7.3

0.8(8)  355(b) 228(P) 165 (%) g26(0)

3.6(¢) 397(d) 32(d) 693(¢)

(a) Residue from evaporation of slurry.

(b) Soluble radionuclide radioactivity in tailings slurry water.

(c) Soluble salts in water used for sieving and sedimentation.

(d) Soluble radionuclide radioactivity in the water used for sieving and
sedimentation

samples gave a median size of greater than 200 um. (We did not separate
through sieving fractions greater than 250 um and thus were not able to deter-
mine accurately the median diameter.) The two size distributions are similar
but not identical. Radionuclide activity as a function of particle size is
shown in Figure 5.

The sampie from the tailings pile surface showed a larger fraction less
than 10 um than did the slurry sample taken from the discharge pipe. A consid-
erably smaller fraction in the less than 1.4-um range was found in the tailings
surface sample than in the slurry sample. The surface tailings sample is more
representative of the particles available for resuspension; however, the wet
sieving and sedimentation methods would tend to emphasize the fraction in the
small size range compared to the dry in situ particles.

13
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The data in Tables 1 and 2 show that a relatively large fraction of the
radioactivity is associated with particles smaller than 7 um in diameter. It
is also apparent that activity density (dpm/g) of the smaller particles is
about an order of magnitude greater than that of the large particles. The
data also show that a significant amount of material is dissolved and on
drying out could form an easily suspendable fine salt.

The distribution of radicactivity with respect to particle size is par-
ticularly important in drawing conclusions regarding the radiological signifi-
cance of windblown particles. Particles smaller than about 10-um aerodynamic
equivalent diameter (AED)(a) are considered respirable; that is, a significant
fraction of this size will deposit in sensitive regions of the lung or air pas-
sageways. A relatively small fraction of particles as large as 10-um AED will
be deposited in the pulmonary region of the lung since particles of this size
and larger are preferentially retained in the naso-pharyngeal region
(Mercer 1977).

The data in Tables 1 and 2 were converted to AED, and the fraction of
radioactivity associated with a given AED and smaller was calculated. These
data are shown in Table 3 for tailings sampled from two sources and sized using
wet sieving and sedimentation.

Although there appears from Table 3 to be some systematic differences
between the percent of radionuclide activity associated with AED fraction 11 um
and smaller taken from the pile itself and taken from the slurried tailings,
differences appear to be of little significance for the two samples when par-
ticles larger than about 31-um AED are examined. Although the cumulative
activity on particles 31 um (AED) and larger is not greatly different from one
radionuclide to the other nor for the two sample sources, considerable differ-
ences are observed for the two smallest size fractions, <2.2 and 11 um. The

(a) Aerodynamic Equivalent Diameter (AED) is the diameter of a unit density
particle having the same terminal settling velocity as the particle under
consideration. Since the settling velocity is proportional to the density
and to the diameter squared, the AED is obtained by multiplying the diame-
ter of the particle considered by vo,, where Pp is the density of the
particle whose AED is to be determined. The density assumed for tailings
sand was 2.4 g/cm3,

16
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TABLE 3. Aerodynamic Equivalent Particle Diameters and Associated
Cumulative Radioactive Constituents

Particles from Surface of Pile A and fvom Slurry to Pile A

% of wt. % of Radionuclide Activity Associated with Particles of Stated AED and Smaller
Particle represented by
AED ym _  size and smaller 210 pb 2%y 230Th 76Ra
0.5 cm®Slurry 0.5 cm  Slurry 0.5 cm Slurry 0.5 cm  Slurry 0.5 cm  Slurry
<2.2 0.1 0.9 0.3 3.9 0.6 2.1 0.1 2.1 0.3 7.3
11 9.2 2.5 37.9 12.8 44.4 8.6 38.7 9.5 39.3 18.0
31 16.4 7.0 57.5 62.0 64.5 68.5 61.5 67.1 57.0 £3.5
68 24.2 21.0 71.0 67.1 77.7 75 78.7 75 72.4 58.1
82 28 22.6 72.8 63.1 79.1 76.1 81.0 76 74.8 59.2
194 32.2 29.7 75.0 121 80.5 79.6 83.2 79.9 76.9 64.1
387 39.7 55.7 78.3 83.8 83.1 88.7 £5.5 88.9 80.0 79.2

(a) Samoles were from surface down to 0.5 cm.



differences between sample sources are more significant than differences
between fractional activity for different radionuclides.

Some difference between the slurry sample and the tailings surface sample
is expected since the surface sample has doubtless been affected by the cyclone
classification, interaction with atmospheric processes, and the degree to which
all particles were truly dispersed in the sedimentation column,

Regarding the 1l-um and smaller particles as of greater interest from a
radiological perspective, we make the following observations:

e For the tailings surface material, 40 + 2.5% (o) of the activity of
the four radionuclides is associated with <11-um (AED) particles.
This radioactivity is associated with 9.2% of the total mass.

e For the sample taken from the discharge pipe slurry, 12.3 + 3.7% (o)
of the activity of the four radionuclides is associated with <11 um

(AED) particles. This radioactivity is associated with 2.5% of the
total mass.

The tailings sample as a composite taken from the top 0.5 cm represents
more nearly the material "available" for wind suspension. Both samples, how-
ever, were water-dispersed, which would alter their suspension characteristics
compared to the dry material on the tailings pile.

An indication of some possible differences in particle size available for
wind suspension is shown in some earlier size distribution data included here
as Table 4. The sample from the top 0.5 cm was dried under a heat lamp, then
pulverized with enough mechanical working to break down obvious aggregates and
separate particles from each other. The size distribution of the resulting
particles was determined with a Bahco separator, which employs air elutriation
and centrifugal forces to effect the classification. Particles smaller than
100 um represented less than 3% of the mass. We acknowledge, however, the
drying and mechanical pulverizing process was arbitrary and may not have

produced a particle size spectrum the same as that available for suspension on
the tailings pile.

The slurry sample and the sample taken from the top 0.5 cm of the tailings
(and subsequently slurried with water for the particle size distribution

18



TABLE 4. Particle Size Distribution and 210P? Activity Density
of Surface Tailings Pile Material(@

Size Fractions, Weight, Weight, 210
um gm % Pb dpm/g
>100 17,100 97.09 719
10 - 10C 500 2.84 860
3-10 8 0.04 1,559
1- 3 2 0.01 2,148
<1 2 0.01 1,556

(a) Tailings material from the top 0.5 cm was dried, pulverized,
then separated by air elutriation using a Bahco particle
separator. Since the pulverization process was arbitrary, the
particle size may not be the same as in situ particles on the
tailings pile subject to wind suspension.

measurement), better represent the true size distribution of the particles;
however, the in situ particle size distribution would be more realistic as an
index to resuspendability if the in situ particle size could be determined.
Although the governing relationships between particle-surface characteristics
and resuspension rate are ill-defined with the present state-of-the-art, the
particle size characteristics of the surface material can be used in deter-
mining limiting concentrations when models are applied to describe the wind-

blown soil,

The foregoing data represent characteristics of mill tailings particles
from contemporary mill operations. The variation of radioactive constituents
with depth representing earlier operating periods was determined for two loca-
tions on tailings pile A from the 40-cm core samples. The resulting data are
shown in Table 5.

These data show that the ratios of uranium daughters are relatively close
to unity but that their absolute concentrations as a function of depth vary
considerably. These data indicate that there is a considerable degree of
stratification of the tailings pile that apparently results as different frac-
tions of the fine slurry material are deposited from the tailings pond water.
Another possible explanation would be that some of the stratification may result

19



TABLE 5. Variat?on of Radionuclide Concentration with Increased
Depth in Core Samples from Tailings Pile A

Concentration, dpm/gq

Sample No. (2) Depth cm 210p;, -y ffflg nggg
A-1 4 493 78.3 294 435
2 8 568 38.8 363 512

3 12 466 39.8 344 494

4 16 571 52.2 581 649

5 20 491 57.4 540 602

6 24 449 47.6 452 508

7 28 462 37.0 352 461

8 32 512 50.9 373 473

9 36 902 28.8 746 941
10 40 623 59.1 597 677
Average 554 49.0 464 575
B-1 4 1149 103.0 1204 1387
2 8 987 53.0 1167 1215

3 12 686 37.0 637 745

4 16 3305 129.0 3182 4044

5 20 604 60.4 552 646

6 24 506 28.0 349 449

7 28 446 34.0 324 451

8 32 581 38.0 449 576

9 36 440 30.0 318 578
10 40 428 27.0 333 493
Average 913 53.9 851 1063

(2) Core A from north edge of evaporation pond shoreline in west half of
tailings pile.

Core B from 100 m southeast of evaporation pond in eastern half of
evaporation pond.
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from changes in ore grade or mill processing variables from time to time. A
much more intensive sampling and analysis study would have to be carried out to
determine the cause(s) cf this stratification. Recause the windblown parti-
cles arise from the surface most recently deposited and dried, the variation
with depth would also represent to a large degree the variability expected in
the flux of particles during blowing.

The stable isotope compositions in tailings material from a selected core
sample from mill A was determined by x-ray fluorescence analysis. These
results are shown in Table 6.

It was possible in the characterization of tailings material to establish
whether there were concentrations of trace elements in tailings material sig-
nificantly above those in ambient soil. To explore this possibility, samples
of ambient soil were collected at a distance of 8 km from the tailings pile
and at a depth of 30 cm to ensure that no windblown tailings were present. The
x-ray fluorescence spectra of this sample and of samples taken directly from
the tailings pile are shown in Figures 6 and 7, respectively. From an examina-
tion of these spectra, it is evident that the elements in the tailings at sub-
stantially higher concentrations than in ambient soil were selenium, uranium,
and molybdenum. The selenium concentrations were actually about 100 times
those in ambient soil. The concentrations of selenium and uranium are compared
in a core sample from the tailings pile in Table 7. The ratio of selenium to
uranium varies by a factor of about 2.6 through the length of this 40-cm core.
One could, therefore, possibly use environmental measurements of selenium as an
indicaticn of the presence of tailings material.

Acid Leach Tailings Piles (Piles B and C)

Table 8 shows the radionuclide concentrations in material from tailings
pile B. In this case, materials from the tailings pile that were obviously
fine, obviously coarse, or about average were collected. It is evident that
there 1s a very much higher concentration of uranium daughters in the fine
material and that this concentration is an order of magnitude higher than that
of the coarse material for most of the radionuclides. In addition, the 230Th
is present in lower concentrations than 226Ra or 21°Pb in both the fine and

coarse material from this acid leach mill.
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TABLE 6.
K Ca
<217 2790
<225 3396
260 1649
244 1470
<227 985
266 896
225 3177
358 3183
<231 3524
<230 2892
Se Pb
197 70
195 47
207 53
234 LE)
224 34
185 37
141 59
84 30
67 26

93

12

Elements in Mill A Tailings (ppm) (X-ray Fluorescence Analysis)

Ti

355
172
302
441
300
328
282
292
142
122

As

37
39
18
31
34
25
37
21
17
15
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Cr

<63
<60

61
<66
<64
<64

91
<62
<59
<62

Rb

64
60
74
81
79
81
61
64
7
67

Th

<9.0
<9.0
<9.2
<9.4
<9.3
<9.1
<9.2
<8.7
<8.5
<8.5

)

148
213
174
112
95
85
126
88
61
72

Mn

239
21
191
318
259
245
219
184
160
170

Sr

246
244
243
340
284
231
289
196
166
160

Fe

24700
17770
21400
30570
29320
28310
25600
11440

6336

5899

32
30
3]
34
30
29
32
17
13
11

<144

111
<107
<126
<134
128
<118
< 81
< 63
< 60

r

114

91
115
116
116
106

97
156
177
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TABLE 7. Uranium and Selenium Concentration in a Core
from East Area of Tailings Pile A (Measured
by X-ray Fluorescence Analysis)

Depth, cm Se (ppm U {ppm) Se/U
B 197 141.0 1.4
8 195 228.0 0.9

12 207 190.0
16 234 112.0 2.0
20 224 107.0 &)
24 185 108.0 1.7
28 141 127.0 1.1
32 84 107.0 0.9
36 67 69.21 1.0
40 93 86.4 1.1

TABLE 8. Radionuclide Concentration in Tailings Pile B (dpm/g)

Type of Tailings  2%%ra 2307, 2105, 23§,
Fines 5500 2400 6300 900
Coarse Material 600 400 700 90
From Pond Edge 700 500 800 0

Using the same methods employed as outlined earlier, we obtained a sample
of tailings from the slurry being discharged to the acid leach plant tailings
pile (C) and determined sizes of particles present and the associated radio-
activity in the size fractions. The data relative to particle size fractions
and associated activity are shown in Table 9 and the particle size data are
plotted in Figure 8. The relationship between particle size and associated
radionuclide radioactivity is shown in Figure 9.

There are several differences between the acid leach and alkaline leach
extraction processes. In the crushing and grinding process where acid leaching
is employed, coarser particles are effectively leached, but where carbonate
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TABLE 9. Particle Size Versus Radionuclide Composition
of Tailings from Input Slurry to Tailings Pile B

dpm/g and (%) activity

Particle Weight
Size %

>250 48.4 416 23.9 35 28.2 205 23.3 306 18.3
125-250 22.4 600 16.0 41 15.3 290 15.3 676 15.9
53-125 8.7 1010 10.4 60 8.8 472 9.7 1100 10.0
44-53 2.8 3176 10.6 186 8.8 1445 9.5 4015 11.8
20-44 9.2 1124 14:3 66 10.3 511 11.1 1424 13.8
7-20 7.3 2860 24.8 156 19.1 1335 22.9 3890 29.8
1.4-7 0.9 1919 2.1 426 6.4 3555 7.5 303 0.3
<1.4 0.3 195 0.1 614 3.0 908 0.6 201 0.1

leaching is employed, the ore is ground to a finer particle size.(a) There

is a significant difference in the solubility of the inert material and uranium
chain daughters in the ore with the alkaline carbonate versus the acid sulfate
process. There are also procedural differences between particular mills in
discharging spent chemicals used in the ore extraction process. At the alka-
Tine lTeach mill A, all waste including chemicals used are ultimately discarded
with the tailings material while at the acid leach mill C a large amount of

H20 and chemicals are diverted to evaporation ponds instead of the tailings
pile. Because of these differences, the tailings pile characteristics vary and
the resuspension of particles by wind could be quite different.

In regard to the acid and alkaline leach tailings slurry, several compari-
sons can be made. Apparently there is not a large difference in the physical
size spectrum for particles 250 um and smaller (as shown in Tables 2 and 4)
even though ore for the alkaline leach process normally is ground to a smaller
particle size. It may be that the nominal size of grains and attached uranium-
bearing deposits were such that the acid leach process reduced the sizes of

(a) Plant A (alkaline carbonate leach) grind of ore is 5% +48 mesh (297 um)
and 38% -200 mesh (72 um). Plant B (acid leach) is 30% +48 mesh (297 um)
and 16% -200 mesh {74 um). (Silker and Heasler 1979)
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of Different Sizes
particles tc those found. Since particles of >250 um are separated as a group,
we did not determine the largest particle sizes present. At the acid leach
mill vanadium, titanium, and molybdenum are also recovered from the process,
thus changing the composition of the tailings.

There were significant differences in the radiochemical composition of
tailings material from the alkaline and acid leach tailings piles. In the
alkaline leach tailings material, the ratios of the uranium daughter radio-
nuclides are approximately unity, which suggests a near-equilibrium quantity

28



of each. In the case of the acid leach tailings, the ratio of 230Th to either
226Ra or 210Pb is significantly less than unity. Because of the high solu-
bility of 230Th in the sulfuric acid leach solution and the fact that radium
suifate is very insoluble, there is a considerable disequilibrium of 23oTh
relative to 226Ra and Zlon in most areas of the tailings materials.

Some samples were taken from the tailings pile in the vicinity of the acid
leach plant, plant C. The data are shown in Table 10. The data again show the
disequilibrium between 230Th, 226Ra, and Zlon. particularly in the water sam-
ples taken on and near the tailings pile. The tailings material associated
with soil at ~2 km from the tailings pile contained uranium daughter concen-
trations that were as much as 10% of those in some areas of the tailings
pile. This is discussed further in the next section.

TABLE 10. Radionuclides in Solid and Liquid Samples Taken on
and Around Tailings Pile at Plant C (Acid Leach)

dpm/
226,  230q, Har0, 7,

Sample Type

Mill Tailings Area 1 350 300 550 70
Main Tailings Area 2 350 3300 500 175
Main Tailings Area 3 300 450 400 50
Water on Tailings 1 1100 120 75
Water Evaporation Pond 1 1050 60 15
Ore 1100 1000 1300 1100
1 Mile East of Tailings 35 50 45



SUMMARY AND CONCLUSIONS--MILL TAILINGS CHARACTERIZATION

The extensive sampling and analysis of tailings particies from an alkaline
carbonate leach tailings pile and samples taken from acid leach tailings piles
lead to the following conclusions:

e The alkaline carbonate leach, tailings pile, water-dispersed particu-
lates from the first 0.5 om of the tailings pile are characterized by
about 40% of the 2:0pp, 238y 230q,  ang 226p, being associated with
particies ~7 um (~1l um AED) and smaller in diameter. The mass of
particles in this size range was about 9%. Particles coliected
directly from the slurry discharge point to the tailings, then size-
fractionated in the ligquid, were shown to have about 12% of the
active material associated with the <7 um range, but these particles
accounted for only about 2.5% of the mass.

o Concentrations of 229Ra, 230th. and 210p were of the order of
400 to 900 dpm/g (r2-8 x 10™% LCi/g) for the bulk surface alkaline
leach tailings particles. Approximately equal concentrations of
these cdaughter products of uranium showed them to be in secular
equilibrium. Uranium-238 was “10% or less of the daughter products
present. C(ore samples showed random variation in activity per gram
with depth but practically all results were within a factor of two
of the average. One anomalously active 4-cm-thick zone was found in
one sampie.

o Syrface samples of alkaline leaching tailings, selected to represent
the very fine material, were found to be about 10 times more radio-
active per gram than the coarse material sampled.

e Selenium was found in the tailings at a level of about 200 ppm, about
100 times that in ambient soil. Molybdenum and uranium were also
found in concentrations higher than in background soil.
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TASK B. WINDBLOWN PARTICLES FROM THE TAILINGS PILE
DEPOSITED ON THE SOIL IN THE VICINITY OF THE SITE

Principal Investigator: C. W. Thomas

The objective cof Task B was to determine the quantity and nature of par-
ticulate material originating at the tailings site during the years of mill
operation and deposited on soil in the vicinity of the mill. Models of deposi-
tion as a function of atmospheric processes and characteristics of the source
might be tested by these measurements. The data would also give insight into
the secondary sources of radon and resuspended particles.

EXPERIMENTAL

A polar grid system was established with radial lines ~22-1/2° apart
extending out from tailings pile A. Circular arcs at 1/2, 1, 2, 3, 4, and
5 miles (0.8, 1.6, 3.2, 4.8, 6.4 and 8 km) intersected the radial lines, and
at these intersections soil samples were taken.

The sampling locations and types of samples taken are shown in Figure 10.

The primary sample collected consisted of a 5-cm-deep core that was subse-
quently sectioned into 0.5-, 1.0-, and 3.0-cm-deep layers for analysis. As
indicated in Figure 10, 24-cm-deep cores were taken in some areas to determine

the downward migration of deposited material. A few l-m2 by 1-cm deep surface

samples were also taken to provide sufficient material for determining radio-
activity as a function of particle size. Radionuclide measurements included the
analysis of surface samples for uranium and 1ts daughters, the analysis of core
samples to determine the depth distribution of radicactivity, and the analysis
of particle size to obtain some estimate of the material that had been trans-
ported. Soil samples were separated into size fractions with a Bahco particle-
size classifier and with wet sieving followed by sedimentation. The Bahco
classifier uses centrifugal forces and air elutriation to separate selected size
fractions.

To estimate the amount of tailings material that had been carried by the
prevailing winds to mill C tailings pile environs, soil samples taken over the
sample network shown in Figure 11 were analyzed. Samples were collected
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out to distances of 1-1/2 miles (2.4 km) along selected compass points in the
northeasterly direction. Collected samples consisied of a 3-cm-deep core sec-
tioned into 1-um sections plus an underlying sample at 30-cm depth. Radionu-
clide measurements included the analysis of surface samples for uranium and
its daughter products and the analysis of core samples to determine the depth
distribution,

RESULTS AND DISCUSSION--TAILINGS ON SOIL IN THE VICINITY OF URANIUM MILLS

Alkaline Leach Mill A

Figure 12 shows isopleths of 226Ra concentrations over the sampling net-

work surrounding tailings pile A. The concentration of 226Ra ranged from over
300 dpm (136 pCi)/g at distances of about 0.25 miles (0.4 km) to 5 dpm
(2.3 pCi)/g at distances ranging from one mile (1.6 km) to the south to about
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5 miles (8 km) to the north-northeast. The ground deposition pattern corre-
sponds reasonably well to the pattern of wind frequency and direction. Also
seen in Figure 12 is the influence of tailings blown from mill tailings pile B
about 5 miles (8 km) to the west of site A.

The total 226Ra in the vicinity represented by the deposition from the

mill A tailings pile was estimated by integrating areas between isopleths and
assigning the average concentraton between isopleths to the area.

These calculations required a knowledge of the depth distribution of
radium at various locations within these isopleths. An example of these depth

Im" X 24cm CORE
D I M SURFACE

FIGURE 12. Isopleths of 226Ra Soil Concentrations in
Environs of Tailings Pile A (dpm/g)
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distributions for Zlon is shown in Figure 13. Based on the concentrations

between the isopleths and the depth distribution of 226Ra, the 222Rn emissions
from the areas between the isopleths have been estimated and are shown in

Table 11. For these calculations, only the radium content of the top 5 cm of
soil was used. Values found were corrected for the natural radium content in
the soil. The emission rates are based on the assumption that one-half of the
radon generated in this soil from the added tailings material will be released
to the atmosphere. This assumption is admittedly an approximation and accounts
primarily for the availability for release of radon in the particles.

Table 11 indicates an emission rate of 1.6 Ci/day from this secondary
source. This rate can be compared with an emission rate of about & Ci/day
from the tailinas pile (Silker and Heasler 1979). Thus, the secondary source
of radon emission currently amounts to ~20% of that from the tailings pile
itself.

Isopleths of 210Pb soil concentrations in the vicinity of Plant A are
shown in Figure 14. The pattern is similar to that for 226Ra.

Tne mixing and weathering of surface-deposited tailings to soil depths up
to 20 cm is clearly shown as a function of distance in Figure 13. Up to
2 miles from the tailings pile, soil concentration with depth decreases
approximately exponentially with a half thickness of about 1.6 cm for the first
5 cm. At points deeper in the soil there is a slower decrease of activity with
depth. At a 20-cm depth (about 8 in.) near background levels are reached for
all distances from the tailings pile.

The radioactivity associated with various particle size fractions of the
soil was determined on a series of samples taken on a line due north
(000 transect) from the tailings pile. Samples were taken at 1/4, 1/2, 1,
1-1/72, 3, 4, and 5 miles (0.4, 0.8, 1.6, 2.4, 4.8, 6.4, and 8 km) from the
outer edge of the pile. These samples were wet-sieved down to 44 um and the
remaining fractions separated by a sedimentation method. Each fraction was
dried, weighed, and a radiometric determination made for 21°Pb, 238U, 23°Th,

and 226Ra. Results of these measurements are shown in Table 12.

Samples taken at 1/4, 1/2, 1, 3, 4, and 5 miles (0.4, 0.8, 1.6, 2.4, 4.8,
6.4, and 8 km) showed a particle size distribution with a large fraction of
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TABLE 11. Radon Emission Rate from Tailings, Secondary
Sources, and Background Areas

Area Approximate Area (kmf) Ci/kmzlday
A 0.2 0.75'2)
B 0.35 0.37(2)
c 0.85 0.14(2)
D 1.6 0.063(2)
£ 12.2 0.028'2)
F 55.1 0.014(2)
gackground (b)
rea 0.007
e (0

TOTAL

(a) From top 5 cm of soil
ib) From surface soil beyond 8 km

c) Total soil column (Silker and Heasler 1979)
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Ci/Area
0.15
0.13
0.12
0.10
0.34
0.77
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particles in the larger size fractions (50% to 80% 125 um and larger). Samples
taken at 1-1/2 miles (2.4 km) and 2 miles (3.2 km) skowed a much smaller size
distribution with less than 10X larger than 125 um. These locations corre-
sponded to a run-off river plain which accounted for the large fraction of
silty fine particles present. The soil particle size distribution data are
shown plotted in Figure 15 on log-probability scales.

The activity density was greatest in the smaller size fractions, but when
this activity was weighted by the actual mass of sample in each size fraction,
the radionuclide concentration showed a bimodal characteristic peak concentra-
tion occurring in the 53- to 125-um range and in the 7- to 20-um range as shown
in Figures 16 and 17, in which are plotted the distribution of 219Pb on parti-
cles of soil.

The activity density of Zlon as a function of particle size at distances
to 5 miles (8 km) is plotted in Figures 18 and 19. There is a significant dif-
ference in the distribution and concentration of 210?b as compared to Zzska at
the 5-mile sample (Table 12). This might be due to the contribution of 21on
via the decay of airborne radon giving rise to relatively more 2lon associated
with smalier particle sizes than those of 22693. The percent of tailings in
the varicus size fractions was calculated using the spectrum obtained from
characterizing the tailings slurry, and those fractions are shown in Figures 20
and 21. These results show that the amount of tailings material in the greater
than 250-um, 125- to 250-um, 53- to 125-um, 44- to 53-um-diameter particles
decrease rapidly with distances out from the tailings nile while those parti-
cles in the 20- to 44-um, 7- to 20-um, 1.4- to 7-um and less than 1.4-um-diame-
ter particles decrease out to 2 miles but increase at further distances. The
minimum noticed at 2 miles for the smaller size fractions is believed to be due
to the river flood piain. The large fraction of particles in the small size
range appears to effectively dilute the radioactive particles at this distance.

Several random samples of tailings, soil, ore, and seepage water were
taken around mill A and analyzed for radionuclides. These data are shown in
Table 13. A perspective can be gained from data in this table of the relative
importance of uranium and its daughter products present at various locations
around the mill.
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A much less extensive sampling program was undertaken in the vicinity of
the acid leach plant C. Surface samplies were taken at points shown earlier in
Figure 11. Sampling points were generally downwind from the tailings pile.

Thesa samples were analyzed for

226, 210py 230r, 238, 4ng some limited

particle size and activity-with-depth determinations were carried out.
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A sample was taken from the top 1 cm of surface soil at a distance of

1/2 mile (0.8 km) on
dried, pulverized in

a northeast compass heading. This crusted material was
a somewhat arbitrary manner, and subjected to a size dis-

tribution analysis using a Bahco size classifier. The results of these measure-
ments and the 21°Pb associated with the particle sizes are shown in Table 14,

These data would suggest that most of the radioactivity in this soil is

associated with particles greater than about 10 um in diameter.

Whether there
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has been substantial modification of the taiiings materials due to weathering
or other effects is not known. The degree to which this sizing technique used
separated very small particles from large particles was not determined, but
data on particle sizing by wet sieving and sedimentation clearly showed a
larger fraction than shown in Table 14 of the radioactive constituents associ-
ated with the smaller soil particles. The aerodynamic availability and
mobility of particles for wind pickup may possibly as well be represented by
the pulverized sample and air elutriation-gravity method for separation of
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TABLE 13.

> P > > P> P > D> > > I >

Ambrosia Lake, New Mexico (dpm/g or for water dpm/mi)

Loading Area

Salts Seepage Pond
Fine Tailings

Fine Tailings

}smi NW of Tailings
b mi N of Tailings
% mi NE of Tailings
% mi E of tailings
33 mi N of tailings
Dust Near Grinder
Ore Composite
Seepage Hz0 North

226Ra

02 + 4

<13

335 + 2.2
339 + 2.2
3.26 + 0.36
586 + 9
92.4 + 1.2
265 + 7
403 + 4
884 + 2.3
743 + 4.7

<1.7

210Pb

502 + 1
24.1 + 8.9
449 + 6
529 + 6
12.3 + 2.2
731 + 22
103 + 3
263 + 16
685 + 24
889 + 11
847 + 17
<2.57

230y,

398 + 31
<58

313 + 17
269 + 17
<8.1

500 + 71
7 +9
27
462 + 37
784 + 28
662 + 42
<10.6
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Radionuclide Concentration in and Around Uranium Tailings From Mill A in

238U

459 + 7
1330 + 8
148 + 2.4
N2+29
4.11 + 0.89
54.7 + 8
22 + 1

97 + 7
n+7

922 + 6
651 + 9
40.6 + 1



TABLE 14. Particle Size Distributions and 210pb Concentrations(2)
in Surface Soil in the Vicinity of Tailings Pile C

Surface Soil'?)

Size

) . 210 TotaT dpqlﬁ' dgm{$_i% Soil
raction Wik Pb dpm/g in Fraction dpm/g in Tailings
>100 78 38 30 0.05
10-100 21 180 38 0.20
3-10 0.37 440 1.6 0.26
1-3 0.18 490 0.9 0.24
<1 0.05 460 0.2 0.30

(a) One-half mile northeast of tailings pile.

sizes. Current understanding of the relationships between resuspension and
the detailed nature of soil, discrete particle properties and atmospheric
processes does not allow a reliable prediction of airborne particle sizes and
amounts raised from a complex surface such as the soils in question,

Samples of soil collected in the vicinity of tailings pile C at distances
out to 1-1/2 miles (2.4 km) were analyzed for uranium and uranium daughter
products. Figure 22 shows surface soil concentrations of 21°Pb, 226R.’ and
2380 over the sampling network surrounding tailings pile C. The concentrations
of ZZGRa, 2lon, and 23°Th in the top centimeter of soil at distances out to
1-1/2 miles are similar to those measured at mill A; however, the concentration
of 238u is much higher and in many instances approaches that of the daughter
products. We conclude that some of the material is associated with ore dust
from the large amount of mining industries near the mill or with natural out-
croppings containing significant uranium. For example, at 1-1/2 miles along
the north intersect, the concentration of ZZGRa. 21°Pb, 230Th, and 2380 were
23, 26, 16, and 19 dpm/g, respectively.

The distribution of 210Pb with depth in the soil is shown in Figure 23.
Activity per gram decreases with depth roughly exponentially. A possible
indication of a subsurface source exists at the sample point 0.5 miles from the
tailings pile, since the concentration is greater at 2 and 4 cm than at 1 cm.
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Mixing or covering with lower concentration material in constructing ponds or
other disturbances may have caused this. The half thickness is about 2 cm for
the initial part of the distribution based on profiles at 1 mile (1.6 km) and

1-1/2 miles (2.4 km). At depths greater than about 4 cm, the concentration
decreases at a slower rate.

Some random samples of water, ore near the mill, and soil about 1 mile
(1.6 km) to the east were taken in and around the tailings pile C. These

samples were analyzed for uranium and daughter products. Results are shown in
Table 15.
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TABLE 15. Radionuclides in and Around Tailings Pile C
(dpm/g) or (dpm/m1)

Sample Type 2265, 20y, UG, 238G,
Main Tailings Area 350 300 550 70
Main Tailings Area 350 3300 500 175
Main Tailings Area 300 450 400 50
Water on Tailings 1 1100 120 75
Water Evaporatior: Pond 1 1050 60 15
Ore 1100 1000 1300 1100
1 Mile (1.6 km) East of Tailings 35 50 45 --

There is considerable disequilibrium between 23OTh, 226Ra. and 21°Pb, both
in tailings material and in water from the evaporation ponds on this tailings
material. This major fractionation in radionuclide concentration which exists
within tailings areas will be reflected in the suspension of tailings material
along with fugitive ore dust down wind from these areas. The tailings material
associated with soil at 1 mile (1.6 km) from the tailings pile contained ura-
nium daughter concentrations that were up to 10% of those in some areas of the
tailings pile.

SUMMARY AND CONCLUSIONS: TASK B

Particles containing uranium and daughter product radionuclides are
readily detected on soil samples within several kilometers from hoth alkaline
leach and acid leach tailings piles. At the alkaline leach plant A, the 226Ra
in soil will emit about 20% of the radon currently emitted from the tailings
pile itself,

Surface layers of soil (1 to 2 cm) contain much higher concentrations than
deeper layers of soil. At distances beyond about 4 miles (6.4 km) the decrease
with depth is much less, but at these distances background concentrations are
being approached. Soil particles classified by a wet sieving and sedimentation
method showed the radioactive material present to be associated with all parti-
cle size fractions with a large fraction associated witk soil particles less
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than 125 um in diameter. A clearly bi-modal distribution of fractions of 21OPb
associated with particle size increments was shown with one mode centering on
about 7 to 20 um and the other mode centering on about 100 to 150 um.

Soil modification by river flood action was manifest in flood-plain
regions. These regions showed unusually large fractions of particles in the
7- to 20-um range.

The results of Task B show clearly the long-term deposition of tailings
particles in the vicinity of the uranium mills. In principal, these concentra-
tions in soil could be reconciled with transport and deposition models. At
this writing, the overall study has not accounted for the concentrations of
radionuclides found in the environment through the use of deposition and trans-
port models.



TASK C. NATURE AND QUANTITY OF WINDBLOWN
PARTICLES FROM AN ACTIVE TAILINGS PILE

Principal Investigator: G. A. Sehmel

INTRODUCTION

The interim report on this study described a series of field experiments
carried out at tailings pile A to determine the flux and nature of particles
moving from the tailings pile as a function of wind speed (Schwendiman et al.
1979). Emphasis in the first field studies of this task was placed on deter-
mining particle flux on the tailings pile itself and in the downwind vicinity
of the tailings pile. The field experiments did include some more distant
downwind measurements of airborne particles concentrations. The experiments
were designed to establish the mass leaving the tailings pile per unit time in
various particle size ranges and to determine the associated radionuclides on
the particles. The dilution with distance was also measured. The reader is
directed to the interim report for the detailed field experiment design and
data developed. A great many samples were taken and the particle flux deter-
mined under various wind conditions. The results did not disclose a clear-cut
relationship between wind speed and particle flux. In fact, we were able to
show that from one side of the tailings pile to the other the flux during the
same period would be highly variable. These and other observations brought
out the very complex nature of the suspension process and the practical dif-
ficulties in measuring close-in fluxes and the quality of particles suspended.

The second field program of Task C, discussed in this report, was designed
to measure particles airborne vrom the same tailings pile, but with more empha-
sis on particle fluxes at distances further downwind from the tailings pile.
More consistent, directly applicable results were anticipated by focusing on
the particles being transported at a distance of about 200-m downwind from the
tailings pile.

The end objective was to determine the quantity and nature of particles
transported per unit time as a function of wind speed at downwind distances.
The scope of the task also emphasized identification cf radionuclides and
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stable elements associated with the airborne particles. The data were to be
used in testing dispersion and deposition models (see Task D).

EXPER IMENTAL

Sampling Array

A new sampling array was designed and installed near the tailings pile A
and in the terrain generally north (downwind) of the tailings pile. The loca-
tion and description of the elements of the sampling array are shown in Fig-
ures 24, 25, and 26. To orient the reader, the original array of sampling
towers and stations used to obtain the data presented in the interim report is
shown in Figure 24. The former array included a windvane-anemometer station
at an 8-m elevation and upwind of the tailings pile (at site A). This was
also the background sampling station. Three sampling towers were located on
the west half of the tailings pile (inactive) and were designated sites B-1,
B-2, and C. Nine sampling stations were located along the north property-line
fence. Other sampling stations were located on the land across the east-
west road north of the plant.

For the study to be reported here, several changes were made in the loca-
tions of the sampling stations. The new locations are shown in Figures 25 and
26. Site A still remained as the background station. The windvane-anemometer
station from which “start" and “stop" signals were sent to the sampling
stations was relocated to site E about 150-m north of the tailings pile peri-
meter. Sampling towers were erected at J-1, D-2, and E, on which were mounted
high-volume isokinetic samplers at elevations of 0.2 m, 1.5 m, 3 m at D-1 and
D-2, and at 0.3 m, 1.5m, 3 m, 12 m, and 15 m at E. Three sampiers were
mounted at each elevation. One at each elevation was activated when the wind
was 3 to 5 m/sec; the second was activated when the wind was 5 to 7 m/sec; and
the third was activated when the wind speed was 7 to 11 m/sec. The activating
signals were initiated by the anemometer. All wind-speed signals (u) were
transmitted only when the wind direction was in a preselected sector (8). The
signals controlled 110-volt samplers at sites A, D-1, D-2, E, and the nine on
the north fence line. Self-contained remote stations designated R-1, R-2, R-3,
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and R-4 operated for all wind speeds but only when the local wind direction
was in the selected sector from the tailings pile, i.e., 90°. 60°, 15°, and
15°, respectively.

The high-volume samplers and other samplers employed are described more
fully in the following section.

Particle Sampling Equipment

Airborne particulates were collected using electrically powered (see Fig-
ure 27) and inertial or wind-powered samplers (see Figure 28). The electri-
cally powered samplers were the prime sampling instrumentation, whereas
inertial samplers were used primarily as an index of relative horizontal flux
changes in the cross- and downwind directions. The electrically powered sam-
plers were either large-volume isokinetic air samplers or particle cascade
impactors with a cyclone preseparator. The airflow rate through the isckinetic
samplers was 1.3 m3/min, and the airflow rate through the particle cascade
impactors was 1.1 m3/min. The airflow accuracy was “+10%.

Both the isokinetic samplers and the cyclone-cascade, particle-impactor,
electrically powered systems were automatically activated with electrical con-
trol signals that opened an inlet on each of the samplers. When the control
signal was off, inlets were automatically closed.

Airborne particulates were classified into two or more size fractions
with both sets of electrically powered samplers. For the isokinetic samplers,
particles either settled in the sampler inlet or were collected on a backup
20- x 25-cm filter. The relative collection efficiency on the inlet versus
filter as a function of particle diameter was not determined. Aerodynamic
considerations indicate that essentially all respirable particles would be
collected on the filter. The relative collection site for nonrespirable
particles within the sampler is a function of particle diameter as well as
the isokinetic sampler used. Some differences in fractional collection on
isokinetic sampler inlet transition and filter for these larger particles are
expected since the internal geometries of the isokinetic samplers were differ-
ent for the three wind-speed increments. Geometry differences might allow
gravity settling to be relatively more important in the inlet. Geometry
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differences reflected the three wind speeds sampled, which were 3 to 5, 5 to
7, and 7 to 11 m/sec. For all three wind-speed incremenis, the isokinetic
sampler width was held constant; only the inlet depth was changed in order to
obtain isokinetic sampling at the average increment wind speed.

More complete size distribution data were obtained with particle cascade
impactors. The cascade impactor was Model 235 manufactured by the Sierra
Instrument Company.(a) A cyclone preseparator (Model 230CP) preceded the
particle cascade impactor; the effective cutoff diameter was 6 um. Thus, all
nonrespirable particles should have been collected within the cyclone presepa-
rator. For the particle cascade impactors the 50% cutoff diameters for each
collection stage were, respectively, 7.2, 3, 1.5, 0.95, and 0.49 um AED.
Particles 0.49 um diameter were collected on the impactor backup filter.

The nonelectrically powered air samplers used inertia of the particles
driven by the wind and are described in detail in the interim report
(Schwendiman et al. 1979). These samplers consisted of an open 3-in. tube

(a) Sierra Instrument Company, P.0. Box 909, Carmel Valley, CA 93924
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pointing towards the selected direction with a funnel-shaped exit 10 in. in
diameter, Airborne particles wind driven into the tube inlet were collected in
the tube or upon a 25-um screen. Relative airborne horizontal solid fluxes for
“large" particles were determined with these samplers.

The Sampling Run

Following the deployment of samplers and checking of equipment, a field
experiment was initiated by activating the sampling array. Performance of the
sampling array was checked several times a day and observations made concerning
operation. The array was turned off automatically when rain fell and was
reactivated when the sensing element was dry. Running time meters at each
sampling site were read to determine operating hours for like samplers. The
duration of the run was determined through judging sampler mass load and equip-
ment reliability. Sampling runs and results to be discussed are listed in
Table 16 for airborne solids and stable elements and in Table 17 for airborne
radionuclides.

At the end of the run all samplers were carefully removed from the towers
and the collected samples recovered. Particles in the inlet sections of the
isokinetic samplers and inertial samplers were transfered to containers and
their weight determined. Filters were removed and reweighed.

Prior to the start of a second run a'l samplers were cleaned, and new fil-
ters or other collectors were mounted. The assemblies were then mounted at the
appropriate location.

Radionuclide Measurement

Samples were submitted for gamma spectroscopic analyses which were con-
ducted in PNL laboratories in Richland, Washington. The equipment and methods
employed were the same used in Task B and are described in Appendix A.

Airborne Stable Element Concentrations

Airborne stable element concentrations were investigated at the on-pile
location site C and at remote sites R-2 and R-4. Analysis was by x-ray fluo-
rescence, Samples were collected at site C with a virtual cascade impactor
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Period

TABLE 16. Sampling Times and Results to be Presented

Airborne Solids

Stable
Elements

Mass Loading, g/m? Mass Flux, g/(m? day)

Filter Filter + Isokinetic Particle Inertial
Collect. Inlet Inlet Diameter Collector

Erosion
Threshold
Speed

Aug. 10
Oct. 12
1977

Particle
Size
_Distr,

Airborne
Conceng .

_ng/m_



i 1 235y 238
TABLE 17. ggg;:?ugéggg.Rsfx;;sa;g gfoPresented (e99y, v,

Pb)
Activity Airborne

Sampling Density Activity Concen.

Period dpm/q Ratios uCi/em3
Mar 30 X X
Apr 17

1978
Mar 8 X X X
Apr 18

1979
Apr 27 X X X
May 7

1979
Apr 27 X X X
July 9

1979
May 15 X X X
July 9

1979

(Mode1 243 Virtual Impactor, Sierra Instrument Company), and particles col-
lected on the <3.5-um-diameter stage were analyzed. At remote sites R-2 and
R-4, airborne particles were collected in cyclone preseparators and particle
cascade impactors.

RESULTS

Results are reported for airborne solids, airborne stable elements and
airborne radionuclides. The time periods for which airborne solids, radionuc-
lides and stable elements were investigated are shown in Table 16. For air-
borne solids, airborne mass loadings, g/m3. airborne mass fluxes, g/(m2 day),
and particle size distributions were determined. Mass loadings were calculated
from isokinetic sampler filter mass collections ard also filter plus inlet mass
collection, Mass fluxes were calculated from mass collection within isokinetic
sampler inlets and from inertial particle collectors. Particles from these
collectors are identified as “nonrespirable.” Particle size distributions were



determined with particle cascade impactors. In addition to the indicated data,
relative mass collection on the filter (mainly respirable) versus filter-plus-
inlet collection was also calculated. Results are presented as the percent of
airborne solids collected on the filters.

Also shown in Table 16 are time periods for which stable element concen-
trations were determined. Airborne stable element concentrations were deter-
mined during the first time period using the virtual cascade impactor, For
the last time period, stable element concentrations were determined using five-
stage particle cascade impactors with cyclone preseparators.

The time periods for which airborne radionuclides were investigated are
shown in Table 17. Airberne radionuclide concentrations were determined for
2350, 238U. 230Th. 226Ra, 214Pb and 210Pb. Airborne radionculide concentra-
tions, uCi/cm3. were determined (except for 2149b due to subsequent in-growth)
for particles collected on filters in the isokinetic samplers and also within
five-stage particle cascade impactors. Radionuclide concentration on airborne
solids, dpm/g, were determined for particles collected on filters in the iso-
kinetic samplers, particles coliected within the cascade particle impactors,
and particles collected within the inertial particle collectors.

In addition to radionuclive concentrations, radionuclide activity ratios
were determined to investigate relationships between radionuclide daughter
products. Radionuclide activity concentrations of 250y, 230th, 226pa  ang
2181 were normalized to the 210Pb radionuclide activity. In addition, the
214Pb/ZIOPb activity ratios were calculated. Activity ratios significantly
less than unity for 214Pb/ZIOPb are an indication that reported 21°Pb concen-
trations are for 21on collected during field sampling rather than from radon
daughter product decay during the period between sampling and analyses.

Data for each time period will be discussed separately. These data
include calculated results for airborne solids, airborne stable elements, and
airborne radionuclides. The three most complete data sets are for sampling
times from March 8 to July 9, 1979. Of these the data set from April 27 to
May 7, 1979 is most extensive and, hence, will be discussed in detail first.
Based upon this discussion, data sets ivor other periods will be discussed in
less detail. The remaining two data sets will be discussed in chronological



order, Subszcuently, the remaining data sets will be discussed. These subse-
quent discussions include radionuclide data obtained along the north bank with
inertial particle collectors in 1978.

April 27 to May 7, 1979

Mass Loading

Airborne mass loadings (mg/m3) are shown for this most extensive data set
sampling period in Figure 29. During this sampling peried, wind direction
(211° +35) and wind-speed increments (3 to 5 m/sec, 5 to 7 m/sec, and 7 to
11 m/sec) were used for cont-olling sampling times for airborne particulate

samplers.

There are six individual subfigures within Figure 29 corresponding to
sites A, north fence, D-1, E, D-2, and remote. Each subfigure will be dis-
cussed separately from left to right, i.e., as the wind and airborne pollutants
are transported from upwind background concentrations at site A, across the
pile, and finally as particle concentrations decrease in the "remote" regions
downwind. This order of data presentation from upwind background to downwind
remote gives a visual "snapshot" of the airborne impact of suspended uranium
mill tailings from the pile.

At site A airborne mass loadings for both filter collection and filter-
plus-isokinetic-iniet collection are shown as a function of sampling height
and the three different wind-speed increments. Mass loadings range from
3x10° to1 x 107 g/m3, i.e., 30 to 100 ug/m3, a reasonable range
for background air. Mass loadings are nearly uniform as a function of height
and show an undefined variation as a function of wind speed.

Airborne mass loadings increase across the tailings pile. As shown in
the second subfigure, airborne mass loadings increase as indicated by airborne
mass loadings along the north fence. These data were obtained for the entire
wind-speed increment from 3 to 11 m/sec as compared to the three wind-soeed
increments shown in the first subfigure. Along the north fence, airborne mass
loadings increase by up to one order of magnitude above background mass
loadings at site A.
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In the next three subfigures, data for sites D-1, E, and D-2 show airborne
mass loadings variations as a function of height, wind-speed increment, and
crosswind distance, Similar to results reported in the interim report, air-
borne mass loadings are a complex function of wind speed. Indeed, for results
in Figure 29, maximum mass loadings at site D-2 were for the intermediate, 5 to
7 m/sec wind-speed increment. These maximum airborne mass loadings resulted
from "large" particles collected in the isokinetic sampler inlets at 1.5- and
3-m heights. From these data, we conclude that the maximum airborne plume con-
centrations were passing above uppermost sampler heights.

Data for the remote sites are shown as a function of distance from the
central north fence sampling site in the sixth subfigure. Sampiing times at
these sites were for all wind speeds for the indicated wind direction sector,
approximately encompassing the wind direction coming from the pile towards
each sampling site. Data for sampling site R-1 are shown as the 90° wind-
direction sector, R-2 as 60°. and R-3 and R-4 as 15°. Airborne mass
loadings decrease with increasing distance from the north fence and tend to
approximate background mass loadings at site A for distances greater than
about 1 km.

Airborne Fluxes and Loadings

In Figure 30, "inlet" airborne mass fluxes, g/(mz-day), for material
collected within the isokinetic air sampler inlet are shown along with
"filter" airborne mass loadings from Figure 29. These mass fluxes were
calculated from the cross-sectional area of the isokinetic-sampler inlet and
wind speed.

Although these "inlet" airborne mass fluxes are a simple recalculation of
data shown in Figure 29, mass fluxes are shown for several reasons:

e to make cross-comparisons with mass fluxes shown later for particles
collected in inertial particle collectors;

e to be able to estimate the total suspension source strength from
either mass fluxas or from airborne mass loadings multiplied by
average wind speed (either value must then be multiplied by the
available cross-sectional area--pile width multiplied by plume
height);

69



01

FIGURE 30.

May 7, 1979 (80B236-55)

W prr ey -,~,-~,m‘€”~—v- Menr " iy <o me g W e I s e . " At WO SPLEDS FOR LOCAL
INCREMENT AND DIRE Mt INCREMENT AND WIND DMRECTION INCREMENT |
. g A% wve & DIRECTION 2117 5 38 . 1 o .
OMECTION 213" 3 38" ’ " TAINGS Pt
At w‘” Av lﬂl‘! - . L,
i wmc g o) day) @ 2 w9 L i ¥ iolEl
3108 ——— P ‘.z A .
s10? f e —- - et - o .
2ron - . i . "
¥ = .
LI 2 —— 3 — T oL ! 0" \
W e N A -— ! b
[ q } / . [
@ N W & |
- |
5 4. Ao o Ay
; J ﬁ o / ot \\
} ——r - q
; I’ L y
i
l’ \\ ’l’
#
P »,’
’ 10 % - E
i e o/ 0 S o/
170 ———— .
F 1Y J——
- r - -
10 JL AP T T P eIy (R W | i L,..'&',"..L s Lnbnniodnisnidisasid ) Csdanadd PPN Ll Ksasad . -
03 1 @ 00 o0 00 00 03 o3 1 10 03 1 e o
i J L .8 & 4 L ']
SAMPLE HEIOHT = DISTANCE ALONG NORTH FENCE AR SAMPLING AEIGNT m FROM CENTRAL NORTH FENCE
FROM CENTRAL SITE -
SITE A NORTH FENCE $ITE 01 e E 1TE D2 REMOTE

PRIOR OFF §iTE

Average Airborne Fluxes and Concentrations During April 27 to

"W

w

o

we

FILTER  AIRBORNE MASS LOADING g ™



e to improve predictive accuracy since calculation accuracy is often
minimal if mass fluxes are directly estimated from numerica)
differences between solid and open data symbols from Figure 29.

The "inlet" airborne mass flux data in Figure 30 will be discussed in
detail. At sampling site A, mass fluxes increased with increasing wind speed.
Although mass fluxes increased, the data are too limited to determine with
confidence the wind-speed dependency. Along the north fence, airborne mass
fluxes increased 1 to 2 orders of magnitude above background at site A, At
sites D-1, E and D-2, the mass flux wind-speed dependency becomes more complex.
Mass fluxes at sites D-1 and E are usually greatest for the 7 to 11 m/sec wind-
speed increment. However, at site D-2 mass fluxes are greatest for the inter-
mediate wind-speed increment of 5 to 7 m/sec. For the remote sites, mass
fluxes decrease rapidly with distance. The decrease is a function of particle
diameter as exhibited by "large" particles being collected in the isokinetic
sampler inlet and "small" particles being collected on the filter., The inlet
particle mass flux decrease with distance, X, is a power function, x0:6 14
comparison, the "filter" airborne mass loading decrease with distance is pro-
portional to x‘1°3. The larger exponent, -1.2 compared to -0.6 for the "large"
inlet particles, may be caused in part by the higher deposition velocities for
"large" inlet particles as compared to smaller deposition velocities for "small"
filter-collected particles.

Relative Collection Site

The relative collection sites of "small"-diameter, filter-collected par-
ticles versus total airborne particle collection within isokinetic samplers
are shown in Figure 31. Airborne solids collected on the filter are shown as
a percentage of total solids collected on the filter plus isokinetic sampler
inlet. 1In most cases, over 70% of the solids are collected on the filter.
The principal exceptions are the data for the highest wind-speed increment, 7
to 11 m/sec, at site D-2.

Threshold Speed

An expanded sampling effort was made at site £ to determine the airborne
mass loading wind-speed dependency and consequently, wind erosion dependency
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on wind speed. Airborne particulates were collected during six rather than
three wind-speed increments. Both lower and higher wind speeds were investi-
gated. The additional wind-speed increments were 0.5 to 3 m/sec, 11 to

13 m/sec, and 13 to 15 m/sec. In addition to investigating the wind-speed
dependency, airborne mass loading was also investigated as a function of
particie-diameter increments. For particle sizing, cyclone preseparators and
particle cascade impactor systems were used; each system sampled one of the

six wind-speed increments. In order to improve the particle sizing accuracy,
the first collection stage of each particle cascade impactor was coated with
silicon 0il to minimize particle bounce-through to succeeding collection stages
and backup filter. Airborne mass fluxes will be reported for the 1) entire
particle cascade-impactor collection, minus the first stage, 2) for the cyclone
preseparator collection, and 3) for the total cyclone preseparator plus par-
ticle cascade-impactor collection minus the first stage.

Airborne mass loadings, g/m3, are shown in Figure 32 as a function of
six wind-speed increments and as a function of the solids collection site
within the cyclone preseparator-particle cascade impactor systems. The wind-
speed increments for each data point are shown only for the circle symbols
showing the impactor, minus first stage, solids collection. Airborne mass
loadings were minimum for the 5 to 7 m/sec wind-speed increment. This 5 to
7 m/sec wind speed may be an index of a “threshold" wind speed above which
wind erosion occurs rapidly from the mill tailings pile. Of course, this
apparent "threshold" wind speed has caveats; particle dry deposition and diffu-
sion occur between the mill tailings pile and the samplers, and the wind speed
at site E may not be the same wind speed occurring on the mill tailings pile.
The apparent “threshold" wind speed of 5 to 7 m/sec is supported by agricul-
tural wind erosion data. For agricultural erosion, the threshold velocity is
often reported in the range of 10 to 12 miles/hr, i.e., 4.5 to 5.4 m/sec. The
differences between 4.5 to 5.4 m/sec and 5 to 7 m/sec are considered negligible
compared to spatial variations of wind speed.

Airborne mass loadings for wind speeds less than the "threshold" wind
speed continue to increase as wind speed decreases. Obviously, there must be
some wind speed below which airborne mass loadings must be constant or
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decrease. For the lowest wind-speed increment investigated, an average mass
loading of 1073 g/m3, or 100 ug/m3, is indicated. Compared to many unpolluted
areas, this is a high airborne mass loading and may reflect the presence of
airborne solids arising from the mill tailings pile. For wind speeds above

the "threshold" wind speed, there are two airborne mass loading wind-speed
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dependencies as a function of particle size. For respirable particles col-
lected in the particle cascade impactor, airborne mass loadings increase

1‘5. A line corresponding to a Ul‘5

approximately as a power of wind speed, U
slope is drawn on the graph. Similarly, for nonrespirable particles collected
in the cyclone preseparator, a line is drawn as a power of wind speed, U4'9.
However, for nonrespirable particles the airborne mass loadings do not continu-
ally increase with increasing wind speed. Above an 11 m/sec wind speed, air-
borne mass .oadings of nonrespirable particles tend to be constant or decrease

with increasing wind speed.

Radionuclide Activity Density on Airborne Solids

Selected airborne particulate samples were analyzed for 235U, 238U, 23oTh,
226Ra. 214Pb, and 2lon radionuclide content. Sample selection for radionu-
clide analysis was based on a decision, after sample weighing, that sufficient
airborne solids were collected for radiochemical results to be above radio-
chemical detection limits. Not all samples were analyzed. Sufficient solids
were required to suggest the activity on collected solids was above the blank
glass-fiber filter activity. These did not include samples from background
site A since insufficient solids were collected. Measured radionculide activi-
ties (disintegrations per minute, dpm) were normalized by the amount of solids
collected on each sample. Activity densities, dpm/g, were calculated.

Activity densities will be shown with confidence limits corresponding to the
lo limit for radiochemical analysis. In some cases, confidence limits are not
shown since the limits would be within the data symbols as plotted. In other
cases, the radionuclide activity was less than radiochemical detection limits.
Activity densities calculated from these less-than numbers are shown plotted

as a datum symbol with an arrow pointing down towards smaller numerical values.
Calculated results from the radionuclide data will be presented first for 2350
and then for the 2380 decay series.

Uranium-235, dpm/g. Activity densities for 23°U are shown in Figure 33.
Most of these results were calculated from "less-than" radiochemical detection
1imit data as indicated by the arrows. Nevertheless, the data are sufficient to
show 235U was wind-eroded from the tailings pile. The largest activity densi-
ties were measured at site D-2 and occurred during the lowest wind-speed incre-
ment. Surprisingly, the next highest activity density was measured nearly 4000 m
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from the central north fence site. This is the datum indicated by the 15°

wind-direction sector in the last subfigure.

2380 are shown in Figure 34,

Uranium-238, dpm/g. Activity densities for
For solids collected on isokinetic sampler filters, activity densities are
approximately uniform as a function of site from the north fence to remote
sites. Any activity density wind-speed dependency is unclear from data in
this figure. A decreased activity density is indicated for smaller particles
collected on particle cascade impactor backup filters at the 60° and 15°
remote sites. For these small particles, the activity density decreased about
1 order of magnitude below that for the isokinetic sampler total filter col-
lectiun. Reasons for this decrease are not entirely clear. The decrease is
unexpected since it was reported in the interim report that the activity den-
sity was generally greater for the smaller particles. (For immediate refer-
ence, these data are shown in Figures 35 through 38 for 238U, 2350, 226Ra, and
21OPb, respectively.) The largest activity densities were for respirable-sized
particles. Possibly, the decreased activity density for particles collected on
the backup filter is caused by coliecting both particles eroded from the mill
tailings pile as well as a significant proportion of particles whose origin was
other than the mill tailings pile. If significantly large proportions of col-
lected solids were nonradionculide-containing particles, a diluting effect would
occur. Activity densities would decrease as suggested by the finest particle
size fraction shown in the last subfigure in Figure 34 (cascade backup filter).

Of particular concern in estimating the source strength of wind erosion
is the source strength crosswind variability. The wind erosion source is non-
uniform in the crosswind direction as indicated by results from the north-fence
samplers shown in the first subfigure. There is almost 1 order of magnitude
variation in activity densities between solids collected at the western and
eastern north fence sampling sites.

An additional datum point is shown for site E in Figure 34. This datum
point represents large particles collected at a height of 15 m within the iso-
kinetic sampler inlet for the 5 to 7 m/sec wind speed. This activity density
level, ~103 dpm/g, was the largest activity density measured for this time
period. This activity density is considered associated with eroded mill

77



8L

\ Ba e W Bk i ARE SE TR
WIND SPEED FAOM 3 TO 11

m. SEC AND DIREC TION
2117 L ISCAT MITE E

A e

W
4

Yy dpm @

04

Bl T ff (RS s o
WIND SPEED
INCREMENT AND
\DIRECTION 211° ¢ 38

l I-v M GRA 0 G S G G 80/ S

AT SITE §
. FILTER INLET
IT08 P

BT07 Hovncnmann -

851 T

....

(YT Y

b OFROM TARINGS PuE

ALL WIND SPEEDS FOR LOCAL
WIND OIRECTION INCREMENT

b IMPACTOR BACK UP
FILTER COLLECTION
1 v
w £ '
rovalll IR S WP — PO DU | i U TUTV! ISP PeTY | FUE POV BRRRre i FOTS WEESTOERGEN TP SR -
400 200 o 200 400 03 1 03 1 w 03 1 1w 1w
L "] s J
ml"w Mmmn;: AR SAMPLING HEIGHT m FROM CENTRAL NORTH FENCE
FROM CENTRAL SITE m SITEm
NORTH FENCE SITE DY SOUEE SITE D2 REMOTE
PRIOR OFF SITE
FIGURE 34. 235y Concentrations on Airborne Solids at Each Site During

April 27 to May 7, 1979 (data symbols for 5 to 7 and 7 to
11 m/sec offset from sampling heights to show the lo counting

limits) (80B236-38)



6L

10

10

B dpmig

10

10

|

T

/'F_!'T"l'T'I"IT_ T ™7 Tr?rvl T ey ITTYTT T e
SITE Bl «—f—> sic

1.5m 03m
AUG. 10-SEPT. 12, 1977 NOV. 19-DEC. 8, 1977

vy

7
Y VISR TR S (Y O ¥

LAAl

r]vvvrl
L

4

- a—-—§—§—§ é\ |

| IMPACTOR CASCADE IMPACTOR %'Q'* |
BACK-UP 0% CUT-OFF ——-)}—) SIEVE-SIZE RANGE

L FILTER DIAMETERS :
1 0 COUNTING LIMITS
rll A l T 3 lll _— A A ALALA ‘l A F A l A LLLJ A A A
1 10 102

PARTICLE DIAMETER, um

FIGURE 35. 238U Concentration on Airborne Solids as a Function of

Particle Diameter (7807917-6)



Particle Diameter (7807917-5)

lo v ~/F T TTrry i i T T rTrry . A T v Ty T gre—
3 b, | 1 | 1 |
- R
- SITE Bi «—f—> sitecC ;
g 1.5m 03m |
3 AUG. 10-SEPT, 12, 1917 NOV. 19-DEC_ 8, 1977 4
5
E &-——-‘-—-§ § .
3
I WX,SLOP(- ;9
g E i
. N
& | impacioR CASCADE IMPACTOR b
BACK -UP S0% CUT OFF ———;}——-» SIEVE -S1ZE RANGE
1o? | FIUTER DIAMETERS b
!
; 1 o COUNTING LIMITS 1
lo - .'J’IA LlAALLl —1 A lLAAAl 4 F— lLLLAl A A
1 10 10
PARTICLE DIAMETER, ym
FIGURE 36. 230Th Concentration on Airborne Solids as a Function of



18

lo T VIVLT v TrTrYYy v T T T OPE A\ T T ™rTr
1 ' I ‘ T T ] & e
. SITE 81 > S C
s 1.5m 0.3m 3
| AUG. 10-SEPT, 12, 1977 NOV. 19-DEC. 8, 1977 y
™ E
0} O £
: SIOPE- -1 ]
g | 3
a- I q—\-o—* .
5 -
! - IMPACTOR CASCADE IMPACTOR .
[ BACK-UP +—— 0% CUT OFF ———4—-» SIEVE-SIZ. RANGE ;
- FITER DIAMETERS 1
1 0 COUNTING LIMITS
lo A "Jrll s LAAAI‘ A . lll‘ll A A A 111111 A i i
1 10 10¢
PARTICLE DIAMETER, ym
FIGURE 37. 226Ra Concentration on Airborne Solids as a Function of

Particle Diameter (7807917-2)



28

'o : L 4 ""l‘r 4 ’ rrTry rr A 4 L o . 4 r | Zd e ']’ v n g v T Ty r] = T k i
s SITE 81 “«—f-> simc ]
. 1.5m 03m "1
] AUG. 10-SEPT. 12, 1977 NOV. 19-DEC 8, 1977 1

w’ e .
- - SLOPE- -1 .

g » H}"\l‘
£ i
g L IMPACTOR CASCADE IMPACTOR J
BACK -UP 0% CUT OFF ——+—> SIEVE - S1ZE RANGE
o | PR DIAMETERS

w' |-
-
' |
H A
b— -
! 3

1 o COUNTING LIMITS
lﬂ 4 4//1 A lA‘LAAl s A i 1AAAL1 A
i 10 15
PARTICLE DIAMETER, um
FIGURE 38. 210pp Concentration on Airborne Solids as a Function of

Particle Diameter (7807917-4)



tailings collected at the sampling height, rather than having been contaminated
with solids after sample collection. The lack of contamination is suggested
since even along the north fence activity densities are approximately 1 order
of magnitude less than 103 dpm/g. These north fence data will be discussed
later (see discussion of Figure 92).

Thorium-230, dpm/q. Activity densities for 23oTh are shown in Figure 39.
Again, there is no obvious wind-speed dependency. In all subfigures, activity
densities were nearly uniform for all sampling locations including the 15-m
uppermost height at site E and the impactor backup filter at the 90° remote
site. In comparing 23oTh to 2380 activity densities, the 230Th erosion source
appears more nearly uniform in the crosswind direction as indicated from
results for the north-fence samplers.

Radium-226, dpm/g. Activity densities for 22ORa are shown in Figure 40.
For 2§6Ra the crosswind source strength is nearly uniform, any wind-speed
dependency is unclear, and activity densities are nearly uniform at all sites.
However, there are significant differences as a function of particle size at
the 60° and 15~ remote sampling locations. Caution is indicated in inter-
preting these data at the 15° location. The filter collection datum is a less-
than radiochemical detection limit number rather than a datum point with con-
fidence limits around it. At the 60° location, activity densities for
particles collected on the cascade impactor backup filter are over 1 order of
magnitude less than activity densities collected on a total filter sample. In
contrast, at the 15° sampling location, the activity density measured from the
cascade impactor backup filter collection is 1 order of magnitude greater than
the activity density determined from the total filter sample.
214

Lead-214, dpm/g. Activity densities for Pb are shown in Figure 41.
These data are presented mainly for interest at this time, but are a reference
in comparisons with 21on concentrations. Lead-214 is a short-lived 222Rn
daughter product. Conseguently, 214Pb activity densities reflect in-growth and
decay after field sampling. Lead-214 activity densities should be a function of
226Ra activity densities, but the functional relationship is unclear since some
radon gas undoubtedly escaped from the samples. There was no attempt to prevent
radon release.
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Lead-210, dpm/g. Activity densities for 210Pb are shown in Figure 42.

Activity densities are '\,103 dpm/g for all sampling locations. The source
strength crosswind variations are small and the wind-speed dependency is
unclear. Surprisingly, the activity density at the 152 remote site is compara-
ble to all other activity densities. This similarity between activity densities
could be caused in part by 21OPb resuspension from secondary ground surface

sources previously deposited from prior mill tailings pile wind erosion. The
ground surface area extent of this secondary source is greater than the pile sur-
face area. Another possibility to explain the magnitude of 210Pb activity den-
sities i1s that most of the measured 21on may have resulted from decay of

226Ra to 222Rn and daughter products while in the laboratory. This second
possibility will be discussed later in connection with Figure 51.

Airborne Radionuclide Concentrations

3 235

, were calculated for u,
In figures in which these data are pre-

Airborne radionuclide concentrations, uCi/cm
2380' 230Th, 226Ra, 214Pb snd 21opb.
sented, airborne radionuclide concentrations are compared tc Appendix B Table I
and Il guidance levels from 10 CFR 20 (1979). Table I guidance levels are for
licensee worker occupational exposure while Table II guidance levels are per-
missible radionuclide concentrations in effluents to unrestricted areas. In
most cases guidance levels for airborne soluble particles are given. However,
in some cases, guidance levels for insoluble particles are given if the guid-
ance level for insoluble particles is less than the guidance level for soluble
particles. For both Table I and II values shown, minimum guidance levels from
10 CFR 20 (1979) are listed for each radicnuclide on their respective figure.
In most figures guidance levels are also indicated by horizontal dotted iines
extending across all subfigures. These dotted lines are included when the
guidance level is within the range of the ordinate scale.

Uranium-235, uCi/cm3. Airborne 2350 concentrations are shown in

Figure 43. Airborne concentrations range from approximately 10'15 to
10'14uCi/cm3 with the maximum concentrations measured at site D-2. Maximumn
airborne concentrations were 2 orders of magnitude less than Table II guidance

levels,
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Uranium-23§,,uCi/cm3. Airborne 238

Figure 44. Airborne concentrations range from approximately 10

U concentrations are shown in
-14 %o

10'13uCi/cm3. Maximum airborne concentrations were 2 orders of magnitude less
than Table Il guidance levels.

Airborne 238

U concentrations range within 1 order of magnitude along the
north fence. The minimum airborne concentration was at the west end of the
fence; the maximum airborne concentrations were near the east end of the fence.
Although large concentration variations occur, airborne concentrations were
essentially constant for the central six sampling sites. This near uniformity
for 60% of the data is encouraging when estimating the wind erosion source

strength for 238U.

If airborne radionculide concentrations were uniform along
the crosswind distance, a reasonable approach for estimating wind erosion
source strengths is to multiply an average airborne concentration by an average
wind speed. Unfortunately, as will be shown, this airborne concentration uni-

formity is the exception rather than the rule.

Downwind at sites D-1, E, and D-2, a nonuniformity in airborne 238U con-
centrations is shown. Airborne concentrations are maximum at the outer two
sampling sites, i.e., sites D-1 and D-2 rather than at the central site E.
These maximum airborne 2380 concentrations occurred during the intermediate,
5 to 7 m/sec, wind-speed increment.

The maximum airborne 230y concentration, 4 x 10713 uCi/m3, was measured
for large inlet-collected particles collected at the 15-m uppermost height of
site E. As mentioned previously, the airborne large particle plume appears to
have been contained from ground level to elevations above the highest point

samp led.

2380 con-

Attention is now directed to the last subfigure showing airborne
centrations for the three 90°, 60°, and 15° sites. At each site, concentra-
tions are shown for both total sample collection on an "isokinetic" sampler
filter and also for sample collection on a particle cascade impactor backup
filter. At the 90° sampling sector site, airborne concentrations measured by
both sampling devices are approximately the same. Measured concentrations

increasingly diverge with increasing distance. Airborne concentrations of the

90
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submicron particles calculated from the impactor backup filter collection
become increasingly less than airborne concentrations calculated from total
filter sample collection. This decrease may be a function of 1) dry deposi-
tion removal of submicron particles near ground level and 2) the airborne plume
relative height above ground and plume transport distance of "large" particles.

Consider a possible plume trajectory scenario for "large" particles. If
this airborne plume passed over the 90° site and subsequently subsided with
increasing distance, particle concentrations increase near ground level with
increasing distance. If this scenario were the mechanism for causing the
divergence between data points, the airborne plume of large particles started
to impact the ground surface near the 60° sampling site. For greater dis-
tances the plume impact was even greater.

Thorium-230, pCi/cm3. Airborne 230Th concentrations are shown in
Figure 45. Thorium-230 may be the most important radionuclide when consider-
ing the environmental impact of airborne particulates from a mill tailings
pile. A< shown in the figure, airborne 230Th concentrations often exceed
Table II guidance levels and were only 1 order of magnitude less than Table I

guidance levels.

In the case of 230Th, airborne concentrations could have been compared
to the 10 CFR 20 guidance level for insoluble rather than soluble particles.
As mentioned previously, only the minimum guidance level for either soluble or
insoluble particles is shown in the figures. For 230Th, the Table Il guidance
level for insoluble particles is 3 x 10'13 uCi/cm3, a numerical value essen-
tially corresponding to the maximum 230Th concentrations shown in Figure 45.

Airborne 230Th concentrations along the north fence, except for the
western-most sample, tended to decrease from the west to east. This concentra-
tion decrease from west to east is the opposite trend previously shown for 238U
in Figure 44. For 238U, maximum airborne concentrations were for the two most

eastern sampling statiors along the north fence.

Relative y and z dimensions of the airborne plume, with airborne 230Th

concentrations above Table II guidance, can be estimated from data shown for
sites D-1, E, and D-2. Airborne concentrations were less at sites D-2 and D-1.
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The plume height extends above the 15-m uppermost sampling location at site E.
Airborne 23oTh concentrations at site E were above the guidance level for all
sampling heights during the 3 to 5 m/sec wind-speed increment, the intermediate
wind speed investigated.

That the airborne plume is contained in a height from the ground to above
the central site E uppermost sampler is also suggested by the one data point
for particles collected on the isokinetic inlet for the 5 to 7 m/sec sampler
located at the 15-m sampling height. This datum point represents the one sam-
ple which had sufficient solids collection for recovery from the isokinetic
sample~ inlet. These were "nonrespirable" particles. The airborne 230Th con-
centration calculated for these nonrespirable particles was also above
Table Il guidance. Table II is for respirable particles, not f~- nonrespira-
ble particles. The possibility exists that all airborne concentrations above
Table Il guidance might be attributed to nonrespirable rather than respirable
particles. However, many particles may be respirable; this interpretation is
from the 90°remote sampling site data. Airborne concentrations were compa-
rable for both a total particle size distribution collected on the isokinetic
sampler filter, and the less than 0.49-um particle diameter size fraction
collected on the particle cascade impactor backup filter.

Radium-226, LCi/cm3. Airborne 226Ra concentrations are shown in Fig-
ure 46. At all sampier locations, airborne 226Ra concentrations are about
1 order of magnitude less than the Table Il guidance level. These data sets
tend to exhibit more fully airborne concentration dependencies which were
originally expected, i.e., 1) the possibility of measuring end effects for the
outer-most samplers along the north fence, concentrations being less than for
the central samplers, 2) airborne concentrations being a function of wind-speed
increments at sampling sites D-1, E, and D-2, and 3) airborne concentrations
decreasing with increasing distance as shown along the remote sites.

Airborne concentrations at site E, except for one datum point, increased
with increasing wind speed. In contrast, it should again be pointed out that
airborne 235U, 238U, and 23°Th concentrations showed more complex, but unclear
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wind-speed dependencies. The dependency is also unclear for airborne 226Ra
concentrations for sites D-1 and D-2. At the lowest wind-speed increment of 3
to 5 m/sec airborne concentrations were least for all three sites. However, at
site D-1 airborne concentrations for the 5 to 7 m/sec and 7 to 11 m/sec wind-
speed increments were comparable. At site D-2 airborne concentrations for the
7 to 11 m/sec wind-speed increment were intermediate between airborne concen-
trations for the two lower wind-speed increments.

Airborne 226

Ra concentrations decreased with increasing distance along the
remote sites. The decrease was a function of particle size. At the 90° site,
airborne concentrations were comparable for particulates collected on both the
total isokinetic filter sampler (all particle diameters were collected) as well
as the particle cascade impactor backup filter (particles <0.49 um diameter).
At the 60° site, airborne concentrations calculated from the backup filter were
less than for the isokinetic filter. This concentration decrease is similar to
decreases reported for cther radionuclides. However, at the 15° sampling
location, airborne 226Ra concentrations calcuiated from the cascade backup fil-
ter were greater than airborne 226Ra concentrations calculated from the total
isokinetic filtar sampler. This apparent concentration may possibly result
from airbor :al concentration variations between samplers.

Lead-210, uCi/cm3. Airborne 210Pb concentrations are shown in Figure 47,
A1l airborne concentrations were over 1 order of magnitude less than Table II
guidance. Airborne concentrations showed the same general trends as airborne
23oTh concentrations. Along the north fence airborne 210Pb concentrations
were minimum at the extreme east and west sampling locations. At site E air-
borne 21OPb concentrations increased with increasing wind speed, although the
increase is not as clear as was shown for 23oTh. At sites D-1, E, and D-2,
airborne 21OPb concentrations were least in numerical value for the lowest
wind-speed increment, 3 to 5 m/sec. At site D-1 airborne concentrations
increased for the two higher wind speeds, but airborne concentrations were
approximately equal for both wind speeds. At site D-2, airborne concentrations
were greatest for the intermediate 5 to 7 m/sec wind-speed increment. At remote
sites airborne concentrations decreased with increasing distance. The decrease
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was consistent as a function of particle size. Airborne concentrations at both
the 60° and 15° sampling locations were smaller for airborne concentrations
calculated from the cascade impactor backup filter than from the total filter
sample collected in the isokinetic sampler,

Normalized Activity Densities

Activity densities are used to estimate the apparent nonequilibrium
between radioactive decay products on airborne solids. To estimate this non-
equiiibrium, activity densities for 250U, 2301h and 226Ra were normalized by
corresponding activity densities for 21on. Activity density ratios other than
unity indicate a non-one-to-one correspondence between airborne transport for
different radionuclide members of the 238U decay series.

Normalized to 21on. Activity ratios for 2380/210Pb. 23oTh/ZIOPb and
6Ra/EIUPb are shown in Figures 48, 49 and 50, respectively.

22

In cross comparing activity ratio data from the last three figures, it is
seen that airborne concentrations of 23°Th. 226Ra and 21°Pb are greater than
airborne concentrations of 238U. This observation is in accord with the fact
that over 90% of the uranium was removed in the uranium mill.

Lead-214 Normalized Activity. Activity ratios for 21%b/210pp and
21‘Pb;526Ra were investigated as indices for the concentration accuracy of
222, daughters and of radon release after sample collection. Activity ratios for
218p),/210py, are shown in Figure 51.

Insight into the amount of radon released from samples after field collec-
tion is shown by 21‘Pb/zzsﬂa activity ratios given in Figure 52.

March 8 to April 18, 1979

Mass Loadings

Airborne mass loadings are shown for the March 8 to April 18, 1979 sam-
pling period in Figure 53. During this sampling period only wind direction
(211 + 30°) was used for controlling sampling times for airborne particulate
samplers. Airborne mass loadings for filter collection plus isokinetic inlet
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collections are shown as a function of sampling height at site A. Mass load-

ings are nearly constant, 4 x 10'5 g/m3, i.e., 40 pg/m3.

Airborne mass loadings increased across the tailings pile. As shown in
the second subfigure, airborne mass ioadings were greater along the north
fence. Airborne mass loadings increased up to 1 order of magnitude above back-
ground mass loadings. In the next three subfigures (for sites D-1, E, and
D-2), airborne mass loadings variations are a function of height and crosswind
distance. The maximum mass loadings were near the central site E. Airborne
mass loadings decreased on either side as indicated by data for sites D-1 and
D-2. At all three sites airborne mass loadings were nearly uniform as a func-
tion of height. From this uniformity we conclude that a fraction of the air-
borne plume was passing above the uppermost sampler.

Data for remote sites are shown in the sixth subfigure as a function of
distance from the central north fence sampling site. Sampling times at these
sites were during all wind speeds for the indicated wind direction sector,
approximately encompassing the wind direction coming from the pile towards
each sampler site. Data for sampling site R-1 are shown as a 90° wind-
direction sector and sites R-3 and R-4 by the 15° wind direction sectors.
Airborne mass loadings decrease with increasing distance from the north fence
and tend to approximate background mass loadings at site A for distances
greater than about 800 m.

Relative Collection Site

The percent of filter-collected particles of the total airborne particle
collection within isokinetic samplers is shown in Figure 54. In all cases,
over 90% of the solids are collected on the filter.

Radionuclide Activity Density on Airborne Solids

235, 238

Selected airborne particulates samples were analyzed for u, U,
230q), 226, 2185, and 21%p radionuclide content.

Uranium-235, dpm/q. Activity densities for 2350 are shown in Figure 55.

Approximately one-half of these results were calculated from less-than
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radiochemical detection limit data as indicated by the arrows. The greatest
activity density was measured at the background site A, rather than at one of
the down-wind sampling sites. For all other sampling sites activity densities
are uniform within the data scatter.

Uranium-238, dpm/q. Activity densities for 238U are shown in

Figure 56. Activity densities are uniform for all sampling sites including

background site A, This uniformity in activity densities for all sampling
238
f

sites may reflect a secondary source o U wind erosion upwind of the mill

tailings pile and rapid deposition downwind of site A.

Thorium-230, dpm/g. Activity densities for 230Th are shown in Figure 57,
Thorium-230 was definitely wind eroded from the mill tailings pile. Background
activity densities might be approximated by the 15° remote site data shown in
the extreme righthand subfigure. At this site the activity density is in the
range indicated by the less-than numbers at site A. Activity densities along
the north fence and remote sites D-1, E, and D-2 were approximately 1 order of
magnitude greater than background.

Radium-226, dpm/g. Activity densities for 226Ra are shown in Figure 58.
This data set definitely shows increased activity densities above background.
Background activity densities are shown for site A and are approximately uni-
form as a function of height. ODownwind along the north fence and sites D-1, E,
and D-2, activity densities increased almost 1 order of magnitude. At the 15°
remote site, the activity density determined with the filter sample is compara-
ble to background activity densities at site A. At the second 15° remote site,
the activity density determined from the cascade particle impactor backup fil-
ter collection is closer to activity densities determined along the north
fence, and sites D-1, E, and D-2. Thus, these 15% remote site data are incon-
sistent. In some cases, activity densities are greater than background for
distances greater than 4000 m.

Lead-218, dpn/g. Activity densities for 21Pb are shown in Figure 59.
These data are presented merely for interest auv this time, but are a reference
in comparison with 210Pb concentrations. Lead-214 is a short-lived 226Ra
daughter product. There appears to be some particle size dependency shown by
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these 214Pb activity densities. At the background site A, activity densities
were approximately 1 order of magnitude lower than activity densities deter-
mined for the north fence sites and at remote sites D-1, E, and D-2. Decreased
activity densities at site A may reflect more rapid radon diffusion from parti-

cles collected at site A.

21OPb are shown in Figure 60.

Lead-210, dpm/g. Activity densities for
Activity densities are approximately 102 dpm/g for the background sampling
site A while activity densities are appoximately 103 dpm/g for all other sites.
Surprisingly, activity densities at the two 15° remote cites are the greatest
activity densities determined during this time period. These large activity
densities at the 15° sites are probably caused in part by 21on resuspension
from secondary ground sources previously deposited from miil tailings erosion.
The ground surface area of the secondary source is greater than the pile sur-

face area.

Airborne Radionuclide Concentrations

Airborne radionuclide concentrations.;JCi/cm3. were calculated for 235U.
‘38U, 230Th. 226Ra, and 21on. Airborne radionuclide concentrations are com-
pared to Table I and Il guidance levels from 10 CFR 20 (1979).

Uranium-235, uCi/cma. Airborne 235U concentrations are shown in Fig-

ure 61. Airborne concentrations range from approximately 10'16 to 10'14 uCi/cm3.
Maximum airborne concentrations were three orders of magnitude less than
Table II guidance levels.

Background airborne 235U concentrations for site A are shown in the first
subfigure. Only the datum for the 1.5-m sampling height was above radiochemical
detection limits. Airborne concentrations increased during air transport across
the mill tailings pile. Airborne 235U concentrations vary within 1 order of
magnitude along the north fence and are approximately five times airborne con-
centrations measured at site A. At sites D-1, E, and D-2, airborne concentra-
tions do not show large decreases from concentrations measured along the north
fence. Since airborne concentrations are approximately uniform as a function
of height, we again conclude the airborne plume from the mill tailings pile
was probably passing over the uppermost sampling heights at sites D-1, E, and
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D-2. At the 157 remote site the calculated airborne concentration was a
less-than number. Nevertheless, this 15° remote site datum point is signifi-
cantly less than site A background measured at 1.5-m height. A comparison of
the 15% datum and site A datum suggests secondary sources of wind-eroded 235U
are present upwind of site A, Secondary sources could be mill tailings mate-
rials previously wind eroded and deposited around the mill tailings area.

Uranium-238, uCi/cm3. Airborne 238U concentrations are shown in Fig-

ure 62. Airborne concentrations range from approximately 10'15 to 10'13 uCi/cm3.
Maximum airborne concentrations were over 1 order of magnitude less than
Table Il guidance levels,

Calculated airborne 238U concentrations are well-defined by narrow radio-
chemical analysis confidence limits at all sampling locations. Concentration.
determined from the particle cascade impactor backup filter collection were
less than concentrations determined from a total isokinetic filter sample. At
background site A airborne 2380 concentrations were approximately 4 x
10'15 uCi/cm3. Background concentrations were again observed approximately
4,000-m downwind from the mill-tailings area.

Downwind of site A, airborne 238U concentraticns increased about 1 order

of magnitude along the north fence. Subsequently, concentrations decreased
with increasing distance. Concentrations at sites D-1, E, and D-2 were less
than concentrations measured along the north fence. Since concentrations were
nearly uniform as a function of sampling height at sites E and D-2, we conclude
that the airborne 2380 plume was passing over the uppermost samplers at these
sites. In contrast at site D-1, airborne concentrations showed a significant
decrease at the 3-m height. Thus, at site D-1, the airborne plume appeared to
be transported closer to ground level than at sites £ and D-2. Airborne con-
centrations at remote sites decreased with increasing distance.

Thorium-2301,uCi/cm3. Airborne 230Th concentrations are shown in Fig-
ure 63. In comparison, Table | and II guidance levels are also shown. Air-
borne concentrations were greater than Table Il guidance at sites along the
north fence, D-1, €, D-2, and the 90° remote site.

Airborne 23OTh concentrations were above site A background concentra-
tions at all sites except the 15° remote site. A1l results from site A were
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calculated from less-than radiochemical detection limits. Background is esti-
mated to be about 2 x 10'15 uCi/cm3 from the 15° sampling site datum and
cross-compar isons with background data shown for site A.

Airborne 230Th concentrations were maximum along the north fence. Except
for the two most western samples, airborne 23OTh concentrations tended to
decrease from west to east. This concentration decrease from west to east is
similar to the concentration decrease previously shown for 23°Th in Figure 45,

Similar to the discussion of Figure 45, the relative y and z dimensions of
the airborne plume with 230Th concentrations above Table Il guidance can be
estimated from concentraticns shown for D-1, E, and D-2. In Figure 45 the
plume width was relatively narrow, and the width did not extend to either site
D-1 or D-2. In the present case for Figure 63, plume width is wider. Plume
width extends at least 450 m, the distance between site D-1 and E. Probably
plume width also extends to site D-2. Plume height extended above the 15-m
uppermost sampler at site E.

The airborne plume at site E may be composed principally of respirable
size particles. This is inferred from the one datum for the impactor backup
filter collection. The concentration for this datum point is only slightly
less than concentrations for filter-collected total-samples collected at
site E.

Radium-ZZGJ_u%%égg . Airborne 226Ra concentrations are shown in Fig-
ure 64. Airborne Ra concentrations are about 1 order of magnitude less than
Table II guidance level at sites along the north fence, D-1, E, and D-2. The
majority of ZZGRa transport was on respirable size particles, which is inferred
from data points for impactor backup filter collections and filter-collected
total samples at site E and the two remote sites.

3

Background concentrations at site A may be influenced by secondary resus-
pension sources. Airborne concentrations at site A were approximately twice
concentrations at the 15° remote site.

Lead-210, uCi/cm3. Airborne 21on concentrations are shown in Figure 65.
A1l airborne concentrations were 1 order of magnitude less than Table II
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guidance levels. Airborne concentrations showed the same general trends along
the north fence as previously reported in Figure 47. Airborne 2109b concentra-
tions, except for the westernmost sampling location, tended to decrease from
west to east. The airborne 210pt plume height and width extended beyond and
above sampling sites D-1, E, and D-2. Airborne concentrations at the 15°
remote sites were approximately background.

Normalized Activity Densities

Activity densities are used to estimate the apparent nonequilibrium
between radicactive decay products on airborne solids. To estimate this non-
equilibrium, activity densities for 238U, 230Th and 226Ra were normalized by
corresponding activity densities for 21on. Activity density ratios other than
unity indicate a non-one-to-one correspondence between airborne transport for
different radionuclide members of the 2380 decay series.

Normalized to 21%Pb. Activity ratios for 2380/210p are shown in Fig-
ure 66. Activity ratios were nearly uniform at all sites, ranging from 0.1 to
0.5, except for the impactor backup filter collection at the 152 remote site.
Activity ratios at the 15° remote site show a particle-size dependency not
observed for backup filter collec.ions at site E or the 90° remote site.

Activity ratios for 230Th/ZIOPb are shown in Figure 67. In contrast to
the prior figure, activity ratios for 230Th/210pb were a function of sampling
location. At both the background site A and 15° remote site, the activity ratio
was approximately 0.1. At all other sites, activity ratios were approximately
unity,

Activity ratios for 226Ra/szb shown in Figure 68 show similar results.

At both sites A and 15°, activity ratios were approximately 0.2. At all other
sites, activity ratios were approximately unity.

In cross comparing activity ratio data from the last three figures, it is
seen that airborne radionuclides are transported with an apparent nonequilib-
rium between radioactive decay products on airborne solids. That is, airborne
concentrations of 23°Th. 226Ra and 21°Pb are greater than airborne concentra-
tions of 238y This observation is in accord with the fact that over 90% of
the uranium was removed in the uranium mill,
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214Pb/210 2

Lead-214 Normalized Activity. Activity ratios for Pb and 214ppy
Ra were measured as indices for the presence of all radionuclides in secular
equilibrium, and thus indicators for radon release after sample collection.
Activity ratios for 214Pb/zmpb are shown in Figure 69. Two activity ratio
ranges were observed. At both sampling site A and the 15° remote site, 21‘Pb/
21OPb activity ratios were approximately 0.1 indicating loss of radon. At the
other sites, in contrast, activity ratios were greater, approximately 0.7.
Apparently at both site A and the 15° remote site, radon more readily escaped
from these samples, or relatively greater ambient airborne 21OPb concentrations
were at site A and the 15° remote site.

226

The 214Pb/szb activity ratios of approximately 0.7 are significant to
adequate data interpretations of reported airborne 21on concentrations, uCi/cm3,
or activity densities, dpm/g. Reported 21on activity may be partly due to
radon decay in the air as well as carried on tailings particles.

Insight into the amount of radon released from samples after field collec-
tion is shown by 21%pb/220Ra activity ratios given in Figure 70. The 21%pp;
226Ra activity ratio at site A is low, only about 0.4. This low ratio suggests
approximately 60% of the radon escaped after sample field collection at site A,
Less radon escaped than from particles collected at the other sampling sites.
At all other sites, the 214Pb/zzska activity ratio was about 0.6. Thus, radon
escape was only 40%, rather than 60%. This decreased release may be a function
of the larger average particle diameter collected at those other sites, and the
greater relative resistance to radon gas diffusion.

May 15 to July 9, 1979

Airborne particulates were sampled during a wind direction of 211° 135o
and wind-speed increments of 3 to 5 m/sec, 5 to 7 m/sec, and 7 to 11 m/sec
measured at site E. Samples were collected at site A, north fence, D-1, E,
D-2, and remote sites. Calculated results are shown for mass loadings,
activity densities, airborne concentrations, and activity ratios.

Mass Loadings, g[m3

Airborne mass loadings are shown in Figure 71. Wind-speed effects are
unclear. Background mass loadings at site A ranged from 2 x 107 to 7 x
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107> g/m3, i.e., 20 to 70 ug/n3. At site A mass loadings decreased with

increasing sampling height. This decrease with height is indicative of local
resuspension occurring immediately upwind from site A. Along the north fence
airborne mass loadings increased approximately 1 order of magnitude for the
three most eastern sampling locations. Increased airborne mass loadings were
not, however, reflected in airborne mass loadings measured at site D-2 compared
to those at site D-1.

Along the north fence increased mass loading in the east reflects opera-
tional usaqge of the mill tailings pile. As shown in Figure 24, the mill
tailings pile consists of an eastern and western area separated by a dike.

For the current time period the western area was partially covered with water,
similar to conditions shown in Figure 24, while the eastern area was dry.
Thus, increased airborne mass loadings in the east were caused by wind erosion
from the dry eastern area.

Airborne Fluxes and Loading

Airborne mass fluxes and filter mass loadings were calculated from solids
collections on isokinetic sampler inlets and filters. In Figure 72 the "inlet"
airborne mass flux, q/(mz day), is shown along with "filter" mass loadings
g/m3, from Figure 71. Downwind from the pile mass loadings decreased with
increasing distance. Mass loadings at the two 15° remote sites were approxi-

mately the backgrouna mass loadings determined at site A.

“Inlet" mass fluxes show greater variation as a function of wind speed
than airborne mass loading variation. Nevertheless, the mass flux variation
as a function of wind speed is still unclear. Mass fluxes at site D-2 for the
5 to 7 m/sec wind-speed increment may reflect an increased source strength
from erosion of the dry eastern area of the mill tailings pile. Mass fluxes
decreased with distance from the 90° to 15° remote sampling sites. How-
ever, the 15° locations mass fluxes were greater than mass fluxes measured at
background site A.

Relative Collection Site

The relative collection sites of "small"-diameter, filter-collected parti-
cles versus total airborne particles collection within isokinetic samplers are
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shown in Figure 73. Airporne solids collected on the filter are shown as a
percentage of total solids collected on the filter plus isokinetic sampler
inlet. In most cases, over 80% of the solids are collec.ed on the filter.

Radionuclide Activity Density on Airborne Solids

Selected airborne particulate samples were analyzed for 235U, 238U, 230Th,
22636’ 214Pb. and 21OPb radionuclide content. Activity densities 27 a function
of wind speed are unclear.

Uranium-235, dpm/g. Activity densities for 235U a: <hown n Figure 74,

Over 60% of these results were calculated from less-than radiochemical detec-
tion limit data as shown by the arrows.

Uranium-238, dpm/g. Activity densities for 238

Activity densities were a function of sampling site. Activity densities at
sites D-1, E, and D-2 were greater than at the bazckground site A, At site E
activity densities were uniform as a function of height. Thus, the airborne
plume extended above the uppermost sampler.

U are shown in Figure 75.

Activity densities tended to increase from the western site, D-1, towards
the eastern site, D-2. This west-to-east increase in activity density may
reflect increased wind erosion from the eastern area of the mill tailings pile,
or some sampled southwest winds being transported from west of the pile rather
than passing over the pile.

Thorium-230, dpm/g. Activity densities for 25CTh are shown in Figure 76.
Over 40% of these results were calculated from less-than radiochemical detec-
tion 1imit data as indicated by the arrows. Activity densities are uniform
within the data scatter.

Radium-226, dpm/g. Activity densities for 229Ra are shown in Figure 77.
Activity densities at sites D-1, £, and D-2 were greater than at the background
site A. In comparison to increased activity densities at site D-2 compared to
site D-1 for 238U (see Figure 25), activity densities for 226Ra were nearly
uniform in the crosswind distance. Any downwind effects of the dry eastern
pile area were not observed for 226Ra. Thus, from these data one might con-
¢ lude 226Ra is wind eroded from the dike areas, and not from the flat surface
of the mill tailings pile.
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Lead-210, dpm/g. Activity densities for 210Pb are shown in Figure 78.
Activity densities at sites D-1, E, and D-2 were greater than at the background
site A, Activity densities for 21OPb were nearly uniform in the crosswind

distance. Any downwind effects of the drv eastern pile area were not observed
for 210Pb. Activity densities for 21on are also shown in Figure 79. Although
activity densities are approximately uniform 3. all sites, activity densities
at site A tend to be greater than activity densities for downwind sites D-1, E,
and D-2. Increased activity densities at background site tend to support the
concept that radionuclide wind erosion also occurs from secondary sources
arising from prior deposition of wind-eroded mill tailings.

Airborne Radionuclide Concentrations

3 235

Airborne radionuclide concentrations, uCi/cm™ were calculated for u,
U, 23OTh, 226Ra, 21OPb. In addition to the isokinetic filter sample
data, airborne concentrations are shown as a function of aerodynamic particle
diameter as determined with particle cascade impactors. These particle cascade
impactors were located at remote sites R-2 and R-4, i.e., the 60° and 15° wind-

238 aid

direction sampling sites. Airborne radionuclide concentrations are compared to
Table I and II guidance levels from 10 CFR 20 (1979).

Uranium-23547uCi/cm3. Airborne 235U concentrations are shown in Fig-

ure 80. Airborne concentrations are nearly uniform within the data scatter
from radiochemical uncertainty.

3

Uranium-238, uCi/cm”. Airborne 238U concentrations are shown in Fig-

23gu con~entrations as a function of wind speed are unclear.

ure 8l. Airborne
However, there is a tendency for airborne concentrations at the lowest wind-
speed increment to be greater than airborne concentrations at the higher two
wind-speed increments. At sites D-1, E, and D-2, airborne concentrations
increased about 1 order of magnitude above background concentrations at site A.
At site E airborne concentrations were nearly uniform as a function of height.
Thus, an unknown fraction of the 238U airborne plume was passing over the
uppermost sampler at site D. Airborne concentratons at site D-2, being greater
than at D-1, probably reflect increased wind erosion from the dry eastern mill
tailings area.
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238U concentrations as a function of aerodynamic particle diame-

Airborne
ter are shown for two remote sites. At the 60° site, airborne concentrations
are shown for each cascade particle impactor size fraction as well as total
collection within the cascade particle impactor. At this site, the majority
238U was transported on particles collected on the particle cascade

238U content was ahove radio-

of airborne
impactor backup filter. For the 15° site, the
chemical detection limits only for the backup filter collection. For these parti-
cles, airborne concentrations decreased nearly 1 order of magnitude between the
60° and 15° remote sites.

Thorium-23C, uCi/cm3. Thor ium-230 concentrations are shown in Figure 82.
Except for concertrations calculated from radiochemical less-than results, all
concentrations are greater than 5% of Table II guidance levels. The airborne
concentration dependency on wind speed is unclear.

Radium-226l,uCi/cm3. Airborne 226Ra concentrations are shown in Fig-
ure 83. Airborne concentrations were approximately 2 orders of magnitude lower
than Table II guidance levels. At sites D-1, E, and D-2, airborne concentra-
tions increased approximately 1 order of magnitude above airborne concentra-
tions measured at site A and were nearly uniform in the crosswind direction.
At site E airborne concentrations were nearly uniform as a function of sampling
height. At site D-2, however, airborne concentrations tended to increase with
increasing height, reflecting both airborne radionuclide plume passage over the
uppermost air sampler and plume depletion by particle deposition between the
tailings pile and site D-2.

Airborne concentrations for several aerodynamic particle diameters are
shown for the 60° and 15° remote sampling sites. Airborne concentrations
decreased with increasing distance; however, the rate of decrease was a func-
tion of particle diameter. The rate of concentration decrease was greatest for
particles collected on the particle cascade backup filter.

Lead-210, uCi/cm

Airborne 21on concentrations are shown in Figure 84. All airborne con-
centrations were 2 to 3 orders of magnitude less than Table II guidance levels.
Airborne concentration wind-speed dependencies are unclear. Airborne
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concentrations at sites D-1, E, and D-2 were approximately two to three times
greater than background measured at site A. Airborne concentrations were
nearly uniform in crosswind direction at sites D-1, E, and D-2. Downwind at
the 60° and 15° remote sites, airborne concentrations were similar as at cther
sites; thus, the airborne 21OPb concentrations were nearly uniform at all sam-
pling sites for this time period.

Airborne concentration as a function of aerodynamic particle diameter are
shown for the 60° and 15° remote sites. Most 21OPb was collected on the cas-
cade impactor backup filter. This backup filter concentration was uniform with
increasing distance. Nevertheless, for the first four stages of the particle
cascade impactor some decrease in airborne 2mPh concentration with distance is
indicated.

Normalized Activity Densities

Activity densities are used to estimate the apparent equilibrium between
radionuclide decay products on airborne solids. To estimate this nonequlib-
rium, activity densities for 238U, 23oTh, and 226Ra were normalized by corre-
sponding activity densities for Zlon. Activity densities other than unity
indicate a non-one-to-one correspondence between airborne transport for differ-
ent radionuclide members of the 2380 decay series.

Normalized to 21OPb. Activity ratios for 238U/Zlon are shown in Fig-

ure 85. Activity ratio wind dependencies are unclear. However, activity
ratios are a function of sampling site. At the background site A, ratios
ranged from about 0.02 to 0.3. Activity ratios were greater at sites D-1, E,
and D-2 and tended to increase from sites D-1 to D-2, i.e., from west to east.
This west-to-east increase may reflect, in part, wind erosion from the dry
eastern mill tailings area. Nevertheless, one should not rule out the possi-
bility that some fraction of airborne solids collected at site D-1 were
ambient particles, rather than particles currently wind eroded from the mill
tailings pile. This possibility is cuggested since a wind direction of 211
:33° was sampled, possibly allowing some southwesterly winds to bypass the
western edge of the mill tailings pile and be sampled at site D-1.
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Activity ratios for 230Th/szb are shown in Figure 86. In contrast to

230Th/210

the prior figure, activity ratios for Pb were nearly uniform at all

230Th/210

sampling sites. The average Pb activity ratio was about 0.4.

Activity ratios for 226Ra/szb are shown in Figure 87. These results
show trends which are a combination of trends from previous figures, i.e.,
activity ratios for 226Ra/szb at site A were less than at sites D-1, E, and
D-2. However, at these three sites, activity ratios were nearly uniform, about
0.6.

Lead-214 Normalized Activity. Activity ratios for 21%pb/210pp ang 214pp,
226Ra were investigated as indicators of both concentration accuracy of 22ZRn
daughters and radon release after sample collection. Activity ratios for 214Pb/
210Pb are shown in Figure 88. Two activity ratio ranges were observed, similar
to the results previously shown in Figure 75. Although two ranges were
observed, the absolute value of each range is differe.t. Ranges for Figure 75
will be shown in parentheses in the following discussion. In Figure 88, the
214Pb/szb activity ratio at background site A was approximately 0.08 (0.01).
At the other sites, in contrast, the activity ratios were greater, approxi-
mately 0.04 (0.7). Apparently, at sites D-1, D-2, and E, either radon more
readily escaped from these samples, or greater ambient airborne 21on concen-
trations were at the background site A.

The 214Pb/szb activity ratios of approximately 0.4 are of less signifi-
cant concern for adequate data interpretations than were inferred from the 0.7
ratio previously discussed in Figure 75. For the present figure, reported
21OPb activity may be near actual airborne concertrations, rather than being an
artifact of radionuclide decay. Actual airborne concentrations may have been
at least 60%, i.e., (1 - 0.4) x 100 of reported concentrations.

Insights into the fraction of radon reieased from samples after field col-
lection are inferred from 214Pb/ZZGRa activity ratios shown in Figure 89. The
21‘Pb/ZZGRa activity ratio at site A is the lowest, an average of about 0.4.
This ratio suggests wpproximately 60% of the radon escaped after sample field
collection at site A. Less radon escaped from samples collected at sampling
sites D-1, £, and D-2; an average ?lan/ZZGRa activity ratio was about 0.6.
Thus, radon escape was about 40% rather than 60%X. This decreased relative
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radon release at sites D-1, E, and D-2 may be a function of the relative larger
particles collected and also the greater relative resistance to radon gas dif-
fusion within these larger particles.

March 30 to April 17, 1978

North Dike

Crosswind variations in airborne radionuclide source strengths were inves-
tigated by using airborne samples collected along the north bank retaining
dike. Samplers were placed adjacent to the maintenance road along the top of
the dike. These were inertial impaction collectors from which relative hori-
zonta)l mass fluxes were calculated. Mass fluxes were previously reported in
the interim report (Figure 43) and are again shown for reference in Figure 90.
For latter comparison to activity densities, the mass flux data of interest is
the fifth subfigure described by the subtitle "North Dike." Airborne mass
fluxes are shown for sampling heights of 0.3 and 1.5 m. Attention is called to
the observation that mass fluxes showed a rapid decrease at the 175-m east sam-
pling site. This decrease also occurs for some airborne radionuclide activity
densities.

Sufficient airborne solics were collected in these inertial impaction
collectors to allow solids to be sieved into size fractions (see size distri-
butions shown in Figure 105) including the <20-, 44- to 74-, and >420-um
particle-diameter ranges. Selected size fractions were analyzed for radionu-
clide content. A1l three size fractions collected at the 0.3-m height were
analyzed while only the 44- to 74-um-diameter size fraction at the 1.5-m height
was analyzed for radiunuclide content.

In the interpretation and discussion of activity densities and particle
size fractions, it should be kept in mind that the inertial collectors are not
100% efficient and their efficiency will be a function of particle size and
wind speed. Their primary use was to obtain relative mass loadings at many
locations. The activity density as a function of collector location and parti-
cle size fraction must be qualified by the sampling uncertainty to provide a
completely unbiased sample. The ability of the dry-sieving process used to
separate every particle from another, as in all dry separation processes, could
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have resulted in incomplete detachment of some small particles trom larger par-
ticles. These sampling and sizing observations should also be recognized in the
discussion to fo. low.

Uranium-235, dpm/q. Activity densities for 235U are shown in Figure 91.
Activity densities range from 1 to 40 dpm/g and are a function of particle
diameter. Activity densities are consistent with results shown in the interim
report (Schwendiman et al. 1979). Activity densities are largest for the
<20-um-diameter particle size increment, Activity densities for the two larger
diameter increments show an unclear activity density decrease with increasing
particle diameter.

Activity densities are also a function of sampling position. Activity
densities for the <20-um-diameter increment show a general increase with
sampling position from west to east. However, any change in activity density
as a function of the two sampling heights is unclear from these data.

Uranium-238, dpm/q. Activity densities for 238U are shown in Figure 92.

Activity densities range from 20 to 900 dpm/g. The precise radiochemical con-
fidence limits for this data set are not shown since confidence limits would be
within the data symbols as piotted. Activity densities are non-uniform across
the pile for all particle diameter increments. Activity density variations are
up to 1 order of magnitude. The largest activity densities are for the
<20-um-diameter particles. At the 0.3-m height, activity densities decrease,
with one exception shown as the 150-m east site, with increasing particle
diameter. For 44- to 74-um-diameter particles, activity densities for
particles collected at the 1.5-m height are greater than activity densities

for particles collected at the 0.3-m height. This increased activity density
with increased height may represent an artifact in this instance since other
radionuclides did not show such a recognizable difference in activity density
with height. If not an artifact, this increased activity density with
increased height may reflect differences in the areal source of the cullected
airborne material. A possible expianation of the increased activity density
with increasing height is that 1) particles collected at the 0.3-m height were
wind eroded from the north bank, a bank consisting of coarse sands of low-
activity density, and 2) airborne particles collected at the 1.5-m heignt were
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wind eroded from the central portions of the mill tailings area, a flat area
consisting of slimes with greater activity densities.

A further particle-size anomaly is noted at the 150-m east sampling site.
Activity densities for the <20-um and 44- to 74-um-diameter particles were less
than activity densities at other north dike sites. In contrast to this
activity density decrease for small particles, activity densities for particles
>420-um-diameter did not show any such decrease. An explanation was not found.
However, at this time the cyclone separator that deposited effluents onto the
mill tailings pile was approximately in the region of the 150-m east sampling
site. Cyclone discharges may have had scme influence on the erosion source
area because of the immediate upwind wetted dike and “"beach" area. Conse-
quently, radionuclide particle sources may have been from more distant portions
of the tailings pile. This anomaly was not present for other radionuclides.

Thorium-230, dpm/g. Activity densities for 230Th are shown in Figure 93.
Activity densities range from 300 to 2000 dpm/g. The precise radiochemical con-
fidence limits for this data set are not shown since confidence limits would be
within the data symbols are plotted. Activity densities are non-uniform across
the pile for all particle diameter increments. The largest activity densities
are for the <20-um-diameter particles. For 44- to 74-um-diameter particies,
activity dernsities for particles collected at the 1.5-m height are greater, with
one exception, than activity densities for particles collected at the 0.3-m
height.

Radium-226, dpm/q. Activity densities for airborne 226Ra are shown in

Figure 94, Activities ranged from about 200 to 3000 dpm/g. Activity densities
were greatest for <20-um-diameter particles and smallest for >420-um-diameter
particles. There are differences between airborne 226Ra activity densities and
23OTh activity densities discussed in the previous figure. Radium-226 activity
densities were nearly uniform as a function of crosswind distance. Even at the
150-m east sampling location, 22°Ra activity densities were uniform and did

not show any significant decrease as was observed for 23oTh.

A wet beach from cyclone discharge may have affected activity densities
for airborne samples collected along the north dike, considering the following
facts: 1) the beach was wet, 2) 226Ra activity densities for 44- to
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77-um-diameter particles were less at the 1.5 m height than at the 0.3-m sam-
pling height, and 3) 226Ra activity densities were nearly uniform from west
to east. With constant activity densities, an explanation scenario is that
most collected 226Ra particles were wind eroded from the dike rather than
from dry beach areas.

Lead-214, dpm/g. Activity densities for 21%Pb are shown in Figure 95.

Due to .. time duration between sampiing and analysis, these 214Pb activity
densities could represent radionuclide in-growth and decay after field sampling
rather than activity densities while wind eroded. This information is of main
interest in comparison to 210Pb activity densities. Lead-214 activity densi-
228pa, indicating dis-
equilibrium between Pb due to radon escape. Some radon gas
escaped from samples before daughter 214Pb vas formed.

ties are significantly less tnan activity densities for
226Ra ad 214

Lead-210, dpm/g. Lead-210 in-growth occurs as a daughter product of
Pb. If 210Pb activity densities are greater than 214Pb activity densities,
the major portion of reported ZIOPb activity densities were measured for field
congitions rather than from ir-growth while in the laboratory.

214

Activity densities for airborne Zlon are shown in Figure 96. Activiiy
densities range from about 300 to 1500 dpm/g. Activity densities were nearly
uniform from west to east sampling sites. Activity densities were largest for
<20-um-diameter particles and decreased with increasing particle diameter.

The smallest activity densities were associated with >420-um-diameter parti-
cles. Lead-210 activity densities were similar at both sampling heights of 0.3
and 1.5 m.

Normalized Activity Densities. Activity densities can be used to estimate
the apparent equilibrium between radicactive decay products on airborne solids.
To estimate the aprarent equilibrium, activity densities for 235U, 2380, 23oTh,
226Ra, and 214Pb were normalized by the corresponding activity densities for
210p,,  Resulting activity density ratios are shown in Figure 97. Statistical
analyses have not been done on this data. Nevertheless, estimates of the
apparent equilibrium, or nonequilibrium can be made. The activity densities
are approximately 10'2 for 235U/szb; 10'1 for 238U/zlon; approximately unity
for 2397n/210p ang 226R4/210pp. and tess than unity for 213pp/210pp,
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Feoruary 24 to April 24, 1979

Airborne mass fluxes will be shown for sites previously discussed and n
addition, for west array, central array, and east array site locaticns previ-
ously shown in Figure 27. Airborne solids were collected with isokinetic
filters, cyclone-preseparators for particle cascade impactors, and air impact
flow particle collectors. Airborne mass fluxes were calculated for particles
collected within isokinetic sampler inlets and cyclone preseparators. In addi-
tion, airborre mass fluxes were calculated from solids collected within air
impact flow particie collectors. These two sets of mass flux data need to be
interpreted differently. For the isokinetic inlet-determined airborne mass
fluxes, these mass fluxes are those whi.ch occurred during all wind speeds for
a wind direction of 211 :300. Airborne mass fluxes collected from air impact
flow collectors are average values for the total time samplers were in the
field, rather than only time for which the wind was blowing either from the
pile, 211°, or away-from the pile, 319, A compar ison of mass fluxes for 211°
and 31° facing collectors can be used as an index of whether or not mass f.ux
sources are from primary mill tailings pile erosion, or “rom secondary wind ero-
sion from prior tailings deposition (or ambient soil surfaces).

The mass flux as a function of height will be termed the mass flux pro-
file. Mass flux profiles were investigated for neights up to 15 m. At sites
A, D-1, E, and D-2, air impact flow collectors were placed at heights from 0.3
to 15 m above ground. This experiment perw.itted determination of average mass
fluxes from 0.3 to 15 m above ground at more sites than was possible with
electrically powered isokinetic air samplers.

Mass Fluxes and Loadings

Mass fluxes and airborne mass loadings calculated from 1sokinetic filter
collections are shown in Figure 98. The "inlet" airbec-ne mass fluxes are shown
using the lefthand ordinate and the lower portion of the figure. In some cases
mass fluxes calculated from filter collection are greater than those calculated
from inlet collection. At background site A airborne mass fluxes increased
with increasing height. This increase reflects upwind erosion with particle
deposition occurring between the erosion area and site A. Along the north
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During February 24 to



fence, mass fluxes increased two orders ~f magnitude above background. Further
downwind, airborne mass fluxes decreased. Mass fluxes were approximate y uni-
form in the crosswind direction at sites D-1, E, and D-2.

Mass fluxes decreased with increasing height at site E. A large flux
decrease with increasing height reflects that a significant fraction of the
airborne plume of large particles was passing at heights between ground and
15 m, r ‘ther than passing over the uppermost sampler as shown for filter air-
borne mass loadings of smaller particles. Further downwind, airborne mass
fluxes decreased with increasing distance. The total flux at the 15° remote
site was still above background fluxes measured at site A. Thus, airborne mass
fluxes of "large" particles extend beyond approximately 4-km downwind.

Also shown in Figure 98 are inlet airborne mass fluxes determined from
solids collections within cyclone preseparators for particle cascade impactors.
Mass fluxes calculated from cyclone preseparatcr inlet collection and from iso-
kinetic sampler inlet collections show some measurements in reasonable agree-
ment and others in total disagreement. The consistencies and inconsistencies
may be caused by differences in sampler geometry as well as spatial variations
of airborne mass fluxes. The mass flux calculated from the cyclone presepara-
tor ccllection at site A is about 1 order of magnitude greate: than for the
mass flux calculated from the isokinetic air sampier inlet. In contrast, at
site £, mass fluxes calculated by both methods show agreement within a factor
of two.

Mass Fluxes: Air-Impact-Flow Collectors

Airborne mzss fluxes were calculated separately for particle collection on
the collector iniet and air-exit filter, a 25-um nylon screen. Airborne mass
fluxes are shown in Figure 99.

At site A, mass flux profiles were different for inlet as compared to
filter-collected solids. For filter-collected solids, airborne mass fluxes
were essentially uniform as a function of height. In comparison, the inlet,
i.e., large particles, mass flux profile exhibited a maximum flux at an inter-
mediate sampling height. For the both lowest and highest sampling locations
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the mass fluxes were comparable. This flux profile observation would be con-
siste't with an upwind large particle erosion source producing an airborne
plume transported withi- the lower 15 m, with the plume being depleted by depo-
sition in the 0.3 m adjacent to the ground surface. This explanation is
conjectural since these mass fluxes are averagye flua.. measured for all wind
conditions during field sampling.

Airborne mass fluxes determined along the north fence are shown for both
collectors facing towards, 2110, and away from, 310, the pile. Mass fluxes
for inlet-collected particles were greater coming from the pile compared to
those blowing towards the pile. A fraction of the mass fluxes towards the pile
probably reflect road erosion by vehicular traffic along the gravel road imme-
diately north of the north fence. At the western end of the north fence, the
mass flux towards, 31°, the pile is greater than the mass flux from, 211°,
the pile. In contrast, along the eastern length of the north fence, mass
fluxes from the pile, 211°, are greater thar mass fluxes towards the pile,
31°,

The downwind airborne plume width and height was investigated with air
impact flow col’ectors located at sampling sites D-1, E, and D-2. At all
three sites, airborne mass fluxes tended to be uniform as a function of
height. Thus, the airborne plume width is at least 900 m, the distance
between sites D-1 and D-2. The airborne plume height extended over 15 m above
ground.

Airborne plume width and downwind decrease were investigated with air-
impact flow collectors along the west, central, and east arrays. These collec-
tors were faced toward the pile, 211°, along the west and east arrays. Along
the central array collectors were faced both towards, 211°, and away from,
31°, the pile. Although there are individual mass-flux differences along
each array, the rate of mass-flux decrease with distance is approximately the
same for the west, central, and east arrays. However, along the central array,
it is surprising that a‘~borne mass fluxes for inlets facing both 211° and
319 are approximately the same. Being nearly the same, these results suggest
that secondary erosion from prior-deposited wind-eroded mill tailing particles,
or ambient soil, occurs readily and is widespread. Thus, in environmental
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impact considerations, both the primary radionuclide source from the mill
tailings pile as well as the secondary sources from prior deposition must be
considered.

Mass fluxes are shown for distances up to 4,000 m in the last subfigure.
Mass fluxes for both inlet- and filter-collected particles are greater for
collectors facing toward, 211°, compared to away-from, 31°, the pile. How-
ever at 4,000 m the data are inconsistent, but tend to suggest comparable mass
fluxes from both directions.

April 27 to July 9, 1979

Airborne mass fluxes were calculated from solids collection within air-
impact-flow coilectors. All air-impact-flow collectors were faced towards the
pile, 211°, except along the north fence and central array in which collectors
were faced both towards, 211°, and away from, 31°, the pile. For relative mass
flux comparisons during a shorter concurrent time from May 15 to July 9, 1979,
airborne mass fluxes determined with isokinetic air samplers were shown in
Figures 71 and 72.

Mass Fluxes: Air-Impact-Flow Collectors

Total airborne mass fluxes shown in Figure 100 were calculated from both
“inlet" and filter collections within air-impact-flow collectors. At site A,
mass fluxes were nearly constant for height between 3 and 15 m. Mass fluxes
were greater at lower elevations, suggesting the possibility of local wind
erosion upwind of site A. Along the north fence, airbornz mass fluxes were
greater than background for inlets facing both toward, 211°. and away-from,
31°, the pile. At sites D-1, E, and D-2, airborne mass fluxes were nearly
uniform as a function of height. Thus at these sites, the airborne large
particle plume extends to heights above the uppermost 15-m collector. In com-
paring these airborne fluxes with those measured at site A, the plume width
extended at least from site E to site D-2. Plume width and heights are compa-
rable for both inlet- and filter-collected particles.

Downwind changes in airborne mass fluxes are indicated by data for the
west, central, and east arrays in Figure 100. Downwind changes are comparable
for both inlet- and filter-collected particles. The rates of mass flux
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decrease with distance are more comparable for the central and east arrays, as
compared to the rate of mass flux decrease along the west array. At the cen-
tral array, airborne mass fluxes decreased with distance for inlets facing both
toward, 2110, and away-from, 310, the pile. Again, these data are further
confirmatory evidence of a secondary winc-erosion source attributable to prior
mill tailings erosion and subsequent deposition in the environs. Additional
secondary source evidence is interpreted from the most remote site. Airborne
mass fluxes 4-km downwind were less than mass fluxes determined at site A,
Since site A mass fluxes are greater, samplers at s:ce A may be measuring sec-
ondary wind erosion from upwind sources.

Airborne mass fluxes were also calculated as a function of in’'et- and
filter-collected solids. These mass fluxes are shown in Figure 101. 1In cross
comparing background data for site A and the 4-km data in the last subfigure,
mass fluxes from both filter- and inlet-collection were greater at background
site A than 4-km downwind.

Relative Collection Site

Mass fluxes were shown in Figure 101 as a function of particle size,
larger particles being collected on the inlet and smaller particles being col-
lected on the fiiter. An index of the relative mass collection on the filter
is shown in Figure 102. Airborne solids collected on the filter are shown as
a percent of total solids collection on the inlet plus filter. Solids col-
lected on the filter range from about 6 to over 90%.

June 28 to August 8, 1978

Remote Mass Fluxes as a Function of Particle Diameter

The transport distance of radionuclides on airborne particles from the
mill tailings pile is a function of the particle size upon which radionuclides
are transported. Airborne mass fluxes as a function of distance and particle
diameter were investigated with air-impact particle collectors along the cen-
tral sampling array (see remote sampler locavrions shown in Figure 40). After
particle collection, particles were subsequently sieved into seven size
fractions ranging from <37-um to >210-um diameters. Airborne mass fluxes,
g/(m2 day) were calculated for these size fractions.
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Airborne mass fluxes as a function of particle diameter during June 28 to
August 8, 1978 are shown in Figure 103. Two subfigures are used to display
mass fluxes for the seven particle-diameter increments. Mass fluxes are maxi-
mum for an intermediate-diameter increment, 74 to 125 um. Consequently, mass
fluxes for particle diameters <37 um are shown in the left subfigure while mass
fluxes for particle diameters >74 um are shown in the right subfigure. In both
subfigures airborne mass fluxes decrease with increasing distance. In the left
subfigure the smallest mass fluxes are for the <37-um-diameter increment. Mass
fluxes increase nonuniformly with particle diameter for the next two particle
size ranges. Mass fluxes for the 37- to 53-um-diameter increment are greater
than for the 53- to 74- m-diameter increment. In th¢ right subfigure a consis-
tent trend is shown as a function of particie diameter. Mass fluxes decrease
as particle diameter increased. The maximum mass fluxes were for the 74-
to 125-um-diameter increment, and the minimum mass fluxes were for the
»210-um-diameter increment.

The rate at which airborne mass fluxes decrease with increasing distance
is a function of particle diameter. The most rapid decrease is for the 74- to
125-um particle-diameter increment while the least rapid decrease is for the
>210-um-diameter increment. Caution is needed in interpreting these rates.
These rates do not represent only one wind-speed increment. The fluxes are
average values for all winds occurring during the sampling time period. Con-
sequenty, there is not a one-to-one relationship between these measured mass
fluxes and mass fluxes which might be predicted from models using only one
wind speed for model predictions. In addition, model predictions are often
normalized to a unit strength source, rather than mass fluxes as shown in this
figure. Normalized mass fluxes would decrease as a function of distance and
increasing particle diameter. This decreased mass flux with increasing parti-
cle diameter is caused by preferential dry deposition removal of larger
particles.

Airborne Particle Size Distributions

Airborne particle size distributions are a function of site location and
are needed for airborne transport model validation. Particle size distribu-
tions are reported for three series of experimental results: 1) at the south
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dike site B-2 (see Figure 24 for location), 2) along the north dike, and 3) as
a function of distance at remote sites.

Site B-2 Size Distribution. Airborne particle size distributions deter-
mined at site B-2 are shown in Figure 104. As shown in Figure 24, site B-2 was
on the flat surface of the mill tailings pile immediately north of the south
dike. Particle size distributions at this location are indicative of size
distributions for particles wind eroded from the sloping banks of the mill
tailings pile. Particle size distributions are shown for the three wind-speed
increments of 3 to 5, 5 to 7, and 7 to 11 m/sec measured at site A. These
particlie-size distributions were determined by combining data calculated from
particle cascade impactor and cyclone preseparator collections. In this figure
the particle cascade impactor data are those for 7-um diameter and less while
the cyclone preseparator data are those for 137-um diameter and greater.

Size distributions for all wind speeds are similar: 1) the mass median
particle diameter was about 120 um, 2) the respirable mass fraction was less
than 5%, and 3) the size distribution is not a simple log-normal distribution.
A separate "normal" distribution is indicated for the inhalable particles col-
lected in the particle cascade impactor and also for the nonrespirable parti-
cl-5 collected in the cyclone preseparator.

Nerth Dike Size Distribution. Airborne particle size distributions deter-
mined with the air-impact-flow coilectors along the north dike are shown in
Figure 105. Two size distributions are shown, each size distribution being
the mass average size distribution for airborne particles collected along the
west to east direction. These are the same samples which were analyzed for
radionuclide content with activity densities reported in Figures 90 through
97. Only nonrespirable particles were collected. Size distributions were a
function of sampling height. At the 0.3-m sampling height, the mass median
particle diameter was approximately 190 um while at the 1.5-m sampling height
the mass-median diameter was approximately 130 um. This rapid decrease in mass
median particle diameter (190 to 130 um) with increasing heighis reflects a
large particle flux transported near (within about 0.3 m) the ground surface.
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Remote Particle Size Distributions. Airborne particle size distributions
were determined at remote sites using particle cascade impactors and cyclone
praseparators. As shown in Figure 25, these remote sites were 100, 870, 3,970,
and 4,280 m (i.e., the 90°. 60°. and the two 15° sites) from the central
north-fence sampling location.

Airborne particle size distributions shown in Figure 106 were a function
of sampling location. A complete size distribution from 0.45- to 210-um diame-
ter is shown for the 100-m sampling site. The mass median diameter is about
15 um. This size distribution is rot a simple log-normal distribution, but
reflects at least two "normal" distributions; i.e., a separate normal distribu-
tion for the inhalable particles collected in the cascade impactor and also for
the nonrespirable particles collected in cyclone preseparator. At the more
distance sites, there was too little solids collection in the cyclone presepa-
rator to permit particle size analysis for nonrespirable particles. At the two
15° sites, these two size distributions reflect large size distribution differ-
ences between sites.

Airborne Stable Element Concentrations

Airborne stable element concentrations were initially investigated at
site C and subsequently at sites R-2 and R-4,

Site C, August 10 to September 12, 1977

Airborne stable element concentrations determined at site C (see Figure 24
for location) during six time periods between August 10 to September 12, 1977
are shown in Table 18. Sample collection was for all wind speeds during a wind
direction from 211° + 30° at site A. The particulate sampling height was
1 m. Airborne concentrations were calculated for solids collecied on the
3.5-um-diameter virtual cascade impactor stage. For each time period, air-
borne concentrations are given on the first line and the lo chemistry limits
are shown on the second line.

Obviously, there is a wide range of airborne concentrations for these
22 stable elements. Larger concentrations may reflect airborne sand and soil
rather than stable elements from the mili tailings pile. For instance,
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TABLE 18. (1 of 2) Airborne Stable Element C csntrations at Site C
During August 10 to October 12, 197712

Airborne Concentrationl,ng/m3

Sampling

Period, 1977 Si S € K Ca T v tr M Fe Co
August 10 <159 636 <40 21 78 17 2 5 2 41 <« 2
to 23 +40 +8 £3 2 )12 ] +2

August 30 14700 7410 320 1710 7600 510 140 15 50 3320 <20
to 31 +500 +240  +90 +70 +100 +20 +10 16 6 +30

Sept. 9 1310 1990 <93 181 850 56 <9 15 8 320 < 6
to 12 +260 +130 +23 +30 +7 +3 £2 +10

Sept. 23 10700 8120 455 966 4970 450 74 60 <28 20284 <37
to 29 +1400 +600 +139 +190 51 +28 19 +46

Sept. 29 61500 43500 <300 10390 63800 2410 700 28 400 18600 <62
Oct. 4 +1600 +600 +190 +300 +50 +30 +17 +20 +200

Oct. B 10300 3750 <80 1110 5300 260 70 1 38 1880 <12
to 12 +400 +130 40 100 1) 10 4 +4 +20

(a) Sampling was with a virtual impactor which operated when the wind direction was
211° £30° at site A. Sampling height was 1 m. Data shown were calculated from
material collected on the 3.5-um-diameter stage. The lo chemistry limits are
shown on the second line.
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TABLE 18. (2 of 2) Airborne Stable Element C sntrations at Site C
During August 10 to October 12, 197712

Airborne Concentration, qg/m3

Sampling

Period, 1977 Ni  Cu Zn Ga Mg Se Pb As  Br R Sr
August 10 1 8 10 <1 < 4 13 79 n 10 < 10
to 23 +1 +] +1 +3 +2 +1

August 30 5 16 18 3 n 104 38 15 10 <84 <27
to 3 b ¥4 +2 +2 +2 +4 +3 6 +4 +2

Sept. 9 2 14 7 <2 <7 13 33 9 n «<3 <23
to 12 t] +2 t1 t] +5 +3 +2

Sept. 23 <9 42 28 <9 <37 93 42 14 37 <14 <116
to 29 +9 +5 +9 +19 +9 +5

Sept. 29 <9 50 50 12 <19 900 92 36 61 48 185
Oct. 4 +5 +5 +3 +20 +16 9 +5 +5 +29
Oct. 4 3 13 1" <2 <5 42 51 7 10 4 <17
to 12 +] +] +1 +] +4 +2 +1 £

(a) Sampling was with a virtual impactor which operated when the wind direction was
211° +30° at site A. Sampling height was 1 m. Data shown were calculated from
material collected on the 3.5-um-diameter stage. The lo chemistry limits are
shown on the second line.



consider silicon, calcium, and iron concentrations. Airborne silicon concen-
trations range from <0.159 to 61.5 ng/m3. calcium concentrations range from
0.078 to 63.8 ng/m3, and iron concentrations range from 0.041 to 18.6 ng/m3.

There are reasonable consistencies between ratios of one element concen-
tration to another element concentration. Elemental concentration ratios were
calculated for Ca/Si and Fe/Ca. For comparison, ratios for crustal averages
will be given in parentheses. Differences between measured and crustal elemen-
tal averages may reflect both local geology and chemical separations occurring
during uranium milling.

The Ca/Si elemental concentration ratios range from 0.049 to 1.04 (0.13)
and the Fe/Ca elemental iuncentration ratios range from 0.29 to 0.53 (1.38).
These concentration ratios, however, are significantly different from ratios of
average amounts of elements in the earth's crust.

Other elements than silicon, calcium and iron are potentially of more
interest. We have selected selenium, lead, and arsenic for further discussion.
Airborne Se concentrations range from 0.042 to 0.104 ng/m3; airborne Pb con-
centrations range from 0.033 to 0.79 ng/m3; and airborne As concentrations
range from 0.007 to 0.036 ng/m3. Ratios of airborne concentrations of these
elements compared to airborne Si concentrations were also calculated and com-
pared to crustal abundances shown in parentheses. Airborne Se/Si1 ratios range
from 0.004 to 0.02 (4 x 10'8}; airborne Pb/Si1 ratios range from 0.001 to 0.02
(8 x 10'8); and airborne As/Si ratios range from 0.001 to 0.07 (2 x 10'5).
Elemental ratios for crustal abundances are orders of magnitude smaller than
ratios determined from site C samples. Obviously, Se, Pb, and As are wind
eroded from the uranium mill tailings pile. Airborne concentrations are less
than the time-weighted average threshold limit value, TLVs. The 8-hr TLV for
airborne Se is 2 x 105 ng/m3; the TLV for airborne Pb is 1.5 x 105 ng/m3;
and the TLV for As is 5 «x 105 ng/m3.

Sites R-2 and R-4, May 15 to July 9, 1979

Airborne particulate samples collected at remote sites R-2 and R-4 during
May 15 to July 9, 1979 were analyzed for stable elements. At each site there
were four sampling systems, each a cyclone preseparator and a particle cascade
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impactor. Four cyclone-particle cascade-impactor systems were used to deter-
mine sampling reproducibility. Each of the four sampling systems were designed
to operate simultaneously. However, due to equipment problems each sampler
operated for different sampling times. Differences in sampling duration and
nonuniform erosion with time qualifies data irnterpretation. Nevertheless,
there are three data groups that are comparable.

At sampling site R-2, the first two samplers operated for 10,852 and
10,940 min, respectively. The third and fourth sampler operated for 8,447 and
8,935 min, respectively. Similarly, at site R-4 systems 1, 2, and 3 operated
for 7,199, 7,310, and 7,311 min, respectively. The fourth system operated for
a much shorter time period of 2,816 min. Thus, in comparing data from sampling
site R-2, data from samplers 1 and 2 should be consistent sets. Likewise, data
from samplers 3 and 4 should be consistent data sets. Similarly, at sampling
site R-4, data from samplers 1, 2, and 3 should be comparable data sets while
data from sampler 4 may show significant differences.

Elemental Composition

Stalle element concentrations, percent or ppm, were determined for sclids
collected in the cyclone preseparator. Concentration and reproducibility
results for sites R-2 and R-4 are shown in Tables 19 and 20. For these tables,
concentrations of Se, Pb, As, and U are selected for discussion. At sampling
site R-2, Se concentrations were 75.0, 48.2, 88.0, and 66.1 ppm, all signifi-
cantly above the average crustal abundance of 0.09 ppm. In addition to
determining absolute concentrations, these data are also an index of sampling
reproducibility. It is obvious these four samples all indicate different air-
borne concentrations, even when the lo chemistry limits are considered. The
source of these differences is unknown. However, differer_.s may be a
function of:

e real spatial variations between samplers of airborne concentrations,
e potential differences due to nonsimultaneous sampling, or

e due to chemistry sampling problems associated with analyzing only a
small fraction of, rather than the total of, each collected sample.
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TABLE 19.

Within Cyclone Preseparators During May 15 to July 9, 1979 (A1l wind

speeds we.
Average
Concentration Crustal Sampler No. 1
£ lement Units Abundance ‘tﬁs" B
Si % 27.72 19.9 4 |
P | 0.118 0.420 0.148
S % 0.052 0.900 0.071
o | x 0.032 0.979 0.021
K x 2.59 1.27 0.07
Ca % 3.63 7.72 0.39
Ti % 0.44 n.234 0.010
v ppm 150 118 1%
Cr ppm 200 263 16
Mn ppm 1000 365 20
Fe X 5.0 1.38 0.07
Ni ppm 80 72.6 4.5
Cu ppm 7 154 8
In ppm 132 254 13
Ga ppn 15 4,55 0.71
Hg ppm 0.5 <3.0
Se ppm 0.09 75.0 3.9
b ppm 0.01 §2.3 i.4
As ppm S 14.2 1.1
gr opm 1.6 8.66 .62
Rb ppm 310 a4 - 2.4
U ppm 4 127 9
Sr ppm 300 173 1?2
¥ ppm 23 16.6 1.4
Ir ppm 220 168 12
Nb ppm 28 8.38 0.91
Mo ppm 15 42.8 3.2

“ampler No. ?
T i

216 1.2
<0.2%
0.465  0.051
0.080  0.016
0.948  0.050
8.33  0.22
0.105  0.006
8.7 10.7
112 4
26 12
0.675  0.03
28.7 2.4
29.6 1.9
159 3
3.8 0.8
<2.6
83.2 2.6
12.1 2.6
1.1 1.0
.87 0.47
a6.4 2.5
40.8 3.
118 8
10, 1.0
265 19
5.67  0.78
17.2 1.57

19.
0.
896
126
.36
.49
223

0
0
1
9
0

177
147
407

128
196

18,

213

3
529

1.
0.
075
.023
.07

.45

012

> o

Sampler No. 3
nits ;Es. Yo~

1
159

.81

- sampled for a 60° wind direction from the Tailings Pile)

Elemental Composition of Airborne Solids Collected at Sampling Site R-2

Sgnvgler No. 4

Units 1
9.5 0.
0.319 0
0.682 0
0.090 2
0.999 0
5.82 0
0.134 0.
B87.1 12

144 i0

282 6
1.38 0.
46.6 3
94.27 5.

291 1S
1.90 0
<Z2.6
66.1 3.
43.8 3
11.4 1
i1.4 0.
19.4 2
91.0 6.

140 10
$3.3 1

210 15
7.34 0
5.9 3

.12
.060
019
052
«29

!

-
.

007
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Elemental Composition of Airborne Solids Collected at Sampling Site R-4
Within the Cyclone Preseparators During May 15 to July 9, 1979 (A1l

wind speeds were sampled for a 150 wind direction from the Tailings Pile)

TABLE 20.
Average
Concentration Crustal Sampler No. 1

£ lement Units Abundance  Units _dg
Si | 21.72 19.3 1.0
P % 0.118 0.331 0.115
S % 0.052 0.547 0.052
ot | X 0.032 0.134 0.020
¥ 3 2.59 1.29 0.07
a * 3.63 3.2% 0.16
Ti % 0.44 0.168 0.009
v ppm 150 79.5 12.0
re pom 200 az7 23
Mn ppm 1000 236 16
Fe * 5.0 1.16 0.058
Ni ppm 80 90.7 5.2
Cu pom 70 74.6 4.1
Iin ppm 132 429 22
Ga ppm 15 5.36 0.75
Ha ppm 0.5 3.0
S5e ppm 0.09 25.9 1.5
Ph ppm 0.01 117 6
As ppm 5 123 1.2
Br ppm 1.6 26.5 1.5
rb “pm 310 53.0 2.8
U pom 4 m.4 5.8
Sr ppm 300 129 9.1
Y ppm 28 15.% 1.3
ir ppm 220 187 13
Nb ppm 24 §.38 0.94
Mo ppm 15 25.5 2.0

Sampler No. 2
onits 30
16.6 0.9
0.246 0.061
0.192 0.024
0.037 0.009
0.797 0.042
0.706 0.037
0.083 0.005
1.2 10.8
19.3 5.7
128 9
0.722 0.936
10.3 2.6
33.4 2.7
274 15
3.68 1.11
5.2
12.9 1.2
26.9 3.4
5.61 1.21
7.5 0.9
40.9 2.5
15.3 4.8
54,7 4.1
3.4 1.3
127 9
4.64 1.29
7.86 .84

Sampler No. 3 Sampler No. 4
Units 16 Units 15~
5.29 0.32 22.2 0.32
0.388 (.058 0.190 0,058
0.319 0.028 0.223 028
0.053 0.009 0,067 09
0.534 0.028 1.05 0.028
0.967 0.049 1.00 0.049
0.065 0.004 0.092 0.008

29.8 5.7 34.8 5.7
64.8 4.8 12.3 4.8
94, 5.8 117 5.8

0.470 0.024 0.632 0.024
20.4 1.7 5.81 1.7
31.0 1.9 22.4 1.9
146 8 56.9 8
2.85 0.47 4.63 0.47
2.2 Z.4
17.9 1.0 i8.3 1.0
6.6 2.0 2.9 2.0
$.85 0.67 9.00 0.67
8.6 0.6 Zl.8 0.6
21.0 1.5 53.8 1.%
4.2 2.7 18.5 2.7
52.8 3.B 76.6 3.8
7.3 0.8 3 0.8
12.2 8.4 181 5.}
6.00 0.74 B.54 0.74
10.5 1.08 15.9 1.08






061

TABLE 21.
Impactor Collection Site.
Cascade L a Py TR
Impactor
50% Stage
Efficiency, .
Diameter _.,JLZ.J*.'!__ _3.0um
£ lement Sample ng/m” - ng/m g
Al 1 *80 *90
2 *70 *85
3 *100 *130
4 160 +9 *82
Si 1 280 + 30 370 30
2 317 i % 472 2
3 464.9 + 36.8 567.6 41.2
4 %0  + 30 30+ 30
5 1 22.0 +6.6 38.9 + 6.6
2 2.9 +6.2 2.4+ 6.7
3 6.8 +9.0 5.3 +9.2
4 26 +8 a1 + 8
cl 1 5.7 10.4 + 2.8
2 6.45 + 2.7 8.1 + 2.9
3 27.4 + 8.0 27.4 + 7.2
4 *7.0 N *6 .9 =
X 1 19.2 * gl 31.4 + 3.4
2 0.2 %2.9 %.3 ¢ 3.2
3 25.6 + 3.8 40.3 + 4.1
4 6.8 +1.1 220 ¥ 1.2
Ca 1 152 + 2.7 209 + 3.1
2 157 $2.7 224 ¥3.2
3 184 * 3.2 254 + 3.8
4 152 +2 161 $2
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Airborne Trace Element Concentrations and Reproducibility as a Function of Cascade
Samples were collected at site R-2 for all wind speeds
and a 60° wind-direction sector from the pile during May 15 to July 19, 1979
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R-2 (3 of 5)
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(* Less than value)

R-2 (4 of 5)

Airborne Conceutrct'onl,qgﬁg%_A__‘____-_____‘___-\_v
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R-2 (5 of 5)

TABLE 21.
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TABLE 22.
Cascade
Impactor
50% Stage
Efficiency,
Diameter
Element Sample

Al 1
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18.0 + 4.8
B.1 F9.7
22.5 +45
20.2 + 4.1
4.1+ 2.5
145 *+ 5.6
91.5 +2.8
83.9 +2.6

Samples were collected at site R-4 for all wind speeds
and a 600 wind-direction sector from the pile auring May 15 to July 9, 1979.
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However, data nonreproducibility between systems could also be real. The var-
iations could reflect nonuniform airborne particulate concentrations between
sampling systems.

Airborne Radionuclide Source-Strength Calculations

There are at least two different conceptual approaches in estimating the
airborne source strengths of radionuclides released from a uranium mill tail-
ings pile. The first is a "mass loading" approach; the second is an “airborne
radionuc’iide" approach.

In applying these two source-strength calculational approaches, accuracies
required for prediction may be the controlling parameter for selecting the
approach used. If rather large uncertainties are permissible, the mass loading
approach may be adequate. However, if greater predictive accuracy is desired
for estimating radionuclide source strengths, direct measurements of airborne
radionuclides are required. In either approach, considerations muyst include
airborne source strengths as a function of respirable, inhalable, and nonrespi-
rable particle diameter.

A "mass loading" approach is based on the assumption that airborne radio-
nuclide release is simply related to airborne solids release from the tailings
pile. In this ap:roach, the radionuclide source strength is calculated from
the solids release rate multiplied by an average radionuclide activity density,
dpm/g, on airborne solids. In this case, activity densities are assumed equal
to activity densities determined from pile surface samples. The “airborne
radionuclide" approach considers more fully variabilities in source release
strengths as a function of crosswind variations, particle size, activity densi-
ties and apparent nonequilibrium of eroded radicactive decay products. Equa-
tions describing each calculational approach are developed in the following
section.

Mass Loading Approach

The three-sten calculational procedure in the mass loading approach is to
measure or to first assume 1) airborne mass loadings, g/m3, and mass fluxes,
g/(m2 day), and then subsequently to assume 2) that the radionuclide activity



density, dpm/g, on those airborne solids is equal to the activity density
determined from pile surface samples. If airborne mass loadings, g/m3. are
used in this approach, mass fluxes, g/(m2 day), are subsequently calculated by
multiplying the airborne mass loading by wind speed. Finally, in either calcu-
lational approach, the total source strength estimation requires 3) the total
cross-sectional area (A =.[[ dydz) at the Jdistance through which the radionu-
clide fluxes pass.

The mass loading approach will be described analytically. Since mass
fluxes are a function of position coordinates y and z, the total mass loading

source strength = airborne solids, Q, estimated at distance x is Q‘:

0 = [[M(y.2) dydz (1)

where M(y,z) is the airborne mass flux gl(m2 day). The airborne mass fluxes
are directly measured, or calculated from the expression

M(y,z) =[[ X(y,z) U (y,z) dydz

where %(y,2) is the average airborne mass loading, g/m3, and U (y,z) is the
average air velocity at position coordinates x,y. In this report, the overbars
on X and U refer in principle to average values for each of the three wind-
speed increments used for sampling airborne particulates. After the total
source of solids is estimated, the average pile-surface radionuclide activity
density, dpm/g, must subsequently be assumed. Finally, the total radionuclide
source strength, Q;, is calculated from the expression

Qp = QR (2)

where R is this average pile-surface radionuclide activity density.

Airborne Radionuclide Approach

The second calculational approach will be called the airborne radionuclide
approach, as opposed to the mass loading approach. The airborne radionuclide
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approach is based on measurements of airborne radionuclides, rather than only
airborne solids, and thus more accurately describes the actual airborne effects
of wind erosion. In addition, radionuclide activity densities for airborne,
not surface, solids are used. In this case the total radionuclide source
strength, Q; is estimated from either

Qy =ff ™ (v.2) dydz (3)

where M'(y,z) is the airborne radionuclide flux, uCi/(m2 day), or from
O = ff5(y,2) Tly,2) dydz (4)

where 7'(y,z) is the average airborne radionuclide concentration, uCi/cm3.

Calculational Approach Validity

In order to compare the validity of the "mass loading" and “airborne
radionuclide" approaches for estimating airborne radionuclide source strengths,
activity density data were needed for airborne solids. One uncertainty in
using the "mass loading" approach was that either an apparent equilibrium
between radionuclide decay products must be assumed or actual values used.

Data were presented to show the variability of activity densities on airborne
solids. Results show that the mass loading approach probably entails more
uncertainties than the "airborne radionuclide" approach and that activity
densities and activity density ratios support the "airborne radionuclide"
rather than the "mass loading" calculational approach.

SUMMARY: TASK C

The data in this task have been presented as a series of graphs and an
accompanying discussion. The consolidation of the data into a descriptive
statement of the relationship of mass fluxes, airborne particle sizes,
activity densities of the various radionuclides and association with particle
sizes, and the primary variables of wind speed and direction, remains yet to
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be achieved. The extreme complexity of the interfaces among these dependent
and independent variables, coupled with truncation of the study, have not
permitted the sought-for relationships to be developed in a data analysis. At
present, the more important conclusions drawn from data are the following:

e A rational relationship between wind speed and flux was not disclosed.
The tailings pile is nonhomogeneous in surface texture, moisture content,
and particle size distribution (see Task A), which, along with spatial
variations in meteorology, results in variable resuspendability from one
location to another. Thus, in some time periods, fairly systematic
changes, an order of magnitude, in airborne flux and activity of particles
occur from one side of the tailings pile to the other (crosswind).

e For the range of wind speeds prevailing over a period of about 1 yr, air-
borne particles identified as originating from the tailings pile were
detected at the most distant sampling stations of 4 km. Particle concen-
trations at 4 km were often essentially the same or greater than ‘oncen-
trations measured at the upwind station.

e Airborne particle concentration increased about 1 to 2 orders of magnitude
from the upwind to the downwind side of the tailings pile during winds
ranging up to about 11 m/sec, the range studied.

e Airborne concentrations of particles at downwind sampling points, a dis-
tance of a few hundred meters, varied with sampling elevation. In most
cases, the airborne particle plume was not bounded by the .naximum height
of 15 m,

e Radionuclide activity densities varied greatly with particle size and
corresponded roughly to observations of tailings surface materials--
activity densities increasing with the smaller particle size fractions.

e Radioactive equilibrium was shown in most samples for 226Ra, 21on.

and 230Th. In comparison, 2380 showed depletion because of removal
during milling.

® Suspension occurs from both primary and secondary sources. Tailings
particles deposited in the environment over many years of operation are
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secondary resuspension sources which contribute to particles moving
directly from the primary tailings pile source. Contributions from this
secondary source need investigation.

Size distributions of airborne particles are variable depending on wind

speed and distance from the tailings pile. Assessment of the radiologi- |
cal significance of airborne particles must be based on samples collected

to provide the respirable fraction and associated radionuclides.

When related to guidance levels for airborne concentrations, 230Th appears
to be the radionuclide of most radiological interest. Thorium-230 concen-
trations often exceeded guidance level concentrations.

Several stable elements in airborne particles identified these particles
at originating from the tailings pile. Notable stable elements were
selenium and lead.

Additional analysis is needed, and was originally planned, with the
reported observations to relate observations with atmospheric processes.
Estimates of integrated particle and radionuclide fluxes as a function of
particle size should be possible, notwithstanding the large uncertainties
in the data. The reported flux data could be more quantitatively used to
investigate whether suspension and transport models are of value in such
complex situations.
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The model predicts the annual-average, ground-level airborne contamina-
tion as the sum of contributions for each combination of wind speed u, wind
direction &, atmospheric stability s, and particle diameter D,

i (5)

x A6

C {(u,8,5,0) = pQ

Here p is the climatological probability for each possible combination of u,
8, and s, x is the distance from the taii.ngs pile and A& is the resolution of
the wind direction data (commonly =/8 for climatological purposes). 0Y
describes the vertical diffusion and is here specified by the Gaussian model,

Y = 2 _ 2 _2\ y
D ——vT?ucz exp (-h%/20 ). (6)

Briggs' equations for 7,8 2 function of x and s are shown in Table 23.
The source height h is assumed here to be equal to the nominal height of the
tailings pi'e, 30 m, and for particles with a finite settling speed Voo h is

replaced by
h' = h - Ve x/u. (7)
The source strength § is a function of the friction velocity u, and

pa:ticle size and, to account for dry deposition of the particles, is a
decreasing function of distance from the tailings pile.

Q = (¥3) £(0) exp [ vgl2) TY) P (') ol . (8)

Here u, is calculated from the wind speed u measu-ed at 10 m, using the
relations of Businger et al. (1971) and u_ i5s the annual average value of
ul; £(D) is the fraction of the mass suspended by the wind associated with
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TABLE 23. Formulas for the Determination of
oz(x and o, in meters)

Stability
Class 3
A 0.2x
B 0.12x
c 0.08x(1 + 2. 10‘4x)‘1/2
D 0.06x(1 + 1.5 1o 3,)-1/2
3 0.03x(1 + 3.10"%)"1
F 0.016x(1 + 3-10"%x)"!
6 0.01x(1 + 3-107%)"}

each particle diameter D; and the exponential factor is the reduction of the
source strength to account for deposition as derived in Schwendiman et al.
(1979). The latter is a function of the deposition velocity Vg estimated
from Sehmel and Hodgson (1976) for each particle size and for a reference
height z, = 3 cm.

The profile function P(x,z,) accounts for the vertical gradient of air-
borne contamination near the ground caused by deposition. As derived in
Schwendiman et al. (1979),

2
P(x,z.)=[1 + vd:z*) ZR(z,z,,)dz]'l (9)

where Az =¢§7§oz and R(z,z ) is the atmospheric resistance to vertical
transport between z and z,. For the Gaussian plume model (Horst 1980)

(2) '
R(Z,Z*) v/zf(l*) ogrx.) (10)
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Mode!l Input Data

The predictions of the model described above are strongly dependent on two
major data inputs. These are the particle size distribution f(D) and the dif-
fusion climatology p(u,8,s). The particie size distribution, shown in
Table 24, has been constructed from sieving data on sand collected in air
samplers along the north dike of the plant A tailings pile. The diffusion
climatology, Table 25, is estimated from a combination of cnsite measurements
of wind speed, wind direction, and precipitation and from observations of cloud
cover and ceiling height from Gallup, New Mexico, 80 km WNW of the mill.

Atmospheric diffusion estimates require data on wind speed, wind direction
and atmospheric stability. The distribution of wind speed and direction is
based on data collected near i.e mill from May 1977 to September 1978. It was
shown in Schwendiman et al. (1979) that due to topographical influences on the
wind, onsite measurements are essential. Unfortunately, a 17-mo period of
record is too short to assure that the resulting climatology is representative
of a longer period, such .s the lifetime of the tailings pile.

TABLE 24. Suspended Particle Size Distribution

Particle
Diameter (um) % by Mass
10 0.03
16 0.27
25 1.53
40 5.81
63 14.72
100 23.66
158 25.21
251 17.65
398 8.18
631 2.40
1000 0.47
1580 0.07
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The stability is estimated from the wind speed and the net radiation,
which is a function of solar altitude and coverage of the sky by clouds
(Turner 1964). Since the mill data do not include observations of cloud
cover, data were used from Gallup, New Mexico. The correlation of cloud cover
at Gallup with that at Milan was investigated by comparing simultaneous
observations for June and December 1953. The net radiation at the two
locations was found to have a correlation coefficient of 0.89 for June and
0.72 for December.

Mode] Predictions

Figure 107 shows the contribution to the annual-average ground level air-
borne contamination for several particle sizes. These values are averages over
all wind directions and are shown as a functicn of r, the distance from the
tailings pile. Recall also that these predictions are for an annual-average
source of unity, e.g., 1 g/sec. The smaller particles are carried to the sur-
face principally by turbulent diffusion, and thus their peak contributions are
found at the same distance, about 400 m from the pile. The larger particles,
however, are carried to the surface more quickly by gravitational settling,
the peak contribution of the largest particles occurring closest to the pile.

Figure 108 shows the annual-average ground level airporne contamination
for all particle sizes. The peak ground-level concentration occurs about 100 m
from the pile, corresponding to the 100- to 250-um-diameter particles which
account for about two-thirds of the suspended mass flux from the pile. Also
shown in Figure 108 is the fraction of the suspended mass which has been
deposited within a given distance from the pile; 10X is deposited within the
first 150 m, 50% within 600 m, and 90% within 10 km,

Figure 109 shows the annual-average deposition flux, again normalized to
a unit annual-average source, as a function of both distance and direction
from the tailings pile. This may be compared to Figures 12 and 14 which show
isopleths of ZZGRa and 210Pb soil concentration in the vicinity of the
tailings pile. Except for a prominent peak in the 226Ra to the north of the
pile, the distributions are in good qualitative agreement. This substantiates
the use of a suspension flux which increases with wind speed since, as shown
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in Figure 55 of Schwendiman et al. (1979), a suspension flux independent of
wind speed produces a dramatically different azimuthal d.stribution.

CONCLUSIONS: TASK D

The development of a transport and deposition model has provided a frame-
work for prediction of ground deposition and the airborne concentrations of
particles from a source of airborne particles. The model, when applied to
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particles whose size distribution was determined from sizing particles air-
borne at the downwind rim of the tailings pile, gave relative ground deposition
patterns similar to those found in the field study. Clear-cut definition of
airborne particle size and associated radionuclide composition leaving the
pile as a function of wind speed is needed to constructively exercise the
model under many conditions. Although many field studies have been made to
obtain the necessary detailed source-term information, the zpplication of the
model using the field data for source term has not been possible at this
writing. Furthermore, the field data on airborne particles has not disclosed
the consistent relationships between the source term and variables which had
been anticipated in the scope of the study. We recommend that the modeling
effort be continued to a pcint that all observations from field sampling be
reconciled with model assumptions, or to a point at which a decision would be
made that the problem is one of such complexity that further work would not be
Justified.
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APPENDIX A

METHODS OF SAMPLING AND INSTRUMENTAL TECHNI%E
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