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FOREWORD

This report was prepared by Ford, Bacon & Davis Utah, Inc., Salt Lake City,
Utah, under USBM Contract number HO0292024 . The contract was initiated
under the Minerals Health and Safety Technology Program. It was
administered under the technical direction of the Spokane Research Center
with Robert C. Bates acting as Technical Project Officer. David J. Askin
was the contract administrator for the Bureau of Mines. This report is

a summary of the work recently completed as a part of this contract

during the period October 1979 to November 1981. This report was

submitted by the authors in November 1981.

The authors express their gratitude for the contributions of Robert
F. Overmyer, Vern C. Rogers*, Emerson Cannon, Mary Lou Mauch#*, and
Craig M. Jensen*, The personnel of Rogers and Associates Engineering
Corporation* were principally responsible for the material of Chapters

3 and 5.

The authors are indebted to the management of numerous mines for the

samples of ore.

There are no patentable features in this report.

e

*Rogers and Associates Engineering Corporation, Salt Lake City, Utah
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CHAPTER 1

INTRODUCTION

A groundwork for the studies reported here was laid in a
1980 survey of the world's 1literature on radon emanation
and diffusion. The survey was directed principally toward
the effects of moisture which is the subject of this report.
The more important papers were ranked according to relevancy,
there being sixty-three such on emanation and forty-six on

diffusion. Another twenty-two articles also were reviewed or
abstracted, but had insufficient relevancy to be ranked. The
observations were frequently gqualitative with respect to
geological materials. However, the survey suggested that

moisture increased emanation up to a point by stopping recoiling
radon atoms within the pore rather than in the wall of the pore.
Radon's flux from a material depends strongly on its diffusion
therein. Moisture had been observed to depress the flux, but
few guantitative studies had been made.

The present work is detailed in later chapters. Emanation
coefficients were measured on both moist and dry-sample aliquots
as planned, and on lump samples to assess the effects of sample
crushing. However, due to restrictions of time and budget, at
least 4 of the planned 11 moisture fractions for 9 of the
18 ore samples were omitted. The samples analyzed covered the
same range, however, and provided an adequate basis for data
interpretation and modeling. The de-emanation and drying
procedure was also extended over a longer time period to
permit complete drying of samples. Moisture uptake in the dried
samples was considered due to 1its possible effect on the
emanation coefficients.

The experimental work in diffusion reguired special
attention to prevent leakage and diffusion in directions
other than the direction to be investigated. Some samples had
too little radium to be studied without using an artificial
source. Eguations were developed to aid in correlating observed
diffusion coefficients in terms of its components, volume
diffusion and surface diffusion.

Organization of the Report

This introductory chapter relates this work to the previous
literature search and other on-going research. Chapter 2
describes the geology and mineralogy of the ore areas as well
as the physical and radiological properties of the ores.
Chapter 3 presents the observed effects of moisture on radon's

emanation and Chapter 5 discusses the results. Chapter 4
describes and discusses the effects of moisture on radon's
diffusion. Chapter 6 briefly summarizes the most significant

12



accomplishments of this work. Appendix A contains the pore-size
distribution for the ores, this data being relevant to Chapters
3 and 5. Appendices B-G are computer programs used in Chapter 4
and Appendix H is one for Chapter 5.

13



CHAPTER 2

THE GEOLOGY, MINERALOCY AND OTHER PHYSICAL PROPERTIES
OF THE URANIUM ORES

In order to perform the experimental work of this study,
a selection of typical uranium ores was collected from operating
mines in the United States and Canada. The purpose of this
chapter is to describe these ores in terms of their locations,
geology and mineralogy (Table 2-1) and other physical charac-
teristics. Table 2-1 also contains the ocre grades of the
samples. The variation in emanation with various physical
characteristics necessitates a detaijiled discussion of the
collected ores. Factors that can possibly affect radon emana-
tion include moisture, mineralogy, lithology, grain size,
internal surface area, porosity, solubility of the ore, hy-
groscopicity of the ore, and the extent of weathering and
fracturing. In addition to the following discussions on the
ores collected, Tables 2-2 and 3-23 summarize the physical
characteristics of each ore.

It should be realized that the various tested rock forma-
tions have variable physical properties. Compare the duplicate
density and porosity figures of sample WC, Table 2-2. For this
reason one small sample tested for a certain physical property
may not necessarily be representative of another small sample
used in experimentation. This is especially true of formations
that are characterized by interbedded shale and sandstone. The
best characterization of a formation is probably gained from the
written description of that formation. The variable nature of
the formation may cause variabilility in the emanation and diffu-
sion data when different pieces of the same sample are used.

The major uranium deposit areas of the United States exist
in the states of Wyoming, New Mexico, Utah and Colorado.
Samples were collected from nine districts in these four states
including: The Gas Hills, Powder River Basin, Crooks Gap,
Ambrosia Lake, Laguna, Lisbon Valley, glick Rock, Uravan and

Ralston Buttes Districts. Additionally, one sgample from
the Bancroft area of Ontario, Canada, was tested during this
program. All of these areas are described in more detail as to

geologic occurrence, host rock classification, major structural
features, mineralogy, nature of occurrence and theories of
genesis in the following sections.

Wyoming Basins

The Wyoming Basins have the largest concentration of
uranium resources in the United States. The four most important
uranium mining districts are the Gas Hills District, the Powder
River Basin, the Shirley Basin and the Crooks Gap area. Samples
were collected from all but the Shirley Basin, since mining
there is by open pit. Each of the other areas are discussed in
the following sections.

14



TABLE 2-1. Identity of ores
Sanmple
Location Mine Host ore
Sample state - campany formation Ore grade
number district & nhame (age) minerals %
WGl Wyoming Pathfinder's Upper Uraninite .5
Gas Hills ILucky Mac Wind River coffinite
(Eocene)
WG2 Wyoming Pathfinder's  Upper Uraninite .04-.06
Gas Hills Lucky Mac Wind River
(Eocene)
WG3 Wyoming Pathfinders's Upper Uraninite .15 to .25
Gas Hills TLucky Mac Wind River
(Eocene)
Wp-1 Wyoming Exxon's Lower Uraninite .3 to .4
Powder River Highland Fort Union  coffinite
Basin (Paleocene)
WP-2 Wyoming Exxon's Lower Uraninite .05 to .15
Power River  Highland Fort Union  coffinite
Basin (Paleocene)
WC Wyoming Western Lower Uraninite 1.16
Croocks Gap Muclear's Battle coffinite
Reserve Springs
(Eocene)
NM-823-1  New Mexico United West Water  Coffinite .84
Anbrosia Nuclear Canyon of
Lake Homestake the Morrison
Partner's (Jurassic)
Section 23
NM~S23-2  New Mexico United West Water Uraninite .08 to .15
Ambrosia Nuclear Canyon of coffinite
Lake Homestake the Morrison
Partner's {(Jurassic)
Section 23
NM—~823-3  New Mexico United West Water Uranophane 1.00
Armbrosia Nuclear Canyon of carnotite
Lake Homestake the Morrison
Partner's (Jurassic)
Section 23

15



TABLE 2-1.

Identity of ores - CONTINUED

Sample
Location Mine Host ore
Sample state - campany formation Ore grade
number district & name (age) minerals %
NM-P10-1  New Mexico Anaconda's Jackpile Coffinite .5
Laguna P-10 Sand of the wuraninite
Morrison
(Jurassic)
NM~P10-2 New Mexico Anaconda's Jackpile Coffinite 15 to .2
Laguna P-10 Sand of the uraninite
Morrison
(Jurassic)
UB Utah Atlas' Lower Uraninite 4 to .5
Lisbon Big Buck Moss Back coffinite
Valley Mermber of
the Chinle
(Triassic)
UL Utah Rio Algamn's Lower Uraninite .1 to .6
Lisbon Lisbon Moss Back coffinite
Valley Member of
the Chinle
(Triassic)
CD Colorado Union Salt Wash Uraninite .15 to .20
Slick Rock Carbide's Member coffinite
Deremo—Snyder of the
Morrison
(Jurassic)
CK Colorado Union 5alt Wash Uraninite
Uravan Carbide's Member coffinite .13
King of the
Solanon Morrison
(Jurassic)
C-s8 Colorado Cotter Idaho Pitchblende .2
Ralston Corp.'s Springs (uraninite)
Buttes Schwartzwalder (Precam—
brian)
Mada (Canada) Madawaska Faraday Uraninite
Ontario Mines Limited (Precam-— uranothorite .07
Bancroft Madawaska brian)

1o



TABLE 2-2.

Physical properties of ores

Dry Air Air H0 Hp0
Dry bulk poro- Specific perm. perm. perm. perm.
Sample density  sit surface par to perp to par to perp to
number (g/cd): (%) (m2/g)L b.p.2 b.p.2 b.p.4 b.p.4
WGl 1.98 23.4 0.25 1290 42 0.514 0.392
WG2 2.16 16.7 23.3 3 3 Very low Very low
W3 2.04 24.4 3.1 3 3 0.241 0.526
wpP-1 1.80 33.1 4.7 2120 1840 0.00581 0.0128
Wp-2 1.84 27.8 3.4 3 3 0.00746  0.013
we 2.28 13.5 6.5 3 3 0.00487  0.00203
2.30 12.0
NM-S523-1 2.26 16.4 9.33 0.48 3.2 ——em ———
NM-823-2 1.85 23.5 4.55 2300 2590 —— ——
NM=-523-3 2.34 10.4 le.6 —— ——— _— —
NM-P10-1 2.23 14.2 7.91 0.16 0.07 - —
NM-P10-2 2.16 12.5 18.0° 550 250 ——— _—
UB 2.60 2.1 5.7 0.12 0.08 —— ———
UL 2.54 4.3 26.0 0.50 0.07 ——— -
CD 2.42 10.0 4.2 0.03 0.43 — ——
CK 2.25 15.5 10.9 3.3 1.6 ——— o
Cs 3.00 3.2 0.76 —_— —— — —_—
Mada 2.61 0.4 0.07 ——— —— — —_—
Synthe- 1.76 27.3 7.2 —— —_— —_— _—
tic ore
lDetermined by Micrometrics, 5680 Goshen Springs Rd., Norcross, GA. 30093.

2In millidarcy, determined on dry samples by Core Laboratories, Inc.,
10703 E. Bethany Dr., Aurora, CO. 80014: b.p. means bedding plane.
3sample failed.

41n darcy, determined by Dames & Moore, Suite 200, 250 E.
Lake City, UT 84111: b.p. means bedding plane.

Broadway, Salt



Gas Hills District

The Gas Hills District has been the most productive
district in Wyoming. It is divided into two portions, the
East Gas Hills and the West Gas Hills Districts. They are
located in eastern Fremont and western Natrona Counties, about
45 mi southeast of Riverton, Wyoming(ll). The area is in the
southeastern portion of the Wind River Basin on the western
flank of the Dutton Basin Anticline.

The host rock for the uranium is yellowish to gray arkosic
sandstones of the Wind River Formation of the lower Eocene Age.
This formation outcrops at the surface over much of the basin.
The sandstones are generally interstratified with lenses of
mudstones and shales. The Wind River Formation consists
of an upper and lower unit in this area(20). The lower unit
varies from 0O to 130 £t in thickness and is dominated by
grayish—-green to light gray siltstone and claystone with
some gray fine-grained sandstone. The upper unit is from
300 to 800 £t thick and tends to be coarser grained. It
consists of medium~- to very coarse-grained crossbedded arkosic
sandstone with some intercalated mudstone, carbonaceous shale,
and siltstone. Conglomerate beds can be found in places,
especially in the East Gas Hills. The uranium ore is found
largely in the upper unit of the Wind River Formation in a
permeable sandstone near the base of the unit. Generally the
sandstone 1s cemented by a pyritic gray clay but can be cemented
with coarsely crystalline authigenic calcite in narrow zones.

While oxidized deposits have been mined in the past, they
are largely mined out, and little if any underground mining is
on-going in oxidized ores. Presently, most mineralization in
the Gas Hills is in unoxidized roll fronts containing uraninite
and coffinite. Many of these unoxidized deposits have been
protected by thelir position beneath the water table. However,
extensive mining in the area has greatly disturbed the water
table and some of these deposits are now above the water table.

Uranium in the Gas Hills generally occurs in elongate roll
front deposits. The uranium roll is bounded on the inside
by the solution front and the altered barren interior. The
exterior side grades to a protore having many characteristics in
common with the ore zone but lacking the concentrated mineral
deposition. An idealized roll front can be seen in Figure 2-1.

The roll fronts were formed when alkaline, highly mineral-
ized, oxidizing ground water encountered a reducing environment.
This caused deposition of the minerals that were in solution.
In the Gas Hills area, a major reductant is felt to have Dbeen
hydrocarbons which migrated along faults and fractures(31l).

The associations of various minerals to the roll fronts are

important(23). Consequently, the remaining portion of this
section discusses these associations.
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EXPLANATION

Shale

Rich uranium ore

Medium tenor uranium ore

: Protore
:] Barren interior

MINERALIZED

— SUPERJACENT SHALY BED

Bleached white without brown limonitic
specks, feldspars notably altered,
predominantly single euhedral pyrite
crystals, S¥ ' depletion moderate to
extreme, moderate Se content, low U, SO
content, and low LOI.

Approx.
200'

— + o+ +
+PROTORE Lnght gray W|th brown cast and with sparse + o+ 4+

+ brown limonitic specks, predominantly tiny + O+ o+
pyrite crystals aggregated with other materialor , |

in clusters, moderate total iron, SO OI, o+ o+ o+

selenium absent +

+

Figure 2-l..Idealized vertical section across a Gas Eills roll.

solution ffbnt.
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The uranium is concentrated several feet beyond the front.
In the ore area, the radiometric gamma and chemical assays for
uranium are generally egual or the chemical assay 1is higher.
Disequilibrium occurs on either side of the ore area where the
radiometric assay is usually higher than the chemical assag.
This disequilibrium is apparently due to an excess of Ra220
and Po2l0, Thin layers of lignite and carbonaceous shale and
elevated concentrations of iron, selenium, sulfur, molybdenum,
organics, phosphorous, and arsenic are usually found in associ-
ation with the uranium ore. Organic carbons and carbon dioxide
are more abundant on the mineralized side of the front.
Some iron is generally present as limonite in the mineralized
zone and can be clearly seen as specks in the protore. The
limonite 1is absent in the barren ground behind the solution
front. This causes the barren interior to be a light drab
gray. The mineralized ground is a dark-brown gray with small
limonitic specks, and the protore is gray with limonitic
specks. Pyrite in the altered barren zone behind the front
occurs largely as untarnished discrete and nearly euhedral
crystals. In mineralized ground the pyrite occurs generally as
very fine aggregates of crystals which are coated black. Total
iron correlates positively with the uranium.

The presence of total sulfur in high concentrations appears
to have been instrumental in the precipitation of organic carbon
and perhaps subsequently of the iron as pyrite and the uranium
as uraninite. Hence, it also is positively correlated with iron
and uranium. Enrichment in 832 over $34 in the barren interior
and the abrupt reversal of this trend at the front may suggest a
zone of intense bacterial activity at the front. It is believed
that bacteriogenesis has played a strong role in the uranium
deposition. Differential transport probably has also played
a role in the isotope distribution. Calcium carbonate and
sulfates also appear to have been mobilized and transported
in the mineralizing solution, but are deposited farther from the
front than the uranium. Phosphorus 1s generally associated
with the uranium. Molybdenum is generally concentrated as a
halo in front of the primary uranium mineralization.

Selenium, on the other hand, is most abundant in the barren
interior, moderately abundant in the ore, and scarce in the
protore. Arsenic and selenium tend to peak together.

Various theories for the origin and source of the uranium
in these deposits have been proposed. While not all of the
theories concur, they generally agree that(l) the "uranium was
transported by ground water and leached from one or more of the
following: 1) overlying tuffaceous rocks, 2) granitic rocks of
nearby mountains, and 3) from arkosic sandstone derived from the
granitic mountains." Different theories propose both diagenetic
and epigenetic formation of the deposits(8).

As operations in the East Gas Hills are largely open pit,
no samples were collected from this area. Three ore samples
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were collected in the West Gas Hills area of Wyoming. They were
all taken from Pathfinder's Lucky Mac Mine, which is a pit wall

mine. The mine is just above the water table. One sample was
taken from each of the three faces which were being worked at
the time. Three different sandstone layers were sampled,

representing a vertical spread of about 80 ft in the upper wWind
River Formation.

The first sample, WG-1, was obtalned from the No. 5 stope

in the central sandstone lense. The average ore grade for this
face was running about 0.5% with spots up to 1% or 2%. 1In this

area the sandstone lenses seemed to be pinching out to claystone
just ahead of the roll fronts. This was probably a factor
in the higher concentrations of ore in this area. Generally,
the major ore mineral was uraninite, with about one-third
coffinite. Spots with more coffinite tended to be a darker
chocolate-brown color and to be a higher grade ore. A scaler
assay showed the grade for a small sample of this darker ore to
be about 1.46%, while X-ray analysis showed an actual milling
grade of 1.89%.

The second sample, WG-2, was obtained from the highest of

the sandstone lenses in the 17-2 drift or heading. It was a
much finer grained ore and also of a much lower grade averaging
only 0.04 to 0.06%. Uraninite was the principal ore mineral.

Since the ore had just been drilled and blasted, there was a lot
of water in the area from the drilling. The scaler assay for
this ore was 0.04% and the X-ray assay was 0.05%.

The third sample, WG-3, was taken from the 17-J stope,
which was the lowest of the three sandstone layers sampled. It
seemed to be a traditional roll front, not being pinched off
like the sandstone lense where Sample WG-1 was taken. The
sample was taken from the lower limb of the roll. The average
ore grade for this locality is about 0.2% varying from 0.15 to
0.25%. Two samples were tested for uranium content. The scaler
assays were 0.16% and 0.13% and the X-ray results were 0.17% and
0.12%. This area is characterized by a high concentration of
molybdenum which usually runs from 0.002% to 0.05%, but is
about 0.2% in this ore.

Since this area has high-beta ore in spots, it is not
always stabilized. However, the ore in these deposits is in an
area that is unaffected by surface leaching. Most deposits are
associated with humus and coal and there tends to be more carbon
trash associated with the rolls.

Powder River Basin

The Powder River Basin is a structural and physiocgraphic
basin in northeastern Wyoming. There are four major districts
in the southern end of the basin where uranium mining has taken
place: the Turnercrest-Ross, Monument Hill-Bear Creek, Highland
Flats-Box Creek, and Pumpkin Buttes.
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In 1965, the Monument Hill-Bear Creek area had produced
over 90% of the total production from the Powder River Basin.
Mining was largely in the Wasatch Formation of Eocene Age.
Presently, there are some small open-pit mines in this area, but
in general the Highland Flats-Box Creek District has become the

most active area(ll). This is the only district in the Powder
River Basin where there are producing underground mines at this
time. This district is located in Converse County about 25 mi

north of Douglas, Wyoming.

Previously, mining in the Highland Flats~-Box Creek District
was almost entirely in the Wasatch Formation of Eocene Age.
This formation outcrops at the surface over most of the area.
The uranium mineralization occurred in thick lenses of coarse
crossbedded arkosic sandstones which are interbedded with clay
and siltstone. Calite cement is common in areas of uranium
deposition. Hematite, limonite, manganese oxides, pyrite, and
barite also are found as cementing material in the Wasatch
sandstones(44). More recently, mining has been concentrated on
the deeper deposits in the immediately underlying Fort Union
Formation of Paleocene Age. Both the Wasatch and the Fort Union
Formations were derived f£rom the Laramie Range to the south.
Samples were obtained from the Fort Union Formation since mining
still is under way there.

The Fort Union outcrops at the surface closer to the
margins of the basin, south and west of the Highland Flats area.
The formation is divided into two units: an upper fine-grained
siltstone unit and a lower coarser—-grained unit. The upper unit
consists of white weathering clayey siltstone and coal beds.
The coal beds in this unit are extensively mined in the Powder
River Basin. The lower unit is largely a fine-grained, clay=-
rich sandstone interbedded with silty claystone and minor coal.
However, the uranium occurs 1in tan to reddish brown to gray,
fine- to coarse-grained, arkosic, sandstones of fluvial origin
in this lower unit. They are generally channel-type deposits
where correlation of individual units across long distances is
not possible. The mineralization tends to be more concentrated
along the edges of the channels, where the sandstone thins. The
mineralization in the Highland Flats area occurs largely in
three sandstone beds in the Fort Union Formation. They occupy
an interval from 110 to 180 ft thick in this area. While the
individual sandstone beds vary on the average from very fine
grained to very coarse grained and conglomeratic, they are fair
to poorly sorted. Montmorillonite, nontronite (an iron-rich
montmorillonite) and chamosite (a hydrous iron silicate) are all
present in the formation, especially immediately above the
clay-stone beds. The average mineral composition of the ore
bearing sandstone is: (28)

Crystalline quartz 50 - 60%
Feldspar 20 - 30%
Chert and rock fragments 10 - 15%
Clay minerals 2 - 8%
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Most of the deposits mined in this area have been above the

water table and have been oxidized. Those found most recently,
both in the Wasatch and the Fort Union Formations, have been
unoxidized(28). In fact, mines in the Fort Union are generally
below the water table. Uraninite (pitchblende) and coffinite

are the main ore minerals present in the Highland ore body(28).
The minerals occur as thin layers deposited on the sand grains,
clay or chamosite of the host rock. While a few more samples
than not have an excess of chemically-determined uranium, the
deposit appears to be generally in equilibrium. It is felt that
the uranium deposits move gradually in the direction of ground
water flow.

Most of the uranium occurs in roll fronts similar, at least
in form, to those described for the Gas Hills. Once again the
uranium was carried as an uranyl carbonate complex in alkaline,
oxidizing bicarbonate-sulfate waters until they reached a major
reductant. The major reductant in this area is felt to be
hydrogen sulfide and pyrite. Anaerobic bacteria may have caused
the formation of the hydrogen sulfide by using organic matter
for energy and changing sulfate to sulfide. Coloring 1is
different than in the Gas Hills with that behind the front
being red and vyellow brown. The red color is in the oxidized
sandstone behind the front and is caused by the presence of
hematite, an anhydrous iron oxide. The yellow-brown color is
caused by the less stable goethite, a hydrous iron oxide
found closer to the front, but still behind it. The sandstone
in front of the roll is various shades of gray. The gray is
caused by and varies with the uranium minerals and organic
content. Often the sandstone overlying a roll is cemented by
calcite. This differs from the Gas Hills, where claystones
generally form the immediately confining upper layer. Concen-
trations of pyrite are very high in the ore zone. Organic
carbon is concentrated ahead of the ore zone. Carbonate,
sulfate, and manganese are all in greater concentrations in the
mineralized zone than in the barren interior. Chromium is more
concentrated 1in the limonite-hematite and protore zones.
Selenium, as in the Gas Hills, is most abundant Jjust before the
front. Vanadium and lead are definitely associated with +the
uranium, unlike the Gas Hills. Molybdenum, however, does not
seem to occur in analogous quantities. In the mineralized
zone, the mass mean diameter of particles that make up the host
rock tends to range between 340 to 420 microns. Behind the
front it is between 410 to 500 microns. A larger zone of low-
to medium-tenor ore seems to exist in the Powder River Basin at
the expense of the high-grade ore.

As in the Gas Hills, both Oligocene and Miocene tuffs and
the host sandstones themselves have been proposed as sources for
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uranium. Thus, the timing as well as the source of the uranium
deposition are in guestion. An Oligocene source has Dbeen
favored by recent authors(28, 9).

Two samples were collected at Exxon Minerals' Highland
Mine. The mine is 650 to 700 ft deep. Water is pumped from
the mine at a rate of 400 to 450 gal/min. One sample was
taken in the Pl drift 0634 at an elevation of 4,836 ft, about
535 to 545 ft below the surface. The average ore grade in this

locality was 0.3% to 0.4%. It was in a medium-grained sand and
was from the lower limb of a roll front. Calcareous sandstone
was present above the ore. The second sample was taken in the

P2 drift 0503 at an elevation of 4,867 ft. It was a lower grade
ore (0.05% to 0.15%) on the upper wing of a roll. Clay galls
were abundant. The uranium was in a crossbedded sandstone and
some organics could be seen. It was bordering on unaltered,
unoxidized protore.

Crooks Gap District

The Crooks Gap District is located in southcentral Wyoming,
in the Green Mountains. It is south of the Gas Hills District
and previously shared a mill with the Gas Hills. The mill 1is
about 2 mi north of Jeffrey City and the mines are about
9 mi to the south. The district is in southeastern Fremont
County. Crooks Gap is a water gap between Crooks Peak on the
west and Sheep Mountain on the east. Most of the mining has
occurred along the west and north flanks of Sheep Mountain(ll).

The uranium is found in the lower member of the Battle
Spring Formation of Eocene Age. This lower member is folded and
faulted, whereas the younger member is not(9). In fact, it is
much more severely folded and faulted than other host rocks.
Dips of up to 20 deg have been noted. The Battle Spring
Formation unconformably overlies the Fort Union Formation, or
other formations where the Fort Union is absent. The lower
member consists largely of conglomeratic arkose, cobble and
boulder conglomerate and carbonaceous siltstone, all derived

from older Precambrian, Cambrian and Paleozoic rocks. Fine- and
coarse-grained layers alternate. Conglomerate lenses are
sparser in the lower part of the member. Most of the uranium

occurs in the part of the member composed of arkosic sandstones.
Ores also are found in some conglomerate and mudstone layers.
The formation dips at 10 deg to 20 deg toward the east beneath
Sheep Mountain. Therefore, mines higher on the mountain tend to
be deeper. The member is overlain by the younger member of
the Battle Spring Formation, which outcrops higher on Sheep
Mountain. Some uranium has been found in older formations near
major faults.

Originally small near-surface ore bodies of uranophane and
autinite were mined. Presently unoxidized ore bodies at or
below the water table are mined. Primary ore minerals are
uraninite and coffinite. As in other Wyoming Basins, lithologic

24



changes where permeability abruptly decreases have caused
deposition of the minerals. Synclinal troughs and faults
apparently have played more important roles in the localization
of deposits.

Ore deposits in this area occur in tabular and poorly
defined roll-type forms. A Dbleached-white altered sandstone
behind the rells can be seen, as in the Gas Hills. In the
oxidized areas, the altered sandstone tends to be pinkish
or red rusty colored. It should be noted that roll-front
relationships are not as distinct as in either the Gas Hills or
in the Powder River Basin. Feldspar alteration to kaolinite
behind the front appears to be characteristic of this area.
Pyrite and carbonaceous material have acted as reductants and
played roles in the uranium deposition. Carbonaceous fragments,
pyrite, calcite, and selenium are associated with the deposits.
Molybdenum halos in front of the uranium mineralization are
common in this district. Vanadium content is low in the Crooks
Gap area. Calcium carbonate is concentrated in the mineralized
areas. In altered ground the pyrite tends to be subhedral and
replaced by marcasite.

Three theories for the source of the uranium are proposed:
1) tuffaceous rocks of Pliocene, Miocene and Oligocene Ages,
2) the arkosic host rock itself, and 3) uranium-bearing water
from a deep-seated source. As in the Gas Hills and the Powder
River Basin, the leaching of the tuffaceous rocks is the
favored theory(46, 6).

One sample was collected from the Crooks Gap area, from
Western Nuclear's Reserve Mine. At the time they were closing
this mine and were going to work toward the access and remove
all the pillars for ore. The sample was taken from one of these
pillars in the A-1 stope at an elevation of 6,767 ft. This was
approximately 243 ft below the surface of Sheep Mountain. It
was above the water table and so was dry compared with the
larger part of their operations, which are below the water
table. Much of the formation tends to be less consolidated than
in this area. The sample was taken from a roll in a sandstone
bed about 18-in.-thick which was exposed on a pillar. The
ore grade of the sample collected, as measured on a Beta
scale, was 1.16%.

Grants Uranium Belt

The Grants Uranium Belt is located in northwestern
New Mexico. This area is second behind the Wyoming Basins in
available reserves. The belt is from 15 to 20 mi wide and
extends from Gallup to the western edge of the Rio Grande
trough(21). There are three main uranium producing areas in
the belt: the Gallup, Grants and Laguna districts. We obtained
samples from two of these districts.
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Ambrosia Lake District

This district is located north of Grants, New Mexico. It
is located on the Chaco Slope where the beds dip 2 to 5 deg to
the northeast towards the San Juan Basin(21). The Chaco Slope

is characterized by a series of elongated valleys separated by
ridges or cuestas formed by the differential erosion of the
slightly tilted sedimentary rocks. Shales generally underlie
the valleys and the ridges are formed by the more resistant
sandstone and limestones. These beds of Pennsylvanian Age
and younger ages comprise a broad monocline locally modified
by Tertiary folds and faults. The area is characterized by
associated intrusive and extrusive rocks of the Mount Taylor and
zuni volcanic fields of Tertiary and Quaternary Ages.

The most important host formation for uranium in this area
is the Jurassic Morrison Formation. The ore occurs largely in
two distinct trends: the Poison Canyon and the Ambrosia Lake
Trends. Ore in the Poison Canyon Trend occurs in the Poison
Canyon sandstone, a tongue of the Westwater Canyon Member near
the base of the Brushy Basin Shale Member of the Morrison.
Ore in the Ambrosia Lake Trend occurs largely in the main body
of the Westwater Canyon Member of the Morrison. Host rocks are
medium- to coarse-grained, poorly sorted, feldspathic to arkosic
sandstone with abundant pellets, pebbles and cobbles. The depth
to the top of the Westwater Canyon Member varies from 300 to
1,500 ft in the mining area. Vertical permeability tends to be
less than horizontal due to interbedded shale.

While mining has occurred mostly below the water table,

some of it has been above. Much of the water occurs along
joints in the sandstone. Unoxidized and oxidized deposits are
mined. Presently, most ore is unoxidized. Coffinite is the

principal ore mineral with minor amounts of uraninite.

Two different types of ore deposits characterize this
area: the primary, trend or prefault ore; and the secondary,
redistributed or postfault ore. The primary or trend ore is a
dark gray to black well cemented deposit. Concentrated organic
matter and calcite cement characterize this ore. These deposits
are tabular and lenticular bodies which pinch and swell. They
can be as long as 1,000 ft but are generally less than 200 ft.
Thickness varies from a few inches to about 17 ft. While they
usually conform to bedding they occasionally cross-cut. Primary
ore tends to be high—-grade ore, sometimes up to 10%. Mining
grade averages about 0.3%.

Secondary ore 1s quite different from the primary. Much
lower amounts of organic material are found and the rock is
generally not well cemented. Both these characteristics make it
hard to distinguish from barren rock. The secondary ore
bodies are much larger than primary bodies. They can be up to
2,000 and 3,000 ft in length, several hundred feet in width,
and up to 150 £t thick. These thick bodies are called stack
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deposits and can be found as single masses or closely spaced ore
layers. They are tabular in form. Ore grade tends to be about
0.4% with mining grades averaging between 0.15% and 0.2%.

The surrounding host rocks can be oxidized or unoxidized or
both; and distinct relationships to the ores, as in Wyoming
roll fronts, are more difficult to determine. Secondary ores
probably were redistributed down dip from the primary ore by an
oxidizing front similar to those in the Wyoming deposits, but
different in that the rate of ground water migration greatly
exceeded that of the migration rate of the oxidation front,
resulting in the large uranium ore bodies. However, sharp
transition zones from unoxidized gray rocks to buff and then to
red, where the pyrite is oxidized to limonite and hematlte, can
be seen near the stack ores.

The genesis of the primary bodies is more difficult to

determine. There is little doubt that the organic material and
the pyrite played a role in the emplacement, but exactly what
role is unknown. Both inorganic chemical precipitation and

original fixation in the organic compounds with late coffinate
formation have been proposed.

Thorium is scarce in these deposits. Mineral assemblages
vary with the different ore body types and the oxidization state
of the deposit. Fewer minerals are associated with the primary
ore bodies. Table 2-3 lists associated minerals.

As in other areas the source for the uranium mineralization
is in contention(21). Ash leach, syngenetic, granite leach,

hydrothermal and source bed theories have all been proposed.

Three samples were taken in the Ambrosia Lake District from
United Nuclear-Homestake Partners Section 23 Mine. All three
samples were taken from the Westwater Canyon Member of the
Morrison Formation. One sample represented a trend ore, one a
redistributed ore, and one an oxidized ore. The trend ore was
taken from the 780 level of the mine at coordinates 105 East and
1700 South. The ore grade of the sample taken was 0.84%. The
secondary or redistributed sample was taken at the 650 level at
coordinates 184 East 40 North. The ore grade in this locality
varies from 0.08% to 0.15%. The oxidized sample was taken at
the 780 level at coordinates 64 East and 2000 South. It is an
oxidized premining high-grade ore. In this locality it often
runs over 1%. Uranophone and carnotite are the ore minerals.

Laguna District

This district 1is located 1in the southeast corner of

the Grants Mineral Belt. The area is about 50 mi west of
Albuguerque. The district is located on the Accoma Sag in
the southeastern corner of the San Juan Basin(21). Regional

dip is about 2 deg to the north-northwest toward the San Juan
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Basin. Faulting is minor in this area. The same general
stratigraphic sequence is present in this area as to the east in
the Grants Ambrosia Lake area. However, mineralization in this
area occurs in a slightly higher position, stratigraphically.
It 1is contained 1largely in the Jackpile sandstone, the upper

unit in the Morrison Formation(29). It is a fluvial deposit
of fine- to medium-grained sandstone. Thin lines of mudstone
are common. The cement is largely calcite near the bottom of
the unit and grades to kaolinite toward the top. On fresh
surfaces it 1is grayish white with a slight greenish cast. It
intertongues with the underlying Brush Basin Member and is
unconformably overlain by the Dakota Formation. As 1in other

districts, organic remains are characteristic; however, they
tend to be silicified and are only locally coalified.

Unoxidized deposits contain coffinite and uraninite
ore minerals. Coffinite is the dominant ore mineral, with
uraninite being associated more with partly weathered ores.
Most deposits are above the water table and are oxidized, some
to quite an extent. The oxidized mineral assemblage is like
that in the near-surface oxidized Westwater Canyon deposits
shown in Table 2-3. Uranium vanadates predominate; both
tyuyamunite and metatyuyamunite are found. Also, as in the
Westwater Canyon Member, a separate assemblage of postmining
oxidized minerals exist. Some mining has occurred.

The deposits are generally tabular elongate Dbodies.
Vanadium in the ore is generally contained in micaceous
silicates and is only slightly positively correlated with
uranium content. Ore running about 0.23% uranium has about
0.35% vanadium. Pyrite and carbonaceous material are closely
associated with the ore.

Controlling features in localization seem to include the
carbonaceous material, mudstone layers and lenses, bedding
planes, facies changes in the sandstone, and in some cases weak
intraformational faults. The age of implacement is apparently
late Cretaceous to possible middle Tertiary time, after Dakota
deposition and tilting and before or during early to middle
Tertiary volcanism. Syngenetic, hydrothermal and volcanic-ash
leaching are all possible deposition modes, as in other areas.

Two samples were collected in the Laguna District at
Anaconda's P-10 mine, a pit-wall mine on the north side of the
Paguate mine. Sampling was in the north part of the mine, which
is in the upper part of the Jackpile sandstone. One sample,
NM-P10-1, was collected from a primarily unoxidized area
of the mine. It was about 25 ft northwest and then 60 to 20 ft
northeast of station 2121 at the north end of the mine. The ore
grade in this locality is approximately 0.5%. The main ore
minerals are coffinite and uraninite.

The second sample, NM-P1l0-2, was taken from an area which
was affected by postmining oxidation. It was 50 ft northwest
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and then 20 to 40 ft northeast of station 2121. Ore grade in
this locality was approximately 0.15% to 0.2%.

Paradox Basin

Many uranium mining districts are located in the Paradox
Basin 1in southeastern Utah and southwestern Colorado. In
fact, this area falls behind only the Wyoming basins and the
Grants Mineral belt in estimated resources. The basin started
to form during the Ancestral Rockies orogeny(1l5). The basin
sank as the adjoining Uncompaghre Uplift rose. As the basin
sank, 1t began to £fill with massive deposits of gypsum and
salt evaporites. During the Permian Age, sediments from the
surrounding highlands were deposited in the basin, resulting in
interbedded and interfingered sandstones and shales. Also
during the Permian Age, tectonic forces started producing the
salt domes and northwest-trending anticlines so characteristic

of the area. During the Triassic period, classic red-bed
deposits were laid down and the salt anticlines and domes
developed further. Deposition in the basin continued through

the Tertiary period.

Uranium mineralization has occurred in 18 geologic forma-
tions ranging from Permian to Cretaceous Ages(l12). Largest
production has come from the Salt Wash Member of the Jurassic
Morrison Formation and the Shinarump and Moss Beck Members of
the Triassic Chinle Formation. The deposits tend to cluster in
groups or trends, most notably the Uravan and Lisbon Valley
(or Big Indian) belts. Our samples were taken from these belts.

Lisbon Valley (Big Indian) District or Belt

For the period 1948 through 1977, the largest production of
uranium ore from the Paradox Basin was from the Ligsbon Valley or
Big Indian area. This area is located along the Lisbon Valley
salt anticline. It is in southeastern Utah in the larger
Monticello uranium mining district(17).

While mineralization in this area has occurred in several
formations, the Moss Back Member of the Chinle Formation is the
most important ore-bearing horizon. This formation is of
Triassic Age and unconformably overlies the Cutler Formation.
The Moss Back Member is a fluvial deposit which varies in
thickness from 20 to 150 ft. It consists of gray to greenish-
gray, fine- to medium~grained dquartzes, and conglomerate
sandstones; minor mudstone, siltstone and limestone pebble
conglomerates also are present. The ore is usually found within
a short distance from the contact with the underlying Cutler
Formation. The calcite-rich sandstone tends to be comparatively
impermeable; fracturing of the formation probably allowed
penetration of the ore-bearing solutions.

Presently the principal ore minerals in this area are
uraninite, coffinite, and +the associated vanadium minerals
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corvusite and montroseite. The ores are dark gray to Dblack.
Uraninite generally fills interstices and replaces carbonaceous
debris, calcite and detrital grains. The wvanadium f£fills
interstices and replaces calcite in the sandstone matrix.

Oxidized deposits are not common in the Chinle due to the

consolidated, impermeable nature of the formation. Ore bodies
mined in this area include 1) bedded, lenticular and tabular
bodies, 2) rolls, and 3) log-shaped masses. Tabular deposits

are more common in this area than in the Wyoming Basins.
Individual ore bodies do not tend to be as obviously related to
paleostructures and carbonaceous material as in the Wyoming
Basins. Minerals associated with the ore include chalcopyrite,
pyrite, molybdenum, galena and greenockite.

Various plausible theories exist on the mode of the
uranium mineralization. One theory suggests that the source
for mineralization was water that rose updip from an unspecified
source Dbeneath or within the Moenkopi to its eroded edge

where it joins with the Moss Back. Other theories purport
that the mineralizing solutions moved downward to the Moss
Back from overlying deposits which have been eroded. Still

others feel that these deposits are early diagenic in origin,
formed by leaching of uranium and humic substances from the
tributary drainages into the underlying sands of the main
channels. The uranium itself may have Dbeen derived from
igneous terrain, volcanic sediments, magmatic solutions,
or underlying salts.

Two samples were collected from this district, one from the

Big Buck Mine and one from the Lisbon Mine. The Big Buck
Mine 1is located on +the southeast flank of the anticline.
It is accessed by an incline in the side of a hill. It is an

extension of the Mi vVida ore body, the site of the original
discovery of the blackish unoxidized ore in the Paradox Basin.
The mine is mostly played out but pod and fringe mining are

still ongoing. The ore zone 1in this mine is from 9 to 20 £t
thick in the lower 30 ft of the Moss Back. The beds are dipping
at about 9 deg to the southwest. The ore bodies are irregular

shaped tabular deposits. The highest grade areas are associated
with carbonaceous trash, which could be seen at the sample
location. The ore grade of the sample collected was about 0.4%
to 0.5% as measured by a T-probe. Vanadium concentrations tend
to be particularly high in this area, the vanadium—-to-uranium
ratio being 2 to 1.

The second sample was taken from Rio Algom's Lisbon Mine.
This mine was not discovered until 1965 since it is on the
northwest side of the anticline which is on the downthrown side
of the Lisbon Valley fault, which strikes along the axis of the
anticline. Mining occurs at depths of 2,600 to 2,800 ft in the
lower Moss Back Member of the Chinle Formation. This mine
is below the water table. The sample was taken in an area
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where medium- to coarse-grained sandstone predominated with
interbedded fine-grained siltstone and mudstones. Ore grades in
the 2 to 3 ft interval sampled varied from 0.1% to 0.6%.
Vanadium concentrations in this mine tend to be low.

Slick Rock District

This district is in the most productive district of those
located in the Uravan Mineral Belt. The Uravan Belt, located
largely in southwestern Colorado, has yielded a major proportion
of the uranium from the Paradox Basin, second only to the Lisbon
Valley Belt. The Slick Rock District is largely in San Miguel
County in the southern portion of the belt. Included in this
district is the Sage Plains area, the site of current major
production. '

The host rock for mineralization in this area is the
Salt Wash Member of the Morrison Formation of Jurassic Age.
Over half the production in the Paradox Basin has come from
this unit. It consists of interbedded reddish~brown to grayish-
green fluvial sandstone and mudstones. The richest uranium
mineralization has occurred in the upper sandstone lenses of the
Salt Wash Member.

The ore minerals are unoxidized uraninite and coffinite
found below the water table. As in the other uranium mining
district, oxidized deposits were mined in the past. Ore
deposits are found in tabular and roll-type forms. While rolls
are more common than in the Lisbon Valley area, tabular deposits
predominate. The deposits are up to 15 £t high and several
hundred £t 1long. Uranium has averaged about 0.22% to 0.308%.
Associated minerals include pyrite, marcasite and montroseite.
Vanadium 1is common in these deposits and is estimated to be
about 1.8%. Small amounts of selenides and molybdenum are also
present in the ore zones. Copper occurring largely as malachite
and azurite are more abundant in this region than in the other
parts of the Uravan Ore Belt, with grades of up to 0.3%.
Coalified matter is common in the ores.

Deposits seem to be localized at impermeable boundaries of
the sandstone host rock. They are usually underlain or overlailn
by mudstones and occur in sandstones which are about 50%
mudstone.

Both diagenetic and epigenetic models have been proposed
for these deposits. Everything from the presence of hydrogen
sulfide to the occurrence of pressure changes has been used to
explain the primary reason for localization.(30, 22, 1) Even
the original source of the uranium is in question and includes
hydrothermal magmatic sources, basement rock, and volcanic ash.

A sample was taken from the Deremo No. 2 section of the

Deremo-Snyder mine in the Sage Plain area of the Slick Rock
District. It was taken in the 2420 stope approximately 700 ft
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below the surface. The water table is approximately 200 ft
below the surface. The sample was taken from the upper sand, an
apparent channel deposit. Uranium-to-vanadium ratios run about
1 to 8 in this upper sand.

Uravan District

This district is in the north-central section of the

Uravan Mineral Belt 1in western Montrose County. Three areas
(Long Park, Club Mesa, and the Dolores Bench) are the most
productive. Currently, the largest production comes from the

King Solomon Mine on the Dolores Bench(1l2).

As 1is generally the case in Colorado deposits, the host
rock is the Salt Wash Member of the Morrison Formation. These
fluvial sandstones outcrop in this area high on the cliffs.
On the Dolores Bench most ore deposits are found in the upper
lenses of the member, generally in the upper 15 to 20 ft.

While the major ore minerals being mined in the area
at the present time are uraninite and coffinite, this is
the one area where small amounts of yellow oxidized uranium
minerals were observed in the sample face. They were seen
replacing a 1log. Generally the unoxidized deposits are found
at depth, near or below the water table. Uranium for the
district averages about 0.28%(12). Deposits are found in
tabular, irregular, and roll-type forms. Greenish-gray mudstone
usually underlies the ore bodies which are generally 4 ft
thick, 75 ft wide, and 20 £t long. Fossil carbon is abundant.
Vanadium occurs at levels of about 1.6% V50g5.

As with the Slick Rock District and all other districts in
the Uravan Mineral Belt, considerable controversy exists over
the mode of implacement, localization of, and the source of the
uraniumn.

One sample was taken from the King Solomon Mine. This
mine is well above the water table and water must be pumped
to the mine. However, the deposits show the black coloring
characteristic of uraninite and coffinite. Some yellow uranium
minerals were seen replacing a fossilized log. The sample was
taken from a very distinct roll front. A probe reading in the
sample barrel indicated a 0.13% ore grade.

Ralston Buttes District - Colorado

The Ralston Buttes District is located in northcentral
Colorado on the Colorado Front Range, northwest of Golden,

Colorado. This district has had the richest production in
Colorado east of the Continental Divide(45). The district
is in northwestern Jefferson County. The Schwartzwalder Mine,

in the northeastern part of the district, has produced about
97% of the Front Range uranium(60).
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The host rock for the uranium at the Schwartzwalder Mine is
contained in a transition zone between hornblende gneisses and
mica schists o0f the Precambrian Idaho Springs Formation. The
rocks in this transition zone consist of garnet-biotite gneiss,
guartzite, and guartz-biotite schist. These rocks are often
referred to as "Schwartz" rocks. The Schwartz rocks are more
competent and denser than either of the enclosing units, and for
this reason faulting and fracturing have formed more integral,
discrete structures in the Schwartz rock(50). This apparently
accounts for the characteristically abrupt end to mineralization
at the mica schist contact and the end, within 16 to 20 f£t, of
the hornblende~-gneiss contact.

The primary ore mineral is pitchblende (uraninite) with

minor coffinite. Relatively minor amounts of secondary minerals
have also been associated with the near-surface oxidized =zones
of the deposits. These oxidized =zones are not generally any

deeper than 50 ft(45).

The deposits at the Schwarzwalder Mine are hydrothermal,
structurally controlled fracture and fault deposits. The
mineralization occurs largely along the Illinois fault and
tension fractures or "horsetails" in the hanging wall block of
the fault(59). The breccia zones adjoining the faults and
fissures contain most of the uranium. It occurs as thin
layers coating breccia fragments, crystals of ankerite and the
walls of thin veinlets in the breccia. The uranium probably was
carried as a molecular carbonate complex. Gangue minerals are
quartz, calcite, ankerite, siderite, red hematite, and potassic
feldspar. The sequence of mineralization is felt to Dbe:
pyrite, carbonates and feldspar, pitchblende and jordesite
(molybdenite), base metal sulfides, pyrite and calcite. High
concentrations of organics do not typify this deposit.

The more accepted theory for the genesis of the uranium
deposit generally has switched from that of a subsurface
magmatic source to a meteoric hydrothermal source. Higher
concentrations of molybdenum, instead of thorium and rare
earths, smaller unit cells of pitchblende, and the presence of
argon in muscovite in the veins, all support the meteoric model.
Questions still abound about the source for the uranium.
Overlying tuffs and ashes, granitic uplands, and the host rocks
themselves have all been proposed.

One sample was collected from a stope in the Schwartzwalder
Mine, just above the Steve mining level, opened in the late
1950's. The typical ore grade for this stope was 0.2%.
The host rock was very friable and large pieces could not be
obtained. This level is well below the water table.

Haliburton-Bancroft District - Canada

The Haliburton-Bancroft uranium district is located in
southeastern Ontario, Canada 1in Hastings, Haliburton and
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Peterborough counties. The district is from 38 to 88 miles

north of Lake Ontario(39). It is one of only a few areas in
the world where uranium is produced from deposits of the general
pegmatitic class. The Madawaska Mine, the mine from which we

obtained our sample, was formerly the Faraday uranium mine.
It is located in the northeastern part of the district in
Faraday township, Hastings County, about four miles southwest of

Bancroft. The first large-scale operation in the district began
production in 1956(16). Faraday uranium mines began production
in April 1957. Under their original contract with Eldorado

Mining and Refining Limited they were to deliver $29,754,800
worth of uranium concentrates.

The economic uranium occurs largely in granite-syenite-
pegmatite dikes of Precambrian age. These dikes occur in a halo
of metamorphic rock surrounding the Faraday Granite. At the
Madawaska Mine, these dikes cut intrusive Faraday metagabbro-
metadiorite. The containing Grenville meta-~sediments consist of
paragneiss shoots, amphibolite and marble in this area. The
pegmatite is composed mainly of feldspars, silicates, and quartz
in varying dguantities. Accessory minerals 1include magnatite,
zircon sphene, pyrite, marcasite, hematite, calcite, anhydrite,
uraninite, uranothorite, thorite, allanite and secondary
uranophane(2). Ore shoots are erratically distributed in the
dikes. They generally occur in a medium grained granite or
syenite, well hematized with 10 to 30% mafic crystals of
pyroxene, amphibole and/or relics of the host rock. Their
size varies from 50 to 350 £ft in length, 5 to 40 ft wide
and 50 to 200 £t high.

More recently ore has been found in anhydrite dikes which
cross cut amphibolites. They are generally found at the
1,050-ft level of the mine and below. Apparently, the anhydrite
crystallized early in the pegmatite dikes(27).

Most of the mine is below the water table. The major ore
minerals are uraninite and uranothorite. The uranium is usually
associated with areas rich in pyroxene or magnetite, zirconium,
titanium and iron. Locally the ore is associated with quartz
rich zones with abundant pyrite and pyrrhotite, allanite, rare
earths and niobium.

The uranium-to-thorium ratio is fairly constant at 2/1.
Secondary uranophane 1is occasionally found coating fracture
surfaces in the ore bodies. It also occurs in vugs in the upper
levels of the mine. The presence in the lower portions of the
mine suggest a deuteric origin or some of the uranaphane(39).

All deposits in the district are epigenetic with a probable
genetic relationship to granite intrusions of the area.
It is felt that the dikes themselves where formed largely
by replacement but partially by fissure £illing(37). Due
to the widespread occurrence of the deposits in different forms
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in the district it is felt that an early coextensive sediment
rather than a magma may have provided the source for some
of the rarer elements(37). In any case, the migration and
concentration of the elements was probably fueled by heat
from intruding granitic rocks. Others felt the deposits
are primarily of granitic or pegmatitic origin(24). It is
likely that these deposits are caused by a combination of
granitic-pegmatite, metasomatic and hydrothermal effects.

The samples were taken from the 1,050 £t level in shrinkage
stope #714. This locality averages about .07% uranium.

The synthetic ore was made as described in Chapter 4 under
Experimental Techniques.
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CHAPTER 3

MEASUREMENT OF MOISTURE EFFECTS ON
RADON EMANATION COEFFICIENTS

The stopping of direct- or indirect-recoil atoms by water
in the rock pores appeared to be the primary mechanism of
moisture effects on radon emanation coefficients suggested by a
survey of the world's literature on emanation. In order to
precisely define the emanation coefficient and remain consistent
with this mechanism, emanation was defined as the fraction of
total radon recoil atoms which were free to diffuse in the rock
pores. The pore space included both air-filled and water-filled
regions. The emanation could occur by direct recoil, indirect
recoil, or diffusion mechanisms. The effects of moisture on the
transport of radon through the pores to permit its escape from
the rock was a separate experimental effort, described in
Chapter 4.

The objective of the emanation coefficient measurements
described in this chapter was to experimentally demonstrate
their dependence on the moisture content of the ores over the
entire moisture range from dryness to complete saturation. The
following sections of this chapter describe the experimental
design, laboratory procedures and results of emanation measure-
ments on the natural and synthetic ores described in Chapter 2.

Experimental Design

The experimental design provided for two main experimental
seguences. One was aimed at measuring emanation coefficients at
ten different moisture contents using replicate aliquots of a
crushed sample of the given ore. The other was aimed at demon-
strating the effect on the emanation coefficient, if any, due to
crushing the ore samples. Figure 3-1 illustrates these two
experimental seguences.

As indicated, two sets of eleven samples each were prepared
from the crushed, air-dried ore to provide two replicate

measurements at each of eleven moisture contents. An estimate
of the ore porosity was made from separate lumps of the ore to
determine the saturation moisture content. The moisture was

added to pairs of each of twenty sample fractions in approximate
ten percent increments of saturation, with the eleventh frac-
tions being used without any moisture addition. After emanation
measurements on each sample fraction, they were again measured
in the dry state to assess variation among the replicate
fractions. A single sample fraction was used at the end of this
procedure to measure the uranium content and estimate the
uranium/radium ratio of the ore.

The lump samples were used in duplicate to determine

an emanation coefficient at ambient moisture and at dryness on
unground samples. The lumps were then crushed in the manner
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FIGURE 3-l.

Sample handling and radon emanation measurement sequence
for each of the eighteen ore samples.
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used 1in the other seguence, remoistened to their ambient
moisture level, and used for remeasurement of emanation coeffi-
cient in the moist and dry states. A comparison of emanation
coefficients was thus obtained for each ore for crushed versus
lump samples at both ambient moisture and at dryness.

Laboratory Procedures

The method used for measuring emanation coefficients has
been used previously(5), and entailed determining the emanated
fraction of the total radon from the difference between two sets
of gamma counts of the ore. For the first set of gamma counts,
the radon and daughters were kept in eguilibrium with the radium
parent by means of a sealed can. For the second set, the free
gaseous radon was removed by vacuum de-emanation. Because the
vacuum de-emanation procedure also removed the moisture from the
sample, it was resealed and directly used again in the same
manner for measurement of the dry emanation coefficient.
Figure 3-2 illustrates this experimental procedure.

The ore samples were sealed in 8.2-cm diameter by 4.l-cm
metal cans (1/2-1b. fish cans) at the appropriate moisture
content using a commercial mechanical can sealer. An aluminum
foil liner was used inside the cans to facilitate later transfer
of the sample to a new can. After an equilibration period of
30-60 days, the first triplicate set of gamma counts was
conducted to determine the total equilibrium radon activity.
The can was also leak tested just prior to or after the first
set of counts to assure accuracy of the total radon measurement.
The agreement among the three counts was then checked, as
indicated in Figure 3-2, to assure adequate precision before

continuing. Additional counts were performed when the standard
deviation exceeded three times the statistical uncertainty
expected for the set. Approximately five percent of the sets

required additional counts.

The sample cans were next opened and placed inside a vacuum
drying chamber for de—emanation and moisture removal. After the
ores had dried to constant weight, they were immediately
transferred to new cans by lifting out the foil liner and were

resealed. A second set of counts as then conducted on the
samples within 4 to 24 hours was indicated in Figure 3-2, to
complete the moist emanation determination. The dry sealed

sample was then allowed to equilibrate for another 30-day period
and the emanation coefficient was similarly measured for the dry
sample.

Emanation coefficients were calculated from the gamma-ray
counting data as

Em = — (3-1)

and
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(3-2)

where E; and Eg are the emanation coefficients of the moist
and dry samples, respectively, and Ry, Ro, R3 and Rg are the
mean radon activities (pCi/g dry mass) determined from the four
respective sets of counts illustrated in Figure 3-2. Because
the samples were at equilibrium, Rj; and R3 were calculated
directly from the gamma-ray counting data and the net dry sample .
mass. Values for Ry and Rgq were determined by averaging equili-
brium-corrected radon daughter activities which accounted for
the ingrowth of bismuth-214, the nuclide actually being counted,
between the time of resealing the can and the time of the
count. This correction had the form

Ri2 = R'jp - (R1 - R'j2)B, (3-3)

where Rjp is the corrected radon activity (pCi/g dry mass)
from count i, immediately after de-emanation, R'jp is the
observed activity of bismuth-214 from count i, and B is the
bismuth-214/radium-226 activity ratio for the ingrowth time
interval, from resealing to counting, as calculated from the
Bateman equation(7). Selected values for B are listed in
Table 3-1.

TABLE 3-1. Activity ratios of bismuth-214/radium-226 for
correcting for bismuth-214 ingrowth
after de-emanation

Time, Min Ratio Time, Min Ratio
60 0.0015 400 0.0405
90 0.0038 450 0.0465

120 0.0068 500 0.0525
150 0.0102 600 0.00643
180 0.0137 700 0.07060
210 0.0173 800 0.0876
240 0.0210 900 0.0990
270 0.0247 1000 0.1100
300 0.0283 1200 0.1320
330 0.0320 1400 0.1540
360 0.0356 1600 0.1750

The uncertainty in the moist emanation coefficients was
estimated as
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where ARy is the larger of either the statistical precision
of the radon measurement in the first three counts or their
actual standard deviation and ARy is the corresponding uncer-
tainty among the second set of counts. The uncertainty in the
dry emanation coefficients was similarly defined using corre-
sponding definitions of AR3 and ARg.

The moisture contents (M) of the samples, expressed as
fractions of the saturation moisture content, were determined
as

- M
v My = Mg
P M

q (3-5)

where M, is the net mass of the moist sample (g), Mg is the
net mass of the dry sample (g), and P is the total porosity of
the sample (cm®/g), which is numerically equal to the saturation
moisture content (g water/g dry sample).

Several specific laboratory procedures were unique to this
study or otherwise require detailed description. These include
the sample preparation methods, the leak-testing procedure, the
ganma-assay procedures, and the vacuum-drying procedure and
apparatus. The following sections give these descriptions.

Sample Preparation

Bulk samples were received in the form of large lumps of

ore measuring 5-30 cm diameter. Several small lumps were
typically sampled separately and maintained at ambient moisture
for use in the lump/crushed emanation experiment. These were

immediately sealed for equilibration at their ambient moisture.
The remaining ore lumps were crushed to smaller particles on the
order of 2-3 mm and allowed to air dry over a period of seven

days in a dry outdoor environment. Crushing of several of the
soft sandstone ores was accomplished by hand-crushing of the
lumps. Harder ores were crushed with a Jaw crusher. After the

drying period, each ore was thoroughly mixed and was then coned
and quartered to select 22 equivalent aliquots representative of
the crushed sample mass. The aliquots were then weighed into
the tared aluminum foil can liners with a precision of ¥ 0.01 g.
Distilled water was added gravimetrically to each aliquot
just prior to sealing the sample can. Typical sample masses
were on the order of 250 g.

Because of geometric restrictions, considerably less mass
of the lump samples was sealed in the sample cans. The typical
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mass was about half that of the crushed aliquots. The geometry
of the resulting radon-daughter activity distribution in the
can was approximately equivalent for the lump samples and for
the crushed aligquots, both of which approximately f£illed the

can volume. However, when the lump samples were crushed for
the comparison measurements on the same sample, the resulting
crushed ore approximately half filled the can. The resulting

geometry difference was observed to affect the counting effi-
ciency in the lump/crushed emanation comparisons.

Porosity Estimates

In order to add appropriate guantities of water to the
crushed sample aliguots in the initial preparation of the
samples, an estimate of the saturation moisture content,
or porosity was needed. Porosity estimates were made by
vacuum-drying several lumps of the given ore, and then vacuum
saturating the ore with either water or acetone. After draining
the excess surface liquid from each lump, it was weighed, dried,
and re-weighed to estimate the mass of liquid contained in its
pores. The wvacuum saturation method consisted of placing the
dry ore lump inside a chamber, evacuating the chamber, and then
allowing the water or acetone to enter the chamber until the
sample was immersed. Samples were allowed to remain in the
liquid for up to several hours, or until visible disintegration
occurred.

It was observed that water required a long time period to
penetrate some ores, even with the vacuum saturation method.
The penetration was checked by splitting the lumps after
weighing to visually observe whether the centers were wet.
Acetone penetrated to a greater extent, but still failed to

penetrate some of the hard-rock ores of low porosity. In other
cases, the 1ligquids caused swelling of the ores which altered
their normal porosity. The total ore porosities were therefore

adjusted later for the purposes of data analysis using the
porosity data obtained by mercury intrusion porosimetry.
Although this latter method was generally considered more
reliable, it was seen to be biased in several cases due to
inhomogeneity among the sample lumps. Porosities were also
measured Dby mercury intrusion porosimetry on several crushed
samples to better define a representative estimate of total
porosity for these samples.

Leak Testing

All sealed sample cans were checked for radon leakage just

prior to their de-—emanation. Leak testing was accomplished by
sealing eight sample cans inside a larger (4.6 liter) can
fitted with a sampling port. A 20-liter chamber was also used
occasionally to screen 54 cans at a time. After three days

inside the larger can, a sample was collected with a Lucas Cell
and counted to determine the radon concentration in the larger
can. When an elevated radon concentration was noted, the sample
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cans were placed into individual leak-test cans to identify the
leaking can. Out of approximately 800 cans which were leak
tested, three leaking cans were identified.

One of the leaking cans had a leak rate of 340 pcCi/day,
which was about one percent of the total radon activity in the
can, but about seven percent of the gaseous, emanated radon in
the can. The can seams were sealed with vacuum wax and the
sample was allowed to re—equilibrate. The other two leaking
cans were both synthetic ore samples which were reacting
with the aluminum foil can liners and building up a high gas
pressure, as evidenced by the bulging can lids. These cans
were opened, resealed in new cans and re-equilibrated without
subsequent leakage problems.

Radon measured in the leak test chambers was frequently
elevated above background levels. In such cases, a calculation
was made which attributed all of the leaking radon to the single
can known to contain the lowest gaseous radon concentration. If
the resulting leak rate amounted to more than five percent of
the gaseous radon production rate, the sample cans were split to
identify the source of the leak. The result usually indicated
that lower level leaks from many or all of the cans had combined
to give the high result but none of the individual cans had a
leak which significantly affected the measured emanation
coefficient.

Gamma—-Ray Analysis

Gamma-ray analyses of all the ore samples were accomplished
using a 13 cm x 13 cm NaI(Tl) scintillation detector coupled
to a multichannel analyzer. The detector was shielded by
20 cm of steel, and was fitted with an annular plastic collar
for reproducible sample positioning near the detector surface.
Areas of the 609-keV peak from bismuth-214 were integrated
by the multichannel analyzer, along with appropriate back-
ground regions on each side. Net peak areas were computed
by subtracting the approriate multiples of the background
areas from the peak area, and statistical uncertainties were
computed as the square root of the sum of the peak and weighted
background areas. Typical counting times were 10 minutes.

In order to randomize counting errors, the triplicate
counts on each sample were not done seguentially. Instead,
the can was removed from the chamber after each count and
replaced by a different sample. A standard sealed tailings
sample was counted after each 10-15 ore samples and was used
to normalize the given set of data. Gain shifts or other
systematic errors were thus detected and controlled by use
of the standards, and 1long-term calibration changes were also
avoided.

The counting system was calibrated using a 157.7 g sealed
sample of a standard pitchblende core in the same geometry as the
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uranium ore samples. The standard has been well characterized
(43, 32) and shown to contain 6060 * 40 dpm/g radium-226 and
an equilibrium quantity of uranium-238. Inter-laboratory
comparisons of standard samples showed the calibration to give
results within three percent of those obtained at Pacific
Northwest Laboratory by a multi-dimensional spectrometer
system(58), and in nominal agreement with NBL uranium ore
standards counted at the Bureau of Mines facility in Denver.
The latter comparison was hampered by geometry differences
between the standards. The comparison therefore relied on
calculated factors to correct for the geometry differences, and
was estimated to be uncertain by 10-15 percent.

Determination of the uranium/radium equilibrium ratio for
each ore was Dbased on direct gamma spectroscopy of one of the
crushed aliquots of each ore. This method was chosen for the
uranium determinations because it was considered the most
accurate basis of comparison with the larger body of radium
data, and because it would utilize exactly the same sample in
the same geometry.

The uranium/radium equilibrium measurements utilized a
shielded 30-cm3 Ge(Li) gamma-ray spectrometer to analyze the
1001-keV peak from protactinium—-234m to estimate uranium and
the 934-keV peak from bismuth-214 to estimate radium in the

sealed samples. Because the pitchblende ore standard was
reported to be in close equilibrium for these nuclides(43), it
was used as the standard for direct comparison of the activity
ratios. Count intervals varied from 10 to 1000 min to get

adequate data for the 1001-keV peak.
Vacuum Drying of Ore Samples

A vacuum drying system was used for de—-emanation and drying
of ore samples in order to completely remove gaseous radon and
moisture vapors from the pores, and to thoroughly dry the ores
without exposing them to elevated temperatures. Previous
reports(5, 40) have indicated that heating tends to anneal ores
and also drive away hygroscopic water, both of which could lower
the emanation coefficient.

The wvacuum dryer consisted of a 13-liter aluminum chamber
connected to a large capacity cold trap and vacuum pump. The
cold trap was maintained at about -789C by a dry-ice and alcohol
bath. Typical pressures inside the system reached 1 ym Hg after
the first few hours of drying. Samples became cool during the
first 12-24 hours due to water evaporation, but returned to
ambient temperature upon approaching dryness. Typical samples
required 24-36 hours to dry. The standard drying itme used for
all moist samples was 48 hours. A 24-hour period was used for
the already dry samples, for which de-emanation was the only
objective. Twenty sample cans were accommodated in the drying
chamber.
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It was noted that some ores, particularly loose sandstones,
and conglomerates, tended to explosively fracture or dissociate
during the early stage of vacuum drying, ejecting small quan-
tities of ore powder from the sample cans. The sample loss was
usually limited to samples in the 10-20 percent saturation
range, and only occurred during the first de—-emanation when
moisture was present. By weighing all samples before and after
drying, however, and by calculating emanation coefficients on a
dry mass basis (pCi/g), the effects of the small mass losses
were avoided.

Results

The initial estimates of sample porosity determined
by vacuum saturation were compared with porosities measured
by mercury intrusion porosimetry to determine from the known
water contents the fractional saturation of the samples.
The comparison of the porosity measurements is summarized
in Table 3-2. The porosities by vacuum saturation represent
the value measured by either water or acetone saturation
which had the best precision or which was visually observed
to best avoid the difficulties of swelling or incomplete
liguid penetration. The porosities measured by mercury in-
trusion into lump samples were obtained from the Micromeritics
Materials Analysis Laboratory (Norcross, GA) in connection
with the pore size distribution analysis which was conducted
on one lump of each ore. The complete pore size distribu-
tions measured on these samples are tabulated in Appendix
A, and were used in the application of the mathematical model
in Chapter 5. The mercury intrusion measurements on the
crushed samples were performed by Ceramatec, Inc. (Salt Lake
City, UT) to verify or assist in choosing a representative
porosity for the ore. Duplicate analyses by each of the
outside laboratories on one sample gave an estimate of the
reproducibility on a separate or lump aliguot of the same
ore.

As indicated in Table 3-2, considerable variation was
observed in some of the porosity measurements. This was
partly due to the inhomogeneity among the ore lumps used for
the analyses, and partly due to the experimental difficulties
in making the porosity measurements. The representative
value was usually chosen from the vacuum saturation data
because the lumps used in these analyses were chosen from
the lump ores which were crushed for the emanation measure-
ments. The mercury intrusion data from the crushed samples
were chosen whenever sample swelling, incomplete penetration,
or other experimental difficulties were suspected. The mercury
intrusion data for the lump samples were used in cases of
similar guestionable accuracy. The pore size distribution
data in Appendix A were normalized to the representative value
of the total porosity in Table 3~2 for application of the
model.
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TABLE 3-2. Comparison of porosity measurements on ore samples

Porosity, cm3/g

Vacuum Hg Hg Represen~

Ore Saturation Intrusion Intrusion tative
Sample Lumpl Lump Crushed Value
Wwp-1 0.184 * 0.002 0.184 ND 0.184
Wp-2 0.178 * 0.011 0.151 ND 0.178
WG-1 0.133 * 0.024 0.118 ND 0.133
WG=2 0.118 ¥ 0.013 0.077 0.089 0.118
WG-3 0.127 * 0.036 0.119 ND 0.127
We 0.081 ¥ 0.008 0.056,0.059 ND 0.081
UB 0.053 * 0.049 0.0079 0.026 0.026
UL 0.012 ¥ 0.003 0.0171 0.015,0.027 0.027
CK 0.065 * 0.025 0.069 0.060 0.065
CcD 0.038 T 0.004 0.041 ND 0.041
NM-P10-1 0.040 ¥ 0.009 0.064 ND 0.064
NM-P10-2 0.165 * 0.020 0.058 ND 0.058
NM-S23-1 0.057 ¥ 0.005 0.072 ND 0.072
NM-S23-2 0.134 * 0.020 0.127 0.054 0.134
NM-S23-3 0.077 ¥ 0.017 0.045 ND 0.077
CS 0.0043F 0.0018 0.0107 0.0052 0.0107
oM 0.001 ¥ 0.001 0.0017 0.0028 0.0028
SYN-3 0.125 * 0.020 0.155 ND 0.155

lMeans and standard deviations from five lumps.
ND = Not determined.

The emanation coefficients measured on the lump ore
samples are presented in Table 3-3 and are compared with the
corresponding coefficients after the lumps were crushed. The
expectation was that crushing the samples might increase the
emanation coefficients by reducing particle sizes, opening up
blind pores, or increasing the accessibility of internal,
radium-bearing cementing material to air. As indicated in Table
3.3, the opposite trend was observed. The indicated decrease in
emanation coefficients after crushing was interpreted as an
artifact of the measurement technique, however, and not as an
actual decrease in emanation due to crushing.

The decrease in emanation coefficients measured on crushed
samples was attributed to a geometry effect in counting the
gamma activity in the sealed cans. The cans were counted
at a very small incremental distance above the detector face,
causing any vertical positioning variations to significantly
affect the geometric efficiency (solid angle) of the analysis.
Because the ore lumps were not shaped in cylinders to match the
can shape, considerable void volume was present in the cans
containing the ore lumps. However, the vertical distribution of
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TABLE 3-3.

Comparison of emanation coefficients for lump and

crushed samples under moist and dry conditions

Radon Emanation

Coefficient
Mois-

Ore ture Moist Dry Ecrushed/Elump
Sample Sat'n Lump Crushedl Lump Crushedl Moist Dry
Wp-1 A 0.70 0.46 0.33 0.29 0.32 0.72 1.10

B .72 .52 .38 .35 .34 0.73 0.97
Wp-2 A .51 .68 .50 .45 .25 0.73 0.56
B .48 .60 .47 .40 .25 0.78 0.63
WG-1 A .16 .042 .064 .023 .013 1.5 0.57
B ND ND ND ND ND ND ND
WG=-2 A .34 .45 .29 .30 .37 0.64 1.23
B .37 .40 .30 .28 .42 0.75 1.50
WG-3 A .47 .39 .29 .28 .39 0.74 1.39
B .28 .34 .17 .15 .05 0.50 0.33
WwC A .24 .29 .14 .087 ND 0.48 ND
B .29 .30 .14 .057 ND 0.47 ND
UB A .55 .40 .23 .22 . 055 0.58 0.25
B .26 .23 .11 .11 ND 0.48 ND
UL A .71 .20 12 .10 .082 0.60 0.82
B .44 .36 .21 .17 .16 0.58 0.94
CK A .88 .18 .11 . 044 .069 0.61 1.57
B .91 .22 12 .072 .067 0.55 0.93
CD A .49 .60 .39 .32 .14 0.65 0.44
B .52 .43 .28 .20 .09 0.65 0.45
NM~ A .37 .50 .36 .30 .15 0.72 0.50
P10-1 B .81 .55 .42 .27 .19 0.76 0.70
NM- A .21 .16 .10 .073 .034 0.63 0.47
P10-2 B .22 .38 .26 .081 .055 0.68 0.68
NM- A .74 .51 .47 .24 .24 0.92 1.00
$23-1 B .52 .55 .44 .30 .25 0.80 0.83
NM~- A .10 .65 .57 .51 .43 0.88 0.84
5$23-2 B .05 .34 .26 .24 .14 0.76 0.58
NM- A .70 .24 .18 14 .105 0.73 0.77
523-3 B .65 .44 .30 .30 .25 0.68 0.83
CSs A .39 .50 .34 .10 ND 0.68 ND
B .48 .21 .15 .20 . 064 0.71 0.32
oM A .54 .051 ND .023 ND ND ND
B ND .081 ND .019 ND ND ND
ND = Not determined

lCrushed to 2-3 mm diameter particles.
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activity was similar to that for the completely filled cans of
crushed ores. When the lumps were crushed and resealed,
however, the ore was packed more efficiently into the bottom
part of the can, leaving most of the void volume at the top.
When the loss of gaseous radon activity was measured by de-
emanating these crushed samples, the main loss was determined
from the most distant, and therefore the least sensitive part of
the can. The observed emanation coefficients for the crushed
samples therefore appeared to be lower than the ones for the
original lumps.

The large variation evident in the data in Table 3-3
further complicates guantitative interpretations. The variation
was high because of the inhomogeneity among ore lumps, as
indicated by comparing emanation coefficients Dbetween the

replicate (A and B) lumps. The variation was also increased by
possible rearrangements of the relative lump positions in the
cans during handling. The fact that the crushed/lump emanation

ratios are also highly variable is expected, since the relative
heights of crushed ore in the sealed cans varied widely.

The magnitudes of the emanation ratios in Table 3-3 are
consistent with the expected geometry effect. Although certain
ores may have suffered increased emanation due to crushing which
was masked by the geometry difficulty, the precision of the data
precludes making any corrections for such an increase, oOr even
stating that the increase was significant.

The results of the main body of emanation coefficient
measurements on the replicate crushed aliquots of each ore are
presented in Tables 3-4 through 3-21. The moistures were
determined from eguation 3-5, and the emanation coefficients
from egquations 3-1 and 3-2. Although the ore samples were
vacuum dried in the process of the first de—-emanation, they
picked up sufficient moisture from the laboratory atmosphere
during the weighing and the re-sealing procedure to affect the
"dry" set of emanation measurements in some cases. The moisture
content, as a fraction of the saturation moisture, was therefore
tabulated for the supposedly dry samples in Tables 3-4 to 3-21.

The reliability of the measured emanation coefficients was
assured by several of the experimental procedures. The 1leak
test procedure assured that radon gas was sufficiently contained
in the sample cans to avoid significant errors in the resulting
emanation coefficient measurements. The +triplicate counting
of each can in random sequences guarded against all replicate
counts being biased due to sample positioning. The method for
determining the emanation coefficients avoided dependence on the
accuracy of the gamma calibration, although this was accurately
determined, as described previously.

The use of actual standard deviations among the triplicate

counts, in place of gamma-peak statistics whenever the standard
deviation was larger, allowed actual counting errors to be
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TABLE 3-4. Emanation coefficients measured for sample WP-1

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.000 0.34 0.015 0.38 0.48 0.58

. 006 .37 .015 .39 .56 .56
. 009 .37 .016 .37 .57 .54
.010 .37 .016 .35 .60 .54
.011 .39 .068 .48 .67 .57
.013 .38 .068 .50 .75 .55
.013 .34 .157 .55 .79 .52
.014 .38 .159 .55 .87 .59
.014 .35 .250 .53 .88 .57
.014 .38 .280 .54 .96 .55
.014 .37 .360 .55 .98 .54
.014 .31 .390 .56 1.07 .55
.015 .35 .470 .56 1.08 .55

lTypical relative standard deviation was 3.4% for a single
point, based on counting statistics.

TABLE 3-5. Emanation coefficients measured for sample WP-2

Moisture, FEmanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur-—- Coeffi-
ation cientl ation cient ation cient
0.00 0.30 0.086 0.35 0.70 0.46

.00 .26 .20 .47 .70 .49
.00 .24 .21 .46 .79 .45
.001 .23 .30 .47 .80 .47
.015 .28 .38 .45 .90 .46
.015 .27 .40 .48 .91 .49
.015 .33 .49 .48 1.00 .50
.016 .26 .51 .47 1.01 .49
.01l6 .28 .59 .45 1.11 .50
.017 .32 .61 .47 1.11 .51

lTypical relative standard deviation was 7.7% for a single
point, based on counting statistics.
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TABLE 3-6. Emanation coefficients measured for sample WG-1
Moisture, Emanation Moisture, PEmanation Moisture, Emanation
Satur-~ Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.000 0.028 0.11 0.087 0.56 0.117
.001 .019 .11 .121 .01 .077
.001 .028 .17 .068 .65 .075
. 002 .020 .17 .107 .76 .075
. 004 .024 .20 .097 .85 . 092
. 005 .026 .27 . 080 .89 . 081
.005 .021 .36 .100 .94 .082
.005 .021 .41 .075 .96 .134
. 005 .023 .49 .098 1.06 .130
. 008 .019 .54 .097 1.08 .101

lTypical relative standard deviation was 9.8% for a single
point, based on counting statistics.

TABLE 3-7. Emanation coefficients measured for sample WG~-2
Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur-— Coeffi- Satur-— Coeffi-
ation cientl ation cient ation cient
0.000 0.13 0.063 0.16 0.71 0.21
.011 .13 .064 .17 .71 .23
.012 .19 .096 .22 .81 .26
.012 .15 .300 .25 .83 .21
.013 .17 .360 .27 .91 .29
.016 .17 .410 .23 .91 .20
.017 .13 .430 .23 .99 .28
. 057 .13 .500 .24 1.01 .28
.059 .21 .510 .21 1.13 .27
. 061 .21 .600 .20 1.22 .25
. 061 .17 .610 .25 1.24 .20

lTypical relative standard deviation was 19% for a single
point, based on counting statistics.
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TABLE 3-8. Emanation coefficients measured for sample WG-3

Moisture, Emanation Molsture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientld ation cient ation cient
0.001 0.034 0.005 0.028 0.55 0.110

.001 .020 . 005 .050 .55 .134
.001 .034 .052 . 065 .65 .105
.002 .018 .052 .072 .66 .110
. 002 .068 .160 .104 .73 .101
.004 .0306 .220 .104 .76 117
.004 . 049 .260 .101 .86 . 097
. 004 .097 .280 .102 .86 .143
.004 . 008 .360 . 089 .94 111
. 004 .088 .460 . 147 .96 .103
. 005 .031 .460 . 090 1.0606 .157
. 005 .027 .510 .123 1.00 .092

lTypical relative standard deviation was 11% for a single
point, based on counting statistics.

TABLE 3-9. Emanation coefficients measured for sample WC
Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.004 0.066 0.007 0.044 0.42 0.161
.004 .058 .008 .068 .61 .158
.004 .055 .009 .056 .61 171
.004 .057 .010 . 045 .81 .151
. 005 .063 .200 .144 .83 .158
. 005 .039 .200 .166 1.02 .150
. 005 .044 .310 .198 1.05 .144
. 006 . 048 .320 .192 1.22 .137
. 007 .052 .410 .162 1.22 .156

lTypical relative standard deviation was 3.6% for a single
point, based on counting statistics.
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TABLE 3-10. Emanation coefficients measured for sample UB

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur— Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.02 0.033 0.04 0.012 0.306 0.059

.02 .053 .04 .027 .38 .079
.03 .019 .04 .019 .61 . 040
.03 .024 .04 .023 .63 .129
.03 .042 .05 .013 .77 .097
.04 .047 .06 .044 .97 .156
.04 .026 .07 .072 1.15 .153
.04 .019 .20 .081 ND ND

.04 .033 .20 .032 ND ND

1Typical relative standard deviation was 17% for a single
point, based on counting statistics.

ND = Not determined.

TABLE 3-11. Emanation coefficients measured for sample UL

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur-— Coeffi-
ation cientl ation cient ation cient
0.02 0.079 0.04 0.071 1.13 0.162

.03 .070 .04 .072 1.19 .154
.03 .064 .04 .079 1.31 .198
.03 .081 .04 . 087 1.35 .104
.03 .077 .19 . 081 1.57 .160
.03 .079 .91 .1062 1.57 .186
.04 .095 .91 .157 1.77 .146
.04 .092 1.04 .153 1.79 .186
.04 . 066 1.07 171 2.00 .157

lTypical relative standard deviation was 11% for a single
point, based on counting statistics. :
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TABLE 3-12. Emanation coefficients measured for sample CK

Moisture, Emanation Moisture, Emanation Moisture, FEmanation
Satur- Coeffi- Satur-— Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.01 0.057 0.02 0.076 0.31 0.200

.01 .062 .02 .100 .49 .199
.02 .082 .03 .091 .50 .184
.02 .091 .03 .068 .69 .134
.02 .064 .09 .136 .69 .180
.02 . 086 .09 .141 .89 .120
.02 . 061 .19 .193 .90 .191
.02 .092 .20 .164 1.09 177
.02 .090 .30 .210 1.10 .173

lTypical relative standard deviation was 5.1% for a single
point, based on counting statistics.

TABLE 3-13. Emanation coefficients measured for sample CD
Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.01 0.068 0.01 0.112 0.48 0.23
.01 J111 .02 .062 .57 .28
.01 .093 .02 .098 .66 .25
.01 .130 .12 .200 .67 .26
.01 .104 .12 .210 .70 .25
.01 .105 .21 . 220 .76 .29
.01 .118 .21 . 240 .84 .27
.01 .111 .30 . 260 .85 .26
.01 .123 .33 . 240 .99 .27
.01 .102 .42 .210 1.03 .26
.01 .110 .48 .230 1.05 .25
.01 .111 ND ND ND ND

lTypical relative standard deviation was 3.4% for a single
point, based on counting statistics.

ND = Not determined.
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TABLE 3-14. Emanation coefficients measured for sample NM-P10-1

Moisture, FEmanation Moisture, Emanation Moisture, Emanation
Satur-— Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientd ation cient ation cient
0.01 0.16 0.02 0.22 0.34 0.42

.01 .21 .02 .23 .36 .45
.01 .22 .02 .23 .46 .47
.02 .18 .02 .24 .50 .46
.02 .20 .16 .40 .64 .45
.02 .21 .19 .43 .65 .48
.02 .21 .21 .43 .71 .47
.02 .21 .22 .43 .77 .46

lTypical relative standard deviation was 3.9% for a single
point, based on counting statistics.

TABLE 3-15. Emanation coefficients measured for sample NM-P10-2

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.001 0.127 0.01 0.126 1.6 0.43

.001 .146 .01 .119 1.6 .44
.001 .150 .15 .350 1.9 .46
. 001 .136 .15 .370 1.9 .45
.001 .154 .44 .390 2.2 .43
.001 .144 .47 .390 2.2 .45
. 002 .138 .73 .260 2.4 .47
. 004 .135 .79 .420 2.5 .44
. 004 .139 1.02 .430 2.7 .45
.005 .126 1.10 440 2.7 .43
.009 .120 1.31 460 3.0 .46
.010 .141 1.32 430 3.0 .45

lTypical relative standard deviation was 2.3% for a single
point, based on counting statistics.
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TABLE 3-~16. Emanation coefficients measured for sample NM-S23-1

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur-— Coeffi- Satur-— Coeffi-
ation cientl ation cient ation cient
0.01 0.33 0.02 0.31 0.71 0.53

.01 .33 .02 .32 .72 .53
.01 .34 .02 .32 .87 .53
.01 .34 .02 .32 1.02 .55
.02 .28 .02 .33 1.03 .54
.02 .30 .38 .49 1.04 .54
.02 .30 .38 .51 1.21 .54
.02 .30 .47 .51 1.31 .56
.02 .30 .55 .52 ND ND

lTypical relative standard deviation was 1.2% for a single
point, based on counting statistics.

ND = Not determined.

TABLE 3-17. Emanation coefficients measured for sample NM-823-2

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.005 0.17 0.01 0.27 0.53 0.306

.008 .23 .02 .23 .56 .38
. 008 .23 .02 .26 .62 .37
.008 .24 .02 .26 .67 .40
.008 .29 .12 .37 .71 .33
.009% .21 .13 .30 .72 .38
. 009 .23 .22 .37 .83 .37
.01l0 .23 .22 .37 .85 .41
.010 .24 .32 .38 .90 .38
.010 .25 .33 .36 .94 .39
.010 .25 .43 .38 1.04 .34
.010 .26 .44 .35 1.05 .41

lTypical relative standard deviation was 2.1% for a single
point, based on counting statistics.
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TABLE 3-18. Emanation coefficients measured for sample NM~S23-3

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.01 0.18 0.02 0.20 0.81 0.206

.01 .19 .04 .18 .91 .28
.02 .16 .18 .26 .93 .25
.02 .16 .32 .26 1.02 .26
.02 .16 .32 .28 1.03 .25
.02 .17 .41 .26 1.15 .26
.02 .18 .42 .27 1.15 .27
.02 .18 .55 .25 1.28 .28
.02 .18 .58 .28 1.30 .26
.02 .18 .66 .28 1.45 .20
.02 .19 .76 .27 1.45 .26
.02 .19 .79 .26 ND ND

lTypical relative standard deviation was 7.2% for a single
point, based on counting statistics.

ND = Not determined.

TABLE 3-19. Emanation coefficients measured for sample C8
Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur-— Coeffi- Satur- Coeffi-~-
ation cientl ation cient ation cient
0.06 0.105 0.08 0.118 0.53 0.212
.06 .106 .08 .120 .57 .218
.07 .100 .08 L121 .61 .215
.07 .114 .08 .124 .69 .229
.07 .116 .39 .180 .70 .219
.07 .118 .39 .184 .80 .214
.07 .123 .45 .199 .82 .219
.07 .129 .50 .210 .91 . 236
.08 117 .50 .220 .92 .217

1Typical relative standard deviation was 3.2% for a single
point, based on counting statistics.
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TABLE 3-20. Emanation coefficients measured for sample OM

Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur- Coeffi- Satur-— Coeffi- Satur-—- Coeffi-
ation cientl ation cient ation cient
0.03 0.028 0.09 0.028 0.52 0.081

.04 . 040 .09 .041 .02 . 049
.04 .047 .10 .035 .75 .050
.05 .034 1 . 049 .95 .050
. 05 .04l .12 .050 .98 .053
.05 .054 .18 .0066 1.07 . 040
.06 .027 .23 .066 1.21 .048
.07 .041 .24 .047 ND ND

.08 . 040 .31 . 060 ND ND

lTypical relative standard deviation was 19% for a single
point, based on counting statistics.

ND = Not determined.

TABLE 3-21. Emanation coefficients measured for sample SYN-3
Moisture, Emanation Moisture, Emanation Moisture, Emanation
Satur-— Coeffi- Satur-— Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient
0.0 0.076 0.49 0.1%906 0.69 0.23
.0 .085 .49 .137 ND ND
.0 .040 .58 .168 ND ND

(=3

lTypical relative standard deviation was 18% for a single
point, based on counting statistics.

ND = Not determined.

58



incorporated into the final uncertainty estimate. The actual
standard deviations were typically larger than predicted by
counting statistics, particularly for ores with high activity.
For such ores, the peak statistics usually yielded relative
uncertainties of less than one percent.

There appeared to be a residual component of about 1-2
percent relative variation which was superimposed on the
uncertainty attributed to counting statistics. This may have
been due to ore inhomogeneity, which was typically expressed by
5-10 percent relative variation among radium activities of

replicate ore aliquots. An analysis of variance was used
to partition out the inter-aliquot variation in emanation
coefficients. The residual variation, attributed to uncertainty

in replicate counts of individual cans, exceeded that expected
from the gamma peak statistics by 1-2 percent. The typical
relative uncertainties associated with the emanation measure-
ments were estimated from equation 3-4 for each ore and are
reported at the bottom of Tables 3~-4 to 3-21.

As indicated in the tables, the emanation coefficients
ranged from about 0.02 to 0.55. These microscopic emanation
coefficients were always lower at low moistures, and increased
to a higher constant value in the 5-20 percent saturation range
in most cases. Moisture increases above this range caused no
further change in the emanation coefficients because all recoil
atoms with proper trajectories were already being stopped by the
water in the pores. On a macro-scale, the quantity of radon
escaping from an ore body would be expected to decrease near
saturation due to the lowered diffusion rate for radon gas in
the saturated medium. The diffusion rate is independent of the
emanation coefficient, however, which only describes the
fraction of radon entering into the air or water filled pore
space. The data in Tables 3-4 to 3-21 were summarized by
averaging all emanation coefficients representing dry ores, and
also those representing the plateau region of the emanation-
moisture curve for each ore. Emanation coefficients in the
transition region, which varied due to moisture, were avoided.
The results of this summary are presented in Table 3-22. As
indicated, the differences in emanation due to moisture greatly
exceeded the uncertainties in the average moist and dry emana-
tion coefficients. The ratios of the moist to dry emanation
coefficients varied from 1.38 to 4.19, with a mean ratio of 2.3.
Radon emanation was thus increased, on the average, by more than
a factor of two by the presence of moisture.

Little correlation was observed between the emanation
coefficients and the total porosity of the ore samples. A least-
squares linear regression of the emanation coefficients for the
moist samples on the total (fractional) porosity yielded a
correlation coefficient of r = 0.38, with a slope of 1.03 and an
intercept of 0.18. A similar regression using the dry emanation
coefficients yielded a correlation coefficient of 0.47, with a
slope of 0.84 and an intercept of 0.06. Qualitatively, the
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emanation coefficients were generally higher for highly porous
samples than for samples of low porosity.

Similar attempts at finding simple correlations between the
moist emanation coefficient and other parameters showed even
less correlation. Regression of the emanation coefficient on
the specific surface areas (m2/g) of the ores had a correlation
coefficient of 0.10, a slope of 0.0019, and an intercept of
0.26. Regression of the emanation coefficient on the uranium
content of the ore (weight-percent uranium) had a correlation
coefficient of 0.17, a slope of 0.049 and an intercept of 0.25.
Regression of the emanation coefficient on the radium activity
in the ore (pCi/g) had a correlation coefficient of 0.12, a
slope of 1.0 x 1072, and an intercept of 0.26. Regression of
the emanation coefficient on the uranium/radium equilibrium
ratio had a correlation coefficient of -0.22, a slope of -0.14,
and an intercept of 0.43.

TABLE 3-22. Average dry and moist emanation coefficients
and their ratios

Ore Eg., En, Ratio,
Sample meants.D. (n)l meantS.D. (n)l En/Eg
WP-1 0.36 ¥0.02 (17) 0.55 T0.02 (20) 1.53
WP-2 .28 ¥ .03 (10) 47 * .02 (19) 1.68
WG-1 .023% .003 (10) .095% .01¢ (20) 4.13
WG-2 .17+ .03 (14) 24 .03 (19) 1.41
WG-3 .042% .026 (14) .112% .019 (20) 2.67
WC .053% .009 (13) 161t .017 (14) 3.04
UB .032% .016 (186) 13 X .03 (4) 4.19
UL .077F .009 (14) .166F .015 (13) 2.16
CK .078% .015 (13) .189F .012 (10) 2.42
CD .104% .018 (15) .25 F .02 (17) 2.40
NM-P10-1 .21 X .02 (13) .46 ¥ .02 (8) 2.19
NM-P10-2 .136% .010 (14) .44 T .02 (18) 3.24
NM-S23-1 .32 % .02 (14) .53 T .02 (12) 1.66
NM-S23-2 .24 ¥ .03 (1l6) .37 X .02 (20) 1.54
NM-S23-3 .178% .012 (14) 26 X .01 (21) 1.46
CS 116t .008 (13) 219t .007 (11) 1.89
oM .040% .009 (14) 055% .012 (11) 1.38
SYN-3 .067F .024 (3) 18 ¥ .04 (4) 2.73

ln is the number of determinations.

It was concluded that the emanation coefficient data
required interpretation in terms of the more basic parameters of
the ore. The pore size distribution data listed in Appendix A

60



provided the necessary information, which was used in connec-
tion with a c¢ylindrical pore model to describe the emanation
characteristics and moisture effects for the ore samples. The
development and application of this model are described in
Chapter 5.

The results of the high-resolution gamma-ray spectroscopy
on a single aliquot of each ore are presented in Table 3-23.
The gamma counting provided the ratio of the uranium and radium
activities, which was used with mean radium content of the
crushed ore samples to estimate the uranium content of each
ore. The radium contents were determined in the course of the
emanation measurements when the sealed, equilibrated ore samples
were counted.

TABLE 3-23. Measurement of the uranium/radium equilibrium

activity ratios for the eighteen ores

Original
Ore Radiuml Uranium/Radium Uranium3 Moisture
Sample (pCi/g) Activity Ratio? (wt. %) (wt. %)
Wp-1 370*10 1.07 *0.14 0.12 *0.02 15.1
WPp-2 320%10 0.83 *0.17 0.080%0.017 9.4
WG-1 2040%170 1.19 *0.12 0.72 *0.10 3.0
WG—2 37%4 1.27 ro0.21 0.014%0.003 8.1
WG-3 7416 1.60 *0.27 0.03570.007 8.0
Wwe 5400%200 0.95 ¥0.09 1.53 *0.15 1.6
UB 3620%140 0.96 *0.10 1.04 *0.11 0.4
UL 570%30 0.92 *o0.16 0.16 *0.03 0.5
CK 730%30 0.95 10.13 0.20 *f0.03 5.5
CD 550+30 0.95 *0.14 0.16 *0.03 1.9
NM-P10-1 4560%150 0.99 *0.08 1.35 ¥0.12 3.5
NM-P10-2 2160%170 0.90 *0.07 0.58 10.06 3.0
NM-S23-1 44001600 1.25 *0.10 1.65 10.27 3.3
NM-523-2 320110 1.41 ¥0.17 0.14 ¥0.02 0.5
NM=-823-3 440320 1.26 1T0.17 0.17 *0.03 6.2
CS 3180%150 0.73 *0.10 0.70 *0.10 0.3
oM 142%13 1.46 *0.26 0.063%0.012 0.15
SYN-3 6112 0.051%0.023 (9.7 *4.4)x10"% 0.0

lMean of 36 to 66 individual gamma counts using the 609-keV
peak from bismuth-214.

2Calculated from a single count using the 100l1-keV protactinium-
234m peak for uranium and the 934-keV bismuth-214 peak for
radium.

3Calculated from the uranium/radium activity ratio.
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As indicated, the equilibrium ratios for the ores were near
or slightly greater than unity (especially for Gas Hills ores)
for most of the Wyoming ores, and approximately equal to unity
for the Utah and Colorado ores. The ratio for the hard-rock ore
from the Schwartzwalder mine was significantly below unity.
The New Mexico ores had ratios from slightly below unity for
the Laguna area to significantly above unity for the Ambrosia
Lake area. The Canadian ore also had a ratio significantly
above unity. As expected, the ratio for the synthetic ore
indicated that the tailings used in its preparation were about
95 percent depleted in uranium activity.
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CHAPTER 4

THE EFFECTS OF MOISTURE ON
RADON'S DIFFUSION COEFFICIENTS

Theoretical Review

Radon's diffusion is considered for a medium of porosity
P in the absence of convective flow. Volume diffusion is
within the air of the pores. The possible coexistence of
surface diffusion also is included since it has been postu-
lated for radon even to a degree exceeding that of volume
diffusion(40), and also has been observed near room temperature
for an organic compound on carbon(49) and gases on compounds(10)
or metals(33, 47).

The Equation of Continuity with
Both Volume and Surface Diffusion

The effective diffusion coefficient of a porous medium may
be defined in terms of Fick's first law. The macroscopic flux J
(atoms/cm2s) due to radon's volume diffusion in the air of the
pores is, therefore, given as

I, = - DeVBC/ax (4-1)

where D__ is the effective volume diffusion coefficient
(cm?/s),

C is the radon concentration in the pore air
(atoms/cm3), and

X is the direction of maximum concentration
gradient.

It might be noted that radon's volume diffusion in the
crystal lattice of inorganic substances, specifically geological
materials, is completely negligible compared with that in pore
air. Radon's volume diffusion in the moisture of a pore also is
negligible since the diffusion coefficient in pure water is four
orders of magnitude less than that in pure air. Hence, only the
pore air will be considered in volume diffusion.

A simple model constructed with the aid of Figure 4-1 is
useful in assessing physical relationships. The tortuosity
is defined to be the ratio of the average path length to
the straight-line length in the direction of the maximum
concentration gradient. The porosity is the volume fraction
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Figure 4-1. -(a), -(b). -(c). Considerations of porosity and
tortuosity in volume diffusion
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of the bulk material that is occupied by interconnecting
air; it is different from Chapter 3's "total porosity" P.
See Figure 4-1-a, b, and c. A unit cube is pictured with two
different tortuosities. The porosity is represented by a single
straight channel having the depth of the cube. The width
of the channel is equal to the porosity p for g£=1; i.e., the
channel's orientation completely in the direction of the maximum
concentration gradient as shown in Figure 4-1-a. In this case,
the flux Jy (atoms/ cm2s) coming off the right-hand side of
the cube is Ja\é -p Dy 9C/3x (where Dy is radon's diffusion
coefficient /s) in free air) because Fick's first law is
only operative in the channel. The width of the channel
must be p/ § for a tortuosity other than unity (Figure 4-1-Db).
The length of the channel is increased by the factor g, thus
decreasing the concentration gradient along the channel's
length by the same factor. Thus, the flux Jy coming off the
right-hand side of the cube in this case is

I, = -fD_(p/E) (1/8)3C/0x = - (pra/az)ac/éx ' (4-2)

where £ is a factor equal to, or less than, unity due to a
nonuniform width.

Comparing eguations 4-1 and 4-2 yields

Dev ~© pra/gz (4-3)

Equations 4-2 and 4-3 are also valid if the pore or channel
zigzags (Figure 4-1-c).

Fick's first law for surface diffusion may be obtained by
extensions of the treatments of J.C. Fisher(13) and V. Levy(25).
These investigators considered a planar geometry, but the cir-
cular cross-section of a pore is appropriate here (Figure 4-2).
It is assumed that the surface in question is the surface of the
s0lid rather than a moisture-—air interface. Fisher considered
surface diffusion in a layer of thickness A (cm) of no definite
physical meaning, but in the case of uranium ores the layer
could be no more than a sparsely populated monomolecular f£ilm
of radon atoms. The direction of surface diffusion of the
adsorbed radon atoms is in the direction of the pore axis which
has a tortuosity & with respect to the direction of maximum
concentration gradient. Fick's first law applled to surface
diffusion gives the following microscopic flux Jjg (atoms/cm?s)
at the annulus:
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direction X of maximum

concentration gradient

Figure 4-2. The surface diffusion at an average pore of
diameter o
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(4-4)

where dg is the microscopic surface diffusion coefficient
(em?/s),

Cg 1s the number of radon atoms/cm3 in the surface
layer of thickness A, and

u is the distance (cm) along the pore.

Including the. effect of tortuosity gives
C /du= (1/E)8C /ax . (4-5)

It is assumed for simplicity that there is a distribution of
pores of uniform diameter 6 (cm) and they occur at a concentra-
tion of n pores/cm2 in a plane that is perpendicular to the
direction x of maximum concentration gradient. The macroscopic
surface flux Jg (atoms/cm?2s) due to surface diffusion in the
experimentally observed direction X may be taken as

Jg = —(nmbad_/€)8C /ox (4-6)

from equations 4~4 througnh 4-5. Letting the sample's total
surface area per unit volume of sample be G (cm2/cm3), 1leads
to the relation

G = nubg (4-7)

Combininy eguations 4-6 and 4-7 gives

Iy = - (GAdS/EZ)BCS/ax (4-8)

Adsorption in the sparsely populated monomolecular film is
justifiably assumed to be linear so that eguilibrium requires
that



ok = GACS/C (4-9)

where p is the bulk density (g/cm®) of the matrix, and k (cm3/g)
is the distribution coefficient, i.e., the ratio of the number
of adsorbed radon atoms per gram of dry matrix divided by the
number of radon atoms per cm3 of pore air.

Combining equations 4-8 and 4-9 yields the relation

I, = - (pkd /E%)dC/dx (4-10)

The total radon flux Jtot (atoms/cm?s) is the sum of that
from volume diffusion (equation 4-2) and that from surface
diffusion (equation 4-10), i.e.,

Jtot = JV + Js (4-11)

which, in this model, results in

Jior = = (1/52)(pra + pkd_)oC/08x (4-12)

The total effective diffusion coefficient Dg (cra2/s) is there-
fore a composite from volume and surface diffusion, i.e.,

D, = (1/&%) (fpD, + pkd.) (4-13)

where Dg is defined from

Jtot = - DeBC/Sx . (4-14)

Although radon's diffusion in the moisture of the pores is
neglected, radon's absorption in the moisture can be evaluated
from

i

Cu/C = ky (4-15)

where C,; is the number of radon atoms per cm3 of gore water,
and k, is radon's distribution coefficient (cm3/cm3) in water
(0.225 at 250C)(§g).



The mobile radon concentration per unit of bulk volume of
the matrix is pC from the pore air plus GACg = pkC (equation
4.9) from the absorbed surface layer of radon plus pyuCy, = P wkywC
(equation 4-15) from radon dissolved in the water where py;, 1s
the volume fraction of moisture in the bulk matrix. Hence the
equation of continuity may be written as

(a/at)(pc+pkc+pkaC) = -

BJtot/ax - K(pC+ka+pwkwL) + EUS

(4-16)

where ) is radon's decay constant (2.098x10-%g-1, 57)

E - 1s the microscopic emanation coefficient, i.e.,

Y the fraction of the recoiling radon atoms that

reach the interconnecting porosity and remain
there for diffusion, and

s is the strengtn of the distributed radon source
in 226Ra d/cm3s.

Combining eguations 4-14 and 4-16 gives the equation of
continuity in the form

= 2 2 - + L +pk+p_k -
3c/3t = D_; [8°C/Bx AC + E S/ (ptek+o ko) (4-17)
where
Dopg = Do (PHekto k) (4-18)

is the experimentally measured diffusion coefficient and,
according to the present model,

Dobs = (pra+pkds)/{Ez(p+pk+pwkw)} (4-19)

from equation 4-13. It should be remembered that the porosity
p is the volume fraction of the bulk material that is not
filled with either solid or liquid.

The Determination of the Diffusion Coefficient Dgpg
Using the Sample's Own Production of Radon

The experimental arrangement was basically that of Stranden
in which a slab of the material was exposed on its flat surface
to flowing air which was then sampled for radon determina-
tions(48). His measurements suffered from the inaccuracies
of measuring low levels of radiocactivity because the radon
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exhalation was in the steady state in flowing gas. It was
therefore decided to first seal the disc to build up radon
to a much higher equilibrium state in a tightly confined,

closed system. Samples of the flowing air were to be taken at
intervals after the seals had been removed from both flat
surfaces. It was unnecessary and operationally undesirable to

take samples from the instant that the seals were removed.
The possibility of opening a previously sealed, equilibrated,
uraniferous sample also has been suggested by R.F. Holub
and B.T. Brady(l8).

Radon's diffusion was to be measured in only one direction
at a time Dbecause the directionality of diffusion in ores
was to be investigated as well as the effect of moisture. A
cylindrical disc of the ore or other material to be investigated
was permanently sealed on its curved sides, but only covered

with removable end plates at the flat surfaces. The assembly
was further sealed externally. The leak rate was 0.1 to 0.2
percent per day on the average. It is shown in Appendix B

that no matter what might be the different leak rates and gaps
at the two flat surfaces during equilibration, the relationship
that should hold rigorously after the removal of the end plates
at time zero is:

(EXRy, ~EXRyo) / (EXRy ,~EXRgg) =

oQ

oy 242 2
e M7t Ze (20+1) "1 Dopst1/L% 1,312/ ( (2n41) 202Dy, ) )

n=0

(o]

- 2,2 2
Ze_(Znﬂ) "Pobst2/T /11412/ (2n41) 22D,y )} (4720)

n=0

where L is the thickness of the disc and EXRgg is the exhalation
rate in the steady state, i.e., after a very long period of
time. The flow rate of sweep air is made high enough to
keep the radon concentration substantially zero at the disc's
planar surface. Research has shown that the exhalation rate is
not otherwise influenced by the rate of flow of sweep air. The
left-hand side of the equation is experimentally obtained from
- pairs of points from times tj and tp and the right-hand side
contains only the observed diffusion coefficient as an unknown.
Values of the observed diffusion coefficient are calculated
from program BJTO06*PRE315.6 which includes a search technique
(Appendix C). One of each pair of points should be on the
upper, straight-line portion of the curve of log EXR versus log
t and the other should be on the steep portion. The effects
of decay on the exhalation rate are comparable to those of
diffusion for values of Dgpg < A L2/ 72 or about 107 cm2/s for
a l-inch disc. If the disc is contained in a tightly fitting
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cup to which it is sealed, then the removal of the end plate
allows the use of eguation 4-20 with a value of L of twice the
thickness of the disc.

The Determination of the Diffusion Coefficient Dgpg
Using Injected Radon

It not infreguently happens that the disc of an experi-
mental material gives exhalation rates in the method of the
preceding section that are too low in radon for accurate
counting. In such a case the accuracy may be improved by
injecting radon from an artificial source such as a radon
bubbler and allowing the sealed sample to stand for a day or so
before the experiment. A uniform concentration C, of radon is
achievable in the pore gas of the sample provided that any
fractional rate of radon leakage per day from the sample is much
less than 3Dobs/L2 in comparable units, for example, about
1/day if Dgpg = 1074 cm2/s and L = 2.5 cm. In this case it
can be shown (Appendix D) that the following relationship exists
at times tj and t9 following the removal of the end plates:

(EXR-EXRy) ¢,/ (EXR-EXR /)¢ =
_ - w212
Vig7ey e (F1TE2) 1+2E<—1>“e N7/ 4Pobsts

O

—n27.2
l+¥—l) ne n“L /4DObSt2

n=1

where EXRyy represents the exhalation rate at the time in
gquestion in a separate experiment with No Injection of radon but
substantially complete equilibration of the sample's own radon,

i.e., the measurement of the preceeding section with any leakage
during equilibration much less than ), and L is the thickness
of the disc if both planar surfaces are exposed. As in the

preceding section, the use of equation 4-21 utilizes pairs of
points for the left-hand side of the equation and a computer
program (BJTO06*UC359PROG3.1) (Appendix E) to search out the
value of the observed diffusion coefficient that satisfies the
equation. Its use will be illustated for the first two ores of
this chapter's Experimental Results. Also as in the preceding
section, one of the pair of points should be on the upper,
straight line portion of the curve of log EXR versus log t and
the other should be on the steep portion. The value of L should
be twice the disc thickness 1f the disc is contained 1in a
cup.
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Range of Observable Values

In both of the above methods the maximum or minimum
determinable value for the observed diffusion coefficient
is largely determined by how thick or thin a disc can be made,
i.e., the value of L in equation 4-20 or 4-21. 1If ti/2 is the
midpoint of the steep part of the curve of log EXR versus log
t, then the observed diffusion coefficient is of the order of
L2/(3tl/2). The minimum value for L with a friable uranium
ore is about 2 cm and the minimum value of tj;/p is roughly
300 seconds. As high a value of L2/(3tl/2) as the diffusion
coefficient for pure air could easily be measured. A minimum
value of about 10-5 cm2/s for the observed diffusion coefficient
could be observed if the maximum value of tj;/; was restricted
to 1 day.

Experimental Work

Experimental Techniques

The experimental arrangement is shown in block form in
Figure 4-3. The location of the flowmeter aided in having the
exhalation chamber and the disc in a pulsation-free air stream.
The disc sample with only its sides sealed (Figure 4-4a) or with
all but one end sealed (Figure 4-4b) was located on the axis of
the exhalation chamber by means of spacers. The disc was
vertically centered as well when both ends of the disc were
open (Figure 4-4a), but this adjustment may not have been
perfect. Hence, a 60-ml flow-through flask served as a mixing
chamber which was desirable when the exhalation chamber had two
exit 1lines (Figure 4-4a) but was unnecessary when it had one
(Figure 4-4Db). The exhalation chamber was 8.25 cm in diameter
and 4.45 cm in inside height. It was mounted on thick foam
rubber to eliminate any vibrations. Its top end was removable
to allow the emplacement or removal of the sample. The top's
seal was of the tongue-in-groove type aided with silicone
stopcock grease or vaseline. Two C clamps also were mounted on
opposite sides of the vertical axis to ensure a tight seal.
The seal and proper flow of air out of the mixing chamber were
checked at the outset of each experiment.

A needle valve was located downstream of the reduction
valve on the tank of aged, compressed air. A single Gilmont
flowmeter together with its calibration curve was used through-
out each experiment with a nearly constant flow of air.
Therefore, absolute errors in calibration were largely self-
canceling on the left-hand side of equations 4-20 and 4-21 and
other flow-calibration errors were minor. Tygon tubing was used
for all lines. The sampling time was corrected for the transit
time from the exhalation chamber to the scintillation cell. The
air was humidified prior to entering the exhalation chamber for
all but dehydrated samples. The humidistat consisted of a
bubble tower containing a concentration of sulfuric acid to give
a relative humidity (usually about 90 percent) that would
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(b) for a disc open at only one end.
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not appreciably alter the moisture content of the sample.
A little glass wool at the exit of the bubble tower prevented
the carry-over of spray. A disc's moisture content changed
inapprecially (less than 1 percent of moisture saturation)
during the hours of measurement when the data to be used in the
calculations were obtained. Errors from this source are thought
to be negligible.

Each scintillation cell was of a flow-through type made
from a 50-ml Erlenmeyer flask. See Figure 4-5. The phosphor
coating extended up to the neck of the flask. The translucent
coating had been applied from a thin slurry of zinc sulfide
in diluted acrylic lacguer, then allowed to dry. In addi-
tion, some oOf the scintillation cells had aluminized plastic
film wrapped around the outside to increase the reflection of
scintillation pulses when the grab sample was counted with a
photomultiplier tube. Aluminum foil was sealed on the interior
surface of the rubber stopper to minimize the absorption of
radon by rubber.

Connections to glass were aided with vaseline or silicone
stopcock lubricant and connections were coated externally with
epoxy cement or paraffin. The counting efficiencies of several
dozen such scintillation cells were intercalibrated by circu-
lating radon through them in series in a leak-free Tygon system
having a peristaltic pump and counting them in the usual manner.
A radon-filled scintillation cell was typically sealed by
joining the two Tygon tubes of Figure 4-5 with a short, suitable
sleeve and coating the connection with paraffin. The absolute
counting efficiency of the reference scintillation cell was
55 percent(19); it was somewhat higher if the cell had the
aluminized plastic film on the side.

The scintillation cells were counted 3.5 to 4 hours after
sampling to achieve equilibrium with radon's alpha emitting
daughters down to lead-210. The cells were counted with a
photomultiplier tube in a radon flask counter, the latter being
connected to a scaler rate meter. The counts were made in
the middle of the plateau of counts versus high voltage.
Corrections were made for the instrument background (about
0.1 c/m). Corrections also were made for each cell's own
background by flushing and sealing it with the aged tank air and
counting the cell in 3.5 to 4 hours.

Since variety was sought in the types of ores to be
measured, there were likewise different degrees of machine-
ability in producing the discs for measurement. The two chosen
ores from Wyoming, Gas Hills ore no. 1 and Crooks Gap ore no. 1,
were readily cut with saws but a little crumbling occurred at

the edges due to their friability. By contrast the Utah
Big Buck ore was dense, hard, and difficult to machine but
the dimensions became comparatively precise. One disc for

each ore was machined with its axis (direction of diffusion)
parallel to the bedding plane; the other disc for that ore was
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obtained within 2 to 12 cm of the first in a perpendicular
orjentation with respect to the bedding plane. However, there
is evidence from the geology of the areas (Chapter 2), from the
emanation work (Chapters 3 and 5) and elsewhere that strong
inhomogeneities may exist within such distances within an ore.
Indeed it is probable that such inhomogeneities existed within a
single diffusion disc the typical dimensions of which were
6.5 cm in diameter and 2.6 cm in thickness.

A more homogeneous disc was obtained from a synthetic
"ore" that was made in the following way. A dry mix was made
from 40 weight percent Portland cement (Type 2)(3), 30 percent
0.1 mm Vitro uranium tailings and 30 percent 0.1 mm sand of
rounded particles. Water containing 0.5 percent of casein
glue was mixed with the latter in the ratio of 20/100 for the
water/dry mix ratio. The resulting mixture was pressed at
2,500 psi for 15 minutes. The small amount of glue prevented
the pressed material from cracking or crumbling as it was
removed from the mold. The disc was cured in moisture-saturated
air at room temperature for two weeks, then dried at 85°© to
900 C for a week, and finally dried in the vacuum desiccator
for a week, all of which produced a constant weight and but
slowly changing properties(53). The product was free of cracks
and had a fine, uniform texture.

The moisture content of the discs was determined with
respect to the weight of the dried disc from a week in a drying
oven at 950 C and a further week in a vacuum desiccator at
room temperature. The percentage of moisture saturation was
calculated from the bulk density and the dry porosity as given
in Table 2-2 for the same ore. The desired amount (if any) of
water was added as the disc was sealed in its glass sleeve and
end plates prior to the equilibration to develop the equilibrium
concentration of radon. There was some uncertainty in the
porosity and therefore the percentage of moisture saturation
because it was impractical to determine the porosity on the disc
itself.

The diffusion results for a given ore and direction of
diffusion were obtained with the selfsame disc no matter
what the moisture content. Hence, such results should Dbe
more amenable to correlation than those between different
diffusion directions of the same ore, for example, because of
the different discs and unpredictable inhomogeneities of the

samples. The distribution coefficient k was determined on the
ore for which the most diffusion results were obtained, 1i.e.,
the Wyoming Gas Hills ore no. 1. The air and/or water perme-

abilities for most of the ores in both diffusion directions have
been reported in Table 2-2, but these were done on samples other
than the radon-diffusion discs themselves. Some ores fractured
during attempts to measure air permeabilities.

The discs of the natural ores all were run with both end
faces exposed during the exhalation run (Figure 4-4a). 1In
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most cases that had the beneficial effect of increasing the
counting rate of the grab samples. The counting rate also
could have been increased by decreasing the flow rate of sweep
air, but the latter was maintained high enough so that the
concentration of mobile radon in the air at the sample's
surface was 1less than 1 percent of the sample's average.
This was to experimentally satisfy the boundary conditions
for the mathematical solutions, 1.e., equations 4-20 and 4-21.
The best seal of the sample's side was with a close-fitting
glass ring to which the ore was sealed with silicone stopcock
lubricant or vaseline. Glass or plexiglass end plates were
likewise sealed to the glass ring with silicone stopcock
lubricant or vaseline in the pre-experiment equilibration
period during which time the assembly was covered with a thick
layer of paraffin as well. The paraffin was quickly removed
along with the end plates at the inception of measurements.
The use of aluminum foil in place of the glass ring was not as
free of leaks. If the side seal was a thick layer of paraffin
that was 1left in place during the measurements, then the
standard deviation of the observed diffusion coefficient was
much worse and the average was lower. Since radon's diffusion
coefficient in paraffin is low (1.3 x 10©® cm2/s)(34), the
latter effect is consistent with the paraffin originally
absorbing some of the sample's radon, then exhaling it during
the measurements. This is particularly likely because radon's
distribution coefficient between paraffin and air is appreciable
(1.4 + 0.5)cm3/cm3(51).

The disc of synthetic ore previously mentioned is the
only disc the radon diffusion of which was investigated in a
cup, Figure 4-4Db. The disc was sealed to the cup with small
amounts of paraffin and vaseline. The end plate prior to the
determination was glass with or without a stopcock for radon
injection.

When there was two or three weeks of sealed equilibration
before the exhalation experiment, about 30 percent of the planar
surface of the disc gometimes became discolored with a film of
surface-diffusing vaseline. It is estimated that this £ilm was
0.1 mm or less in thickness. To estimate the time t for radon
to diffuse through the film, the rule of thumb t = L2/(3D)
could be used with paraffin's published value for D, i.e.,
1.3 x 1079 cm?/s(34), which probably overestimates the time.
Thus, a period of a half minute or less was required and this
was generally an order of magnitude less than the shortest times
of our calculations. Errors from this source were probably not
serious considering that less than half of the exhaling surface
was so affected and the relative standard deviation in our
determination of the diffusion coefficient was usually greater
than 10 percent.

The relationships between Fick's first and second laws

involve the term p + mwpwk (equations 4-16 through 4-19)
for both volume and surfac® ‘Qiffusion. Although the porosity

78



p and density p are known for each ore, the radon distribution
coefficient X (cm3/g) generally is not. Hence, a method was
devised for determining k and the technique was applied to ore
WGl in which the radon diffusion was the most completely studied
of the ores of this report. A weight Wgore (g) of the ore
crushed to particles of 1 mm or less in size was sealed in an
absorption tube and allowed to develop the mobile radon of the
experiment during a day or so. The absorption tube was then
connected in a loop in series with a leak-free peristaltic pump
and two scintillation cells using Tygon tubing to minimize
unwanted absorption of radon. The pump was run for an hour or
more after which the scintillation cells were serially remnoved
with about a half hour of further circulation between these two
events. The agreement of the radon counting rates in these two
scintillation cells using counting by a standard method and
corrections for cell efficiencies, etc., gave evidence of a
uniform distribution of mobile radon in the remaining system
whose known air volume is designated as Vg3 including the
interconnecting porosity of the sample. The average of the two
scintillation—-cell readings (designated Rj) was then a measure
of the concentration of mobile radon in the air of the remaining
system. Two new scintillation cells of known total added
volume V4;' were inserted in the train in the second part
of the experiment. The air was again circulated and these
scintillation cells were removed and counted as with the first
pair. The average reading of this pair of scintillation cells
is designated Ryp. A small correction is added to Rj to include
"grown in" mobile radon in Rj}', the concentration of mobile
radon that the system would have had at the last two samplings
if the added volumes were not there. Considerations of material
balance give the relationship

' T = +' -
Rl(val+kwore) RZ(Val va+kwore) (4-22)
which may be rearranged to give
k = {RZVa/(Rl—Rz) - Val}/wOre (4-23)

Please see the Experimental Results under WGl for further
details.

Experimental Results:

The exhalation rate is conveniently given in terms of
counts per minute in a reference scintillation cell at a
given flow rate, but could be converted to atoms per second if
desired. Standard deviations based on counting statistics
are included. The recorded exhalation rates are from counts
of radon-222 plus its daughters polonium-218 and bismuth-214
in eguilibrium. The data are used in this form for determining
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diffusion coefficients, but must be divided by three in corre-
lations with the emanation coefficient. Unless otherwise noted,
the source of radon was the sample's own radium which yielded an
equilibrium radon concentration upon standing in the sealed
state.

The Disc of Synthetic Ore

This disc of 40 percent cement, 30 percent tailings,
and 30 percent sand was 2.0 cm thick and had a diameter of
4.4 cm. The tailings material had been washed with water in
classifying it to the 0.1 mm size prior to the pressing because
the clay-like material was difficult to comminute otherwise.
This may have contributed to the low radium content of this
disc the equilibrium radon content of which gave the data
of Table 4-1 at 46 cm3/min of air flow. The disc was contained
in a cup as in Figure 4-4b. The data were too sparse and
inaccurate to yield a diffusion coefficient from equation 4-20.
However, it was useful to give values of EXRyy for equation 4-21
when the disc was injected at atmospheric pressure with about
1 microcurie of radon, equilibrated for a day, and again run in

the cup in the exhalation apparatus. Table 4-2 contains the
data of exhalation rate EXR for the injected run as well as
interpolated values for no injection. The values for EXRyg

were comparatively small and could have been neglected.

Table 4-3 contains a dozen combinations of points of
times t7 and t5 together with their calculated values of
observed diffusion coefficients calculated from equation 4-21.
The average at the 22°C and 0.85 atm of the experiment was
1.2 x 10- cm2/s with a relative standard deviation of 11
percent over a range of time from 4 to 69 minutes. The data of
Table 4-2 has been plotted in Figure 4-6 along with a curve
calculated from equation 4-21 and Dgpg = 1.21 X 10-3 cm2/s
(program BJTO6*UC359PR0G9.1) (Appendix F). The agreement
between the observed and calculated results is good for the
first hour of observations.

The No. 1 Ore of Wyoming Gas Hills (WGl)

Diffusion Parallel to the Bedding Plane

The Dry Disc. - The disc with its axis parallel to the
bedding plane had a thickness of 2.58 cm and a diameter of
6.6 cm. The diffusion coefficient had previously been deter-
mined on it with the moisture of the disc as machined as
described later. The disc was dried for this run, sealed and
equilibrated to produce its own equilibrium concentration of
radon before obtaining the data of Table 4-4. The rate of
diffusion was too high and the counting rates too low to
determine the diffusion coefficient from these data. As with
the disc of synthetic ore, however, these data were interpolated
to give values of EXRyy for equation 4-21 when the disc was
injected at atmospheric pressure with radon, allowed to stand in
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TABLE 4-1. Exhalation data for the disc of dried synthetic ore
after developing its own equilibrium
radon concentration

(249C, 0.85 atm)

Diffusion time (min) Exhalation rate {(c/min)l

1.4 2.8+ 1.6
2.9 4,1 ¥ 1.4
6.0 0.2 1.2
16.0 3.3 ¥ 1.2
25.5 1.0 X 1.0

lror 46 cm3/min of flow rate

TABLE 4-2. Exhalation data for the disc of dried synthetic ore
with injected radon

(22 ¥ 10Cc, 0.85 atm)

Diffusion
time (min) EXR (c/min)* EXRyT (c/min)l
3.9 641. T o, 1.1
6.7 627. T 10. 0.8
11.6 382. * 8. 0.6
19.2 281. * 9. 0.5
30.0 162. T 4. 0.4
46.0 gg. *+ 2. 0.3
69.0 37. + 2. 0.3
100.0 23. * 1. 0.2
154.0 14.8 % 0.7 0.2
233.0 9.9 * 0.7 0.1
359.1 11.6 ¥ 0.6 0.1
727.2 5.8+ 0.7 0.1
960.2 4.3+ 0.4 0.1
1,510.1 3.7 Y 0.6 0.1
2,603.0 0.8% 0.4 0.0

lpor 100 cm3/min of flow rate
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TABLE 4-3. Observed diffusion coefficents (cm?/s) calculated
from Table 4.2 for the disc of dried synthetic ore

(22 ¥ 19¢, 0.85 atm)

Time (min)
of point 2 = 30.0 46.0 09.0

Time (min) of

point 1
3.9 1.17x10-3 1.11x10-3 1.07x10-3
6.7 1.52x10~3 1.30x10-3 1.19x10-3
11.6 1.24x10°3 1.14x10°3 1.09x10-3
19.2 1.38x1073 1.17x10-3 1.10x10-3

AV. Dopg = (1.21 ¥ 0.13) x 1073 cm?/s

TABLE 4-4. Exhalation data for the dried disc of WGl with the
axis parallel to the bedding plane after
developing its own eguilibrium radon
concentration

(23.59C, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)l
1.3 10.8 ¥ 1.6
2.8 4.2 + 1.2
4.8 0.9 ¥ 1.0
9.8 0.7 ¥ 0.7

leor 1,540 cm3/min of flow rate
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the sealed state for a day, and again run in the exhalation

apparatus. Table 4-5 contains the data for the injected run as
well as interpolated values for no injection at the new flow
rate. The values for EXRyp could have been ignored as they

might have been in the case of the synthetic ore.

Eighteen combinations of times t] and tp are contained
in Table 4-6 together with their calculated results from

equation 4-21. The average observed diffusion coefficient
was 7.1 x 10—4 cmz/s with a relative standard deviation of
20 percent over a range of 4 to 52 minutes. The data of

Table 4-5 has been plotted in Figure 4-7 along with a curve
calculated from eguation 4-21 and Dgopg = 7.12 x 1074 cm2/s.

The Disc with 17.0 Percent of Moisture Saturation. - The
sealed disc was first equilibrated with the applied moisture
and its own source of radon before the end plates and external
paraffin were removed. The data of Table 4-7 then was obtained
for use with equation 4-20. The same general ranges of values
for t; and tp as those for the dry disc were used with the data
at this degree of moisture saturation (Table 4-8). The observed
diffusion coefficients from the 25 combinations of tj and tg
averaged 4.4 x 104 cm?2/s with a relative standard deviation
of 36 percent. Figure 4-8 contains a plot of the data of
Table 4-7 together with a curve calculated from equation 4-20
and Dgpg = 4.40 x 104 cm2/s (program BJT06*UC359PGMLl.1)
(Appendix G).

The Disc with 29.6 Percent of Moisture Saturation. = This
was the degree of moisture saturation of the disc as machined,
then sealed for equilibration. Table 4-9 contains the data
obtained after eguilibration and removal of the end plates and
excess paraffin. In order to minimize the effects of poor
counting statistics, the points for ty (Table 4-10) were
taken somewhat longer than usual after those of tj. However,
the effects on the average observed diffusion coefficient
(3.0 x 10~4 cmz/s) were not large. The data and calculated
curve have been plotted in Figure 4-9.

The Disc with 67.4 Percent of Moisture Saturation. -
Table 4-11 contains the data from which the average value
of the observed diffusion coefficient was 3.34 x 104 cm2/s
(Table 4-12). The data and calculated curve have been plotted
in Figure 4-10.

Diffusion Perpendicular to the Bedding Plane

The Disc with 12.9 Percent of Moisture Saturation. - This
disc had a thickness of 2.63 cm and a diameter of 6.8 cm.
Table 4-13 contalns the exhalation data from which the calcula-
tions yielded the average observed diffusion coefficient of
7.15 x 10-4 cm2/s from Table 4-14. The data and calculated
curve have been plotted in Figure 4-11.
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TABLE 4-5. Exhalation data for the dried disc of WGl with the
axlis parallel to the bedding plane after
injection with radon

(239¢, 0.85 atm)

Diffusion
time (min) EXR (c/min)l EXRyT (¢/min)?
1.7 18,290. * 90. 13.
2.7 11,090. * 80. 7.
3.7 3,850. ¥ 70. 4.
4.7 7,010. * 60. 3.
6.7 4,960. * 4o0. 2.
8.7 3,930. * 30. 1.
11.7 2,650. T 30. 1.
14.7 2,550. * 20. 1.
17.7 1,730. * 20. 0.
20.7 1,840. 1 20. 0.
23.7 1,430. T 10. 0.
29.7 980. T 10. 0.
51.7 448, * 7. 0.
119.7 245. T 6, 0.
227.7 113. * 2. 0.
462.6 67.3 ¥ 1. 0.
1,390.7 10.1 + 0.5 0.

leor 720 cm3/min of flow rate
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TABLE 4-6.

Observed diffusion coefficients (cm2/s) for the

dried disc of WGl with the axis parallel

to the bedding plane

(23©C, 0.85 atm)
Time (min)
Point 2 = 23.7 29.7 51.7
Time (min)
of point 1
3.7 9.80x10~4 .13x10-4 6.58x10~4
4.7 9.10x10-4 .60x10~4 6.28x10-4
6.7 8.07x10~4 .80x10-4 5.83x10-4
8.7 7.47x10-4 .38x10-4 5.58x10-4
11.7 5.56x10~4 .18x10-4 4.93x10-4
14.7 7.18x10~4 .17x10"4 5.25x104
AV. Dgps = (7.12 F 1.43) x 1074 cm2/s
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TABLE 4-7. Exhalation data for 17.0 percent of moisture

saturation in disc WGl with the axis

parallel to the bedding plane

(23°C, 0.85 atm)

Diffusion time (min)

Exhalation rate (c¢/min)t

1.6
3.6
5.2
7.6
10.1
12.6
16.0
21.6
26.6
34.6
44.6
59.6
79.6
109.6
157.96
179.6
1,500.0

261.
93.
70.
49.
32.
28.
24.
12.
18.
12.

8.

‘10.

O Wik Ut
B dd 0000

L[] R L L+
COQOCO0OQOOOFHFFENDNMNDNDWWMKm

N WUl d

leor 610 cm3/min of flow rate
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TABLE 4-8.

Observed diffusion coefficients (cm?/s) with 17.0

percent of saturation in disc WGl and the axis

parallel to the bedding plane

(23°Cc, 0.85 atm)

Time (min)

of point 2 = 26.6 34.6 44.6 59.6 79.6
Time (min)
of point 1
3.6 7.45%x10"4% 6.98x104 5.97x10-4 3.81x10°%4 .62x10"4
5.2 6.95x10~% 6.64x10-4 5.70x10-% 3.60x10-4 .47x20~4
7.6 5.77x10"4 5.81x10"4 5.08x10-%4 3.10x10"% .13x10"4
10.1 3.56x10~% 4.49x10"4 4.13x10-4 2.30x10"4 .62x10"4
12.6 3.02x10"4 4.28x10"4 3.97x10-4 2.14x10"4 .52x10"4

Av.

Dops = (4.40 + 1.59) x 1074 cm?/s
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TABLE 4-9. Exhalation data for 29.6 percent of moisture
saturation in disc WGl with the axis
parallel to the bedding plane

(23°C, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)l
5.0 12. +o1.
7.8 9. +1.

10.0 5.4 * 0.8
11.8 3.5 ¥ 0.7
14.0 5.4 * 0.7
15.8 5.1 T 0.8
18.3 3.3 ¥ 0.7
23.0 2.0 * 0.6
28.0 1.8 * 0.5
38.0 2.3 * 0.5
53.0 1.6 T 0.5
71.5 0.9 * 0.4
98.0 1.2 F 0.7
158.0 0.8 * 0.1
545.0 0.42 * 0.05
1,184.0 0.40 * 0.05
1,350.0 0.27 ¥ 0.05
1,588.0 0.41 * 0.06
3,244.0 0.39 * 0.05
4,298.0 0.34 * 0.05
4,328.0 0.31 X 0.05
EXRgg = 0.33

leor 3,000 cm3/min of flow rate
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TABLE 4-10. Observed diffusion coefficients (cm2/s) with 29.6
percent of saturation in disc WGl and the
axis parallel to the bedding plane

(23°C, 0.85 atm)

Time (min)
of point 2 = 53.0 71.5 98.0 158.0

Time (min)
of point 1

5.0 4.82x10"4 4.91x10"4  2.75x1074 2.11x10"4
10.0 3.34x104 3.92x10"4  1.96x1074 3.73x1074
14.0 3.89x10~4 4.29x10-4  2.24x10°4 1.81x10-4
18.3 2.58x10"4 2.08x10"4 1.57x10-4 1.44x10-4

Av. Dgopg = (2.97 £ 1.16) x 1074 cn2/s
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TABLE 4-11. Exhalation data for 67.4 percent of moisture
saturation in disc WGl with the axis
parallel to the bedding plane

(23°C, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)l

3.1 610. T 10.
5.1 369. * 6.
7.2 306. + 5,
9.2 238. *+ 5.
13.4 177. + 3.
19.1 145. * 4,
23.1 116. T 3.
27.6 929. *+ 3.
33.1 79. + 3.
48.1 5.. + 2.
64.1 46. * 2.
104.1 26. * 2.
163.1 17. * 1.
228.1 14. * 1.
331.1 11.8 % 0.4
469.1 8.6 X 0.4
1211.1 4.9 * 0.2
2907.0 4.3 % 0.2
3131.0 4.8 T 0.2
EXRgg = 4.6

leor 269 cm3/min of flow rate
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TABLE 4-12.

Observed diffusion coefficients (cm?/s) with 67.4

percent of saturation in disc WGl and the axis

parallel to the bedding plane

(23°C, 0.85 atmn)

Time (min)

of point 2 = 48.1 64.1 104.1 163.1
Time (min)
of point 1
5.1 5.23x10"4 .85x10~4 .99x10~4 2.17x10-4
7.2 5.17x10-4 .81x10-4 .96x10~4 2.16x10-4
9.2 4.74x10~% .47x10-4 .78x10~4 2.04x10-4
13.4 4.38x10-4 .18x10-4% .61x10—4% 1.94x10"4
AV. Dopg = (3.34 ¥ 1.10) x 1074 cm?/s
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TABLE 4-13. Exhalation data for 12.9 percent of moisture
saturation in disc WGl with the axis
perpendicular to the bedding plane

(249¢, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)i
1.3 524. *t 8.
2.8 198. * 4.
4.8 8. T 3.
6.8 56. * 2.
3.8 41. T 2.
11.8 29. * 2.
15.8 23. * 2.
20.8 16. T 2.
26.8 10. * 2.
34.8 8. 1t 1.
44 .8 8. * 2.
59.8 5. t 1.
79.8 2.7 ¥ 0.9
109.8 1. * 1.
139.8 0.3 ¥ 1.0
169.8 0.7 1.0
EXRgg = approx. O

leor 1210. cm3/min of flow rate
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TABLE 4-14.

Observed diffusion coefficients (cm2/s) with 12.9

percent of saturation in disc WGl and the

axis perpendicular to the bedding plane

(24°C, 0.85 atm)
Time (min)
of point 2 = 26.8 34.8 44.8 59.8 79.8
Time (min)
of point 1
2.8 1.40x10~3 1.11x10-3 8.42x10% L17x10~4 .05x10~4
4.8 1.123x1073 8.92x10"4 6.70x1074 .91x10~4% .14x10~4
6.8 9.81x10-% 7.79x10-4 5.80x10"4 .26x104 .66x10—4
8.8 8.97x10~4  7.08x10"% 5.21x10"% .84.104 .36x10-4
11.8 7.90x10-4 6.16x10-4 4.43x10~4 .30x10-4 .37x104
AV. Dops = (7.15 ¥ 2.48) x 1074 cm?/s
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The Disc with 29.5 Percent of Moisture Saturation. - Table
4-15 contains the exhalation data from which the calculations of
Table 4-16 gave an average observed diffusion coefficient of
2.58 x 1074 cm /s. Figure 4-12 contains the data and calculated
curve.

Radon's Distribution Coefficient for Ore WGl

The weight Wore was 37.7 g of which 2.803 welght percent

was moisture. Its dry bulk density was 1.9776 g/cm and its
dry porosity was 23.41 percent. .The volumes V4 and V;' were
80 * 5 cm3 and 121 * 5 cm3, respectively. The first two
scintillation cells gave values of 4,477 and 4,817 for Rj', that
is, an average of 4,647 * 240. The last two scintillation
cells gave values of 2,192 and 2,311 for Ry at the same time of
reference, that is an average of 2,252 1t 85. (The errors from

counting statistics were negligible.) The value of the distri-
bution coefficient k{ot for the whole sample was calculated
from equation 4-23 to be (0.90 ¥ 0.44) cm3/g including the
propagation of errors. This includes some absorptlon by the
small amount of the sample's moisture since water's absorptlon
coefficient at the 259C of the experiment is 0.22 cm /g(42)

Using the law of mixtures enables the calculation of just
m01st WGl ore's distribution coefficient to be (0.291 ¥ 0.45)
cm /g where the air space is intended to include the air of
the pores. This is (2.36 * 1.16) cm3/cm3 in dimensionless
units.

The Ore of Utah Big Buck (UB)

Diffusion Parallel to the Bedding Plane

The Dry Disc. - The disc with its axis parallel to the
bedding plane had a thickness of 2.70 cm and a diameter of
6.7 cm. Its data (Table 4-17) was obtained for use with
equation 4-12 and led to the results of Table 4-18. The data
and curve calculated from the average observed diffusion
coefficient of (4.41 * 0.71) x 10-2 cm2/s have been plotted
in Figure 4-13.

The Disc with 93.0 Percent of Moisture Saturation. - The
data (Table 4-19) gave rise to the calculated results of
Table 4-20. The average observed diffusion coefficient of

(1.21 * 0.39) x 104 cm2/s resulted in the curve of Figure 4-14.

Diffusion Perpendicular to the Bedding Plane

The Dry Disc. - This disc had a thickness of 2.70 cm and
a diameter of 6.6 cm. Table 4-21 contains the data from
which the results of Table 4-22 were obtained. The curve of

Figure 4-15 was calculated with 5.19 x 10~4 cm2/s for the
average observed diffusion coefficient.
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TABLE 4-15. Exhalation data for 29.5 percent of moisture
saturation in disc WGl with the axis
perpendicular to the bedding plane

(25°C, 0.85 atm)

Diffusion time (min) Exhalation rate (c¢/min)l
8.7 160. T 4.
12.7 100. T 3.
17.7 102. * 3.
27.7 g8s. * 3.
37.7 65. T 3.
47.7 48. T 2.
57.7 42, * 2.
67.7 39. T 2.
81.7 37. X 2.

101.7 29. * 2,

131.7 24. T 2.

181.7 22. * 1.

241.7 17. * 1.

297.7 16. T 1.

626.7 11.9 * 0.8
1617.0 8.6 ¥ 0.3
2757.0 9.6 T 0.3
3062.0 8.8 ¥ 0.2

EXRgg = 9.1 * 0.2

leor 305. cm3/min of air flow
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TABLE 4-16. Observed diffusion coefficients (cm2/s) with 29.5
percent of saturation in disc WGl and the
axis perpendicular to the bedding plane

(25°C, 0.85 atm)

Time {(min)
of point 2 = 47 .7 57.7 67.7 81.7

Time (min)
of point 1

8.7 3.73x10-4 3.29x10~4 2.81x10~4 2.28x10-4
12.7 2.43x10-4 2.28x10"4 1.95x10-4 1.56x10~4
17.7 3.30x10°4 2.93x10-4 2.49x10-4 2.01x10-4

AV. Dgpg = (2.58 ¥ 0.64) x 10-4 cm2/s
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TABLE 4-17. Exhalation data for dried disc UB with the
axis parallel to the bedding plane

(24.5°C, 0.85 atm)

Diffusion time (min) Exhalation rate (¢/min)l

2.4 93. T 3.

3.9 71. * 3.

6.4 59, F 2.

9.4 47. * 2.

14.4 44, T 2.

22.4 35, * 2,

34 .4 22. T 2.

51.3 25. T 2.

67.3 18. T 1.

116.2 12. * 1.

175.2 17. * 1.
395.4 5.3 % 0.7
607 .4 4.0 X 0.6
1,354.0 2.4 % 0.4
1,667.0 2.2 X 0.6

2,500.0 1.5 ¥ 0.3 = EXRgg

lFor 360 cm3/min of air flow
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TABLE 4-18. Observed diffusion coefficients (cm?2/s) with the
dried disc UB having its axis parallel to
the bedding plane

(24.5 ©C, 0.85 atm)

Time {(min)
of point 2 = 395.4 607.4

Time (min)
of point 1

3.9 4.94x10-5 3.71x10-5
6.4 5.20x10-5 3.86x10-5
9.4 ' 5.01x20-5 3.75%10-5

AV. Dopg = (4.41 ¥ 0.71) x 1073 cn?/s
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TABLE 4-19. Exhalation data for 93.0 percent of moisture
saturation in disc UB with the axis
parallel to the bedding plane

(239C, 0.85 atm)

Diffusion time (min) : Exhalation rate (c/min)l
4.6 1410. * 20.
7.6 1060. 1 20.

12.6 810. * 10.
19.6 570. T 10.
30.6 348. * 6.
46.6 299. * 6.
70.6 186. * 4.
106.6 136. * 4.
160.6 88. * 4.
245.6 6l. * 2.
362.6 42. * 1.
544.6 25.8 + 0.9
993.1 16.0 X 0.7
1893.0 12.9 * 0.5
2719.0 12.1 + 0.7
3337.0 11.6 * 0.6
EXRgg = 11.0

leor 171 cm3 /min of air flow
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TABLE 4-20. Observed diffusion coefficients (cm2/s) with 93.0
percent of saturation in disc UB having its
axis parallel to the bedding plane

(23%¢, 0.85 atm)

Time (min)
of point 2 = 160.6 245.6 362.06 544.6

Time (min)
of point 1

4.6 1.80x10~4 1.30x1074 9.87x10-5 7.97x10-2
7.6 1.76x10~4 1.28x10-4 9.73x10-5 7.88x10-2
12.6 1.74x10-4 1.27x10-4 9.68%x10"5 7.83x10-2

AV. Dopg = (1.21 ¥ 0.39) x 1074 conm?/s
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TABLE 4-21. Exhalation data for dried disc UB with axis
perpendicular to the bedding plane

(23°C, 0.85 atm)

Diffusion time {(min) Exhalation rate (c¢/min)l
2.9 570. T 1o0.
6.9 340. * o9,
14.9 208. T 5.
30.9 75. T 3.
62.9 27. * 1.
98.9 15. + 1.
148.9 8. * 1.
231.9 6.4+ 0.4
345.0 4.5+ 0.4
484 .9 2.4 % 0.2
1,362.0 1.3 0.5
1,382.0 1.8 % 0.6
EXRgg = 1.3

‘For 240 cm3/min of air flow
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TABLE 4-22.

Observed diffusion coefficients (cm?2/s) for dried

disc UB having its axis perpendicular to

the bedding plane

(239C, 0.85 atm)

Time (min)
of point 2 = 30.9 62.9 98.9 148.9
Time (min)
of point 1

2.9 8.09x10~4 5.69x10~4 4.24x10"4 3.35x10°4

6.9 7.64x10-4 5.48x%x10~4 4.,11x10-4 3.27x10-4

14.9 7.91x10-4 5.32x10"4 3.97x10"4 3.17x10-4
AV. Dgpg = (5.19 ¥ 1.83) x 1074 cm?/s
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The Disc with 62.1 Percent of Moisture Saturation. -
Table 4-23 contains the data obtained on the disc with the

as-machined moisture content. The calculations are summarized
in Table 4-24, giving (4.08 ¥ 1.46) x 10~4 cm2/s for the
average observed diffusion coefficient. Figure 4-16 contains

the plotted data and calculated curve.

The No.l Ore of Wyoming Crooks Gap (WCl)

The Dry Disc Parallel to the Bedding Plane

The disc had a thickness of 2.60 cm and a diameter of
6.5 cm. The data obtained in the dry state is in Table 4-25 and
the calculations are summarized in Table 4-26. The average
observed diffusion coefficient of (6.96 T 2.91) x 104 cm?/s
gave the curve of Figure 4-17.

The Disc Parallel to the Bedding Plane and Having 64.1
Percent of Moisture Saturation

Table 4-27 contains the data from the disc with the
as-machined moisture content. The calculated results are
contained in Table 4-28. The average observed diffusion
coefficient of (9.49 ¥ 3.90) x 104 cm2/s gave the curve of
FPigure 4-18.

Discussion of Results

The Correlation of Steady-State Exhalation
Rates with Microscopic Emanation Coefficients

As previously stated, the accurate measurement of exhala-
tion rates in the steady state is hampered by low counting
rates and therefore poor accuracy. Although the present
methods do not require accurate steady-state values, it
is interesting to apply an internal check on these values
(Table 4-29 and Figure 4-19). The values of the microscopic
emanation coefficient of Figure 4-19 are estimated from the
equation

. ‘ i
E, = (SSEXR)/{(No pCi Ra/g)pbulk(xbobs)%tanh{(x/DObS)?L/Z}}

(4-24)

where is the sample's bulk density (g/cm3) and

Ppulk
SSEXR is defined below Table 4-29.

The estimates for a given disc increase in a qualitative sense
from the dry state as moisture is added. However, the wvalues
do not always agree guantitatively with those of Chapter 3.
It would not be expected that an ore's curve in Figure 4-19
would rise markedly higher for the disc axis perpendicular to
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TABLE 4-23. Exhalation data for 62.1 percent of moisture
saturation in disc UB with the axis
perpendicular to the bedding plane

(239C, 0.85 atm)

Diffusion time (min) Exhalation rate (c¢/min)l
4.5 1920. * 20.
7.5 720. * 10.
12.5 630. * 10.
19.5 490. * 10.
30.5 289. * 8.
46.5 164. * 6.
70.5 104. * 3.
106.5 72. * 2.
160.5 48. * 1.
241.5 34, *F 1.
359.5 24.6 ¥ 0.8
414.5 29.6 ¥ 0.7
566.5 18.9 ¥ 0.8
1,401.0 18.3 * 0.8
1,916.0 i7.1 r 0.8
2,833.0 15.8 + 0.6
3,341.0 21.2 F 0.7
EXRgg = 18.0

leor 165 cm3/min of air flow
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TABLE 4-24. Observed diffusion coefficients (cm?/s) with 62.1
percent of moisture saturation in disc UB having
its axis perpendicular to bedding plane

(23°C, 0.85 atm)

Time (min)
of point 2 = 46.5 70.5 106.5 160.5

Time (min)
of point 1

4.5 7.18x10"4 5.41x10~4 3.93x10°4 2.95x10"4
12.5 5.14x10~4 4.09x10~4 3.07x10-4 2.39x10~4
19.5 5.32x10"4 4.08x10-4 3.02x10-4 2.35%x10-4

Av. Dopg = (4.08 ¥ 1.46) x 10-4 cm2/s
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Disc UB with 62.1% of moisture saturation and
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TABLE 4-25. Exhalation data for dried disc WC with the axis
parallel to the bedding plane

(24.5°C, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)l
2.7 530. * 10.
4.2 363. * o9,
6.7 225. * 7.
9.7 132. + 4.
14.7 97. + 3.
22.2 57. T 2.
33.7 29. * 2.
50.7 20. + 1.
75.7 13. * 1.
113.7 9.0t 0.7
170.7 7.0+ 0.7
263.7 3.8+ 0.7
385.7 3.3 0.6
578.7 3.2 * 0.6
1,249.0 1.8+ 0.5
1,630.0 2.4 F 0.5
1,868.0 1.7+ 0.5
2,807.0 1.8 % 0.53
4,175.0 1.8+ 0.55
EXRgg = 1.8

lpor 780 cm3/min of air flow
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TABLE 4-206.

Observed diffusion coefficients (cmz/s) for the

dried disc WC with its axis parallel to the
bedding plane

(24.59C, 0.85 atm)

Time (min)

of point 2 = 113.7

Time (min)

of point 1
2.7 1.275x10-3 1.043x10-3 0.745x10-3 0.548x103 .393x10-3
4.2 1.176x10-3 0.980x10-3 0.703x10-3 0.520x10-3 .375x10"3
6.7 1.028x10-3 0.883x10"3 0.636x10-3 0.476%x10~3 .345x103
9,7 0.788x%10-3 0.743x10-3 0.539x10-3 0.412x10-3 .304x10-3

Av. Dopg =

.91) x 104 cm?2/s
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TABLE 4-27. Exhalation data for 64.1 percent of moisture
saturation in disc WC with the disc axis
perpendicular to the bedding plane

(229¢, 0.85 atm)

Diffusion time (min) Exhalation rate (c/min)l
3.1 770. 1 10.
5.1 372. * 9.
9.1 176. * 6.

14.1 140. * 5.

21.6 67. T 3.

32.8 41. * 2.

49.7 35. + 2.

91.2 26. * 1.

148.0 24, *+ 1.
233.0 21.2 * 0.9
361.0 20.7 X 0.7
542.0 22.0+r 0.5
849.0 16.0 ¥ 0.6
EXRgg = 19.0

lror 257 cm3/min of air flow
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TABLE 4-28. Observed diffusion coefficients (cm2/s) with 64.1
percent of moisture saturation in disc WC
with its axis parallel to bedding plane

(22°C, 0.85 atm)

Time (min)
of point 2 = 21.6 32.8 49.7 91.2

Time (min)
of point 1

3.1 1.68x10-3 1.34x10-3 0.917x10-3 0.566x10~3
5.1 1.37x10-3 1.14x10-3 0.783x%x10~3 0.495x%10~3
9.1 1.08x10™3 0.946x10-3 0.645x10~3 0.420x10-3

AV. Dopg = (9.49 * 3.90) x 1074 cm?/s
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Disc WC with 64.1% of moisture saturation
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TABLE 4-29.

Observed values 0of steady-state exhalation rates

EXRgg(c/min)?

b

b

to be

where the reference cell efficiency (cell eff.)

SSEXR (Rn pCi/cm2s)

Calculated for an air flow of 500 cm3/min
The steady-state exhalation rate in Rn pCi/cmzs can be shown

0.0219 EXRgg(c/min)

(cell eff.) Atot

including From 104xSSEXR
Disc % of sat Rn daughters Table (Rn pCi/cm2g)
WGl (par) 0.0 0.0 4-4 0.
WGl (par) 17.0 0.5 4-7 3.
WGl (par) 29.6 2.0 4-9 11.
WGl (par) 67.4 2.5 4-11 14.
WGl (perp) 12.9 approx. 4-13 0.
WGl (perp)  29.5 5.6 4-15 30.
UB (par) 0.0 1.1 4-17 6.
UB (par) 93.0 3.8 4-19 21.
UB (perp) 0.0 0.6 4-21 4,
UB (perp) 62.1 5.9 4-23 35.
WCl (par) 0.0 2.8 4-25 17.
" WCl (par) 64.1 9.8 4-27 59.
a

0.55 in

this diffusion work and Agot is the total exposed area (cm?)

of the disc.
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the bedding plane than it does for the other orientation as it
does for ore WGl. Therefore, the highest value for WGl in the
perpendicular orientation is suspect although the effect on the
calculation of the diffusion coefficient (equation 4-20) is
small in this case (Table 4-16). The comparison between curves
in Figure 4-19 has limited wvalidity because of non-identical
plieces of ore and their inhomogeneities.

Agreement with Theory

The Synthetic Ore

The data agrees very well with equation 4-21 up to an
hour's time (Figure 4-6 and Table 4-3). This demonstrates a
validity of the method with injected radon for at least this
material which 1is significantly different from +the other
materials in being comparatively uniform. This method has also
been applied with about the same relative error to pulverized
bentonite and sand containing moisture(éi).

The data suggests a source of radon other than the disc at
times greater than one hour at which time the exhalation rate is
about 5 percent of that of the initial measurement. This small,
slowly dying, additional exhalation is probably due to radon
initially absorbed in the small amount of paraffin and vaseline
that was used to seal the disc to the surrounding glass. This
interpretation 1is consistent with radon's appreciable distri-
bution coefficient k of 1.6 cm3/g in paraffin(51) and its slow
diffusion therefrom (1.3 x 10~® cm2/s)(34). Vaseline's behavior
would be similar to that of paraffin in giving this tailing.

The Natural Ores

Although the relative standard deviation of the observed
diffusion coefficient for the synthetic ore is good (%11
percent), the corresponding values for the natural ores average
+32 percent with a range from ¥16 percent to }42 percent.
The explanation is not simply due to the above tailing although
tailing is often prominent (Figures 4-7, 4-10, 4-12, 4-15,
4-17, and 4-18). Neither is it due to poor counting statistics
except in one or two cases (Figure 4-9). A principal reason
is believed to be a variation in the diffusion coefficient
throughout the diffusion disc whether or not Knudsen diffusion
is appreciable. For example, uniformly ground and distributed
Vitro uranium tailings have been examined by equation 4-20 to
give a relative standard deviation for the observed diffusion
coefficient of only ¥13 percent, thus showing the validity
of this equation with at least a uniform powder(51). Another
reason for the unfavorable results with natural ores is probably
the inhomogeneity of the radon source within the disc.
(Dry disc WGl (parallel) did not appreciably suffer from
the inhomogeneous radon source because injected radon was used
and 1ts relative standard deviation was comparatively small
(20 percent)).
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The relationship between the observed diffusion coefficient
Dops ©f the equation of continuity (equation 4-17) and the
effective diffusion coefficient Dg of Fick's first law for
the macroscopic flux is eguation 4-18. Table 4-30 contains
calculated values of the effective diffusion coefficients
for the disc of WGl using a dry porosity of p = 0.234, a dry
bulk density of 1.98 g/cm3 (Table 2-2), kgre = 0.91 cm3/g
(Experimental Results) and ky, = 0.22 cm3/g.

Inhomogeneities in the ores are assumed to explain why
diffusion perpendicular to the bedding plane has not consis-
tently been less than that parallel to the bedding plane for the
gsame ore and moisture content. Inhomogeneities must also play a
role in the 1lack of correlation of the diffusion coefficient
with the permeability to air or water (Table 2-2). It should be
noted that the air and water permeabilities also show similar
anomalies vis a vis the bedding plane probably because of
inhomogeneities between different discs.

Unpredictable differences between different discs of the
same ore have been described in the preceding paragraph.
However, the Dbehavior of the observed diffusion coefficient for
the very same disc appears to be more coherent. A case in point
is the plots of Figures 4-20 through 4-22 for diffusion parallel
to the bedding plane since each such plot was obtained with
a single disc. The main features of these curves may be
reproduced from equation 4-19 which describes the observed
diffusion coefficient in terms of diffusion in the pore air
(D) and on the pore surface (dg). The equation is valid
for any degree of saturation including the dry state. The
following can be approximated from it to the extent that £, k,
dg, and ¢ are constant between the dry and moist states:

fD -
ok
Dobs, 3 <p+pk+p k> ( > (p+pk+p k >
4-25)
obs dry {
<p+pk>dry<ds > <p+pk>dry

where 3% represents the degree of moisture saturation, and
fD;/dg is higher the more important is volume diffusion
and lower the more important is surface diffusion.

In the case of the ore of Figure 4-20, the guantity k is known
from the section on experimental work to be 2.36 cm3 /cm3.

A curve that satisfies the data fairly well 1is obtained with
500 assumed for fD,/dg and has been drawn in that figure.
The curve from equation 4-25 can be made to slope upward to
satisfy the experimental data as in Figures 4-21 and 4-22
with an assumed value of fD;/dg that is less than unity.
This corresponds to a relative dominance of surface diffusion
according to equations 4-19 and 4=25; It also coincides with
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TABLE 4-30.

Calculated values of the effective diffusion

(25°c,

coefficient for ore WGl

0.85 atm)

Direction of

Percentage of

Diffusion vs. Moisture 1

Bedding Plane Saturation Dopg (cmZ/s) De(cm2/s)
Parallel 0.0 7.12x10-4 1.85x10-3
Parallel 17.0 4.40x10~4 1.12x10-3
Parallel 29.6 2.97x10"4 7.50x10-%
Parallel 67.4 3.34x10-4 8.14x10~4
Perpendicular 12.9 7.15x10"4 1.83x10-3
Perpendicular 29.5 2.58x10"4 6.51x10~3

lSee Experimental Results in this chapter
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Figure 4-20.  Radon's observed diffusion coefficient in two
discs of ore from Wyoming Gas Hills ore No. 1.

(23 £ 1°C, 0.85 atm)

Upper points: diffusion direction parallel to
bedding plane; curve calculated from equation
4-25 with experimental pk = 2.36 and assumed
fDa/ds = 500.

Bottom points: diffusion direction perpendicu-
lar to bedding plane.
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larger specific surface areas for these ores (Table 2-2).
Larger specific surface areas do not necessarily connote
larger adsorption coefficients, as shown by the adsorption on
charcoal of radon's sister elements, xenon and krypton(ig).
However, the present work suggests that larger specific surface
areas may correlate with larger values of the surface diffusion
coefficient.

Whether or not Dgpg,g increases with moisture in equation
4-25, the total flux Jyotr (equations 4-11 and 4-14) should
nevertheless decrease because the application of equation 4-18
to equation 4-25 gives the following for the effective diffusion
coefficient of equation 4-14 at a certain percentage of moisture
saturation:

£ D
a
[ p<§s ) * pk:]Q‘Dobs,dry

D = :
p+ok ary ds p+pok dry

Equation 4-26 implies that as moisture increases and therefore
the air porosity pg decreases, the effective diffusion co-
efficient should vary monotonically with pg provided that £,
dg, k and g are comparatively unaffected as would be expected.

(4-26)

Diffusional phenomena in this report have been considered
in terms of a single volume-diffusion medium (air). It is
possible that some natural ores can be better analyzed in terms
of diffusing and virtuwally undiffusing pore gas as pictured by
van Genuchten and Wierenga for liquids(55). The connection
between the diffusing and wvirtually undiffusing gas would be
through a slow, diffusion-controlled process as described in
their mathematics.
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CHAPTER 5

MATHEMATICAL MODELING OF RADON EMANATION

A mathematical model was developed to explain the observed
effects of moisture on radon emanation coefficients. The model
incorporates the generally accepted mechanisms of emanation,
direct-recoil and indirect-recoil, and disregards the minor
contributions expected to occur from diffusion of radon atoms
through the rock matrix to pore surfaces.

The model 1is based on several of the key parameters
measured on the ore samples 1in this study, including the
bulk density (p), the total porosity, and the pore-size dis-
tribution, which was comprised of approximately fifty pore
diameters (dj) and their corresponding specific volumes (v4).
Other measured parameters such as the radium and uranium
contents did not correlate well with the observed emanation
coefficients. The specific surface area, which was related
to the emanation coefficients, was also not used because
corresponding information was contained, in greater detail with
respect to pore sizes, 1in the pore-size distribution data.

The present model assumes a geometric configuration of
parallel cylindrical pores whose diameters are defined by the

measured pore-size distribution. A spherical-grain model was
also considered due to the fregquent occurrence of granular,
sandstone uranium deposits. However, the absence of detailed

grain size information and the requirement for extremely
small grain sizes to explain the observed high emanation
coefficients suggested that the modeling effort should be

concentrated on the cylindrical pore model. The following
sections present the theory and equations which describe
this model, compare 1its predicted emanation coefficients

with experimental results, and discuss interpretations of the
fitted or variable parameters used in applying the model.
The theory section also demonstrates that the model also applies
to granular, sandstone ores by defining the porous emanating
fraction of the ore to be the intergranular cementing material.

Theory and Egquations

The process of radon emanation into a cylindrical pore
containing water 1s illustrated schematically in Figure 5-1.
The recoiling radon atom is considered to be emanated if, at the
end of its trajectory, it comes to rest in an air-filled or
water-filled region of the pore and is thus free to diffuse
through the porous regions and escape from the ore. The diagram
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illustrates several features of the model: The ore is consi-
dered to contain inert rock grains which contain no significant

radium or porous space. The radium and uranium are considered
to reside in the porous intergranular cementing material in
annular regions of equal thickness (S8) around each pore. Such

uranium mineralization occurs by the precipitation of these
minerals from solutions passing through the pores of the rock.
The presence of moisture in the rock is considered to occur in
layers of equal thickness (W) in all pores, thus filling the
small pores first as the moisture content is increased.

The pores are randomly located as illustrated in Figure
5~1, but are spaced at maximum distance from each other. As the
fraction of inert rock is increased, the pores must becomne
closer together to maintain the same pore size distribution.
Hence, a point is reached at which the annular radium source
regions around each pore intersect each other, allowing emana-
tion into more than one pore to occur from a single point of
origin. Figure 5-1 illustrates the overlaping source regions
but violates the maximum spacing criterion for the sake of
simplicity. The minimum interpore spacing is achieved when the
annular mineralized volume equals the total cementing material
volume minus the pore volumes. The resulting parameters to be
fitted for a given ore sample are therefore the inert rock
fraction Fg (cm3/cm3), and the thickness of the mineral source
layers around the pores.

Figure b5-1 illustrates several possible trajectories of
interest for a recoiling radon atom. Trajectory A' depicts
a radon recoil atom whose trajectory does not intersect a
cylindrical pore, and which is therefore not emanated.
Trajectory B' depicts a recoil atom which is stopped in the
water-filled region of the pore and is therefore emanated.
Trajectory C' is also properly oriented for emanation, but the
recoil atom does not lose sufficient energy in the water and air
filled regions to be stopped. It is therefore embedded in the
rock of the opposite pore wall and is not emanated. Trajectory
D' similarly depicts a recoil atom traversing the pore and
penetrating the opposite rock surface. In this case, however,
the penetration is shallow and the atom is able to diffuse or
otherwise escape back into the pore through its damaged-rock
path. The radon atom is therefore emanated by the indirect
recoil mechanism. The model incorporates a threshold energy for
rock impaction. Atoms striking a pore wall with less than the
threshold energy are emanated by indirect recoil. The threshold
energy is expressed as an equivalent range in rock, Rg.

The equation for calculating the emanation coefficient was
derived in the following manner. The emanation coefficient, E,
was defined as the number of radon atoms with appropriate
energies and trajectories to stop in the pores, divided by the
total number of radon atoms produced in the annular source
regions around the pores. Because of the cylindrical symmetry
of the parallel pores and the annular source regions, the
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FIGURE 5-1. - Schematic diagram of radon emanatlon into a partlally
saturated, cyllndrlcal pore from an annular, radium-
bearing mineral layer.
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equation for E was simply written in two-dimensional form
as:

S n.A £,
iiti
i
Q
where, ,
V. P
n; = _~§i____ (number of pores of radius rj per
T, “’Fﬁ unit area of cementing material)
i 2
Ai==TH(ri+RW2—r.2} (area of annular source region
1 which can contribute to emanation)
R' = min(R,S) (minimum value of either R or 8)
R = radon recoil range in rock (cm)
fi{ = fraction of radon atoms produced in A; which stop
in pores
Q = total area of annular source regions per unit area
of cementing material
The definition of Q depends on the interpore spacing. If

the source regions do not overlap, Q can be written as the
sum of the individual annular source areas per unit area of

cementing material. When the source regions reach maximum
overlap, the source area occupies all of the interpore space
in the cementing material region. The value for Q in the

intermediate range of minimal overlap was approximated by
assuming that the annular source areas were additive until
all interpore space was occupied by source material. The
mathematical definition of ¢ was therefore:

. 2 2 2

Q = min {Zn.ﬂ({r.+s} ~r."), 1- Zn.ﬂr. } (5-2)
=1 i i ol R |

i i

The number of radon atoms produced in a given annular
source having unit radium concentration (atoms/cmZ2) that are
emanated into a given pore was defined by integrating the
emanation fraction originating at any point in the annulus over
the area of the annulus:

1
r.+R g4

£y =] 5[ £, p ¥ dr do (5-3)
r.
1
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The definition of the emanation fraction, f£;, 6y, requires
three dimensional geometry to accommodate recoil trajectories
which are not perpendicular to the pore axis. Figure 5-2
illustrates the geometric definitions for a recoil atom origi-

nating in the source area element rdrd¢ , and traveling a
distance Z, through the rock to reach the pore boundary. The
fraction of atoms emanated from the source element is:
r-r.
1
‘cos (—g—), B
4 : .
fi = ~—2. f < f d\[))de, (5-4)
o b:4

where { can vary from zero (a trajectory intersecting the pore
axis) to a maximum value which occurs when the trajectory is
tangent to the pore surface. The angle ¢ can similarly range
from zero to a maximum of T/2 or less, depending on the distance
from the pore wall and the recoil range in the rock.

One additional constraint affects the integration limits A
and B. This is the energy window reguired for a recoil atom
with the proper trajectory to be emanated. The atom must have
sufficient energy to reach the pore boundary, but less than the
impaction threshold energy after it has traversed the pore. The
limit B is determined by the distance from the point of origin
to the pore surface, and is limited Dby the maximum recoil range
in rock, R, in cases in which the recoil atom originates a large

distance from the pore surface. The definition of B is thus:
r
. -1 i i
B = sin [;EJ r <(chsos2 e-i-r.z)2
r ] i
(5-5)
2 2 2 2
-1{r-ri” + R cos™9 2 2 2.k
B = cos . 2
[ 2rRcosb ] r > (R cos 6 +r;)

The definition of x 1is more complicated, and depends on
the recoil atom having a low enough energy to not become
impacted into the opposite pore wall. This requires a minimum
pathway in rock of:

y = R - Rq, (5-6)

or an eguivalent longer pathway in a less dense material such

as water or air. Because the medium of the recoil pathway is
now important, the distances traveled in rock, water and air
must be considered. Figure 5-3 illustrates the two important

types of trajectories through the single and dual phase regions
of the pore.

136



FIGURE 5-2. Cylindrical geometry used for
. : emanation equation development.-
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Trajectory 2 Z

Trajectory 1

rdrd¢g
W /

Air

Water

Mineralized Rock / - r -

FIGURE 5-3. Recoil atom trajectories into water and air-filled
pore regions (traj. 1) and water-filled pore region
(traj. 2) from a source element.
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Due to the small effect of air on the recoil range of radon,
the effect of the air pathway was considered by adding a small
increment to the water layer thickness based on the relative
ranges in air and water and the radius of the air-filled region.
The path lengths 2%, and Zy were then determined from the
equation

y = Zr + 2aZw, (5-7)

and the geometric relationships:

r2-r;2 + z,2cos?g

1

cos P (5-8)

2rZCcos g

2_(r;-w)2 2 2
ré-(r{-W)4+(Z+%y)%cos<9 .
cosy = ST (FoF7.) 005 (Trajectory 1) (5-9)

/2

Z = secH (ri2 - r2sin21p)1 (Trajectory 2) (5-10)

w

The constant (a) in equation 5-7 is the ratio of the recoil
range in rock to that in water.

Combining equations 5-7, 5-8 and 5-9 yields a cubic
equation for Z, for trajectory 1 in terms of known parameters.
Similarly combining equations 5-7, 5-8 and 5-10 yields a quartic
equation in Z, for trajectory 2 in terms of known parameters.
The particular solutions to these equations which applied to the
geometric constraints of this system were used when calculating
the radon path lengths 2,7 and Zyp, for the rock pathways for
trajectories 1 and 2, respectively. The resulting definition of
the integration limit x was then derived to be:

X =0 r > r; - 2aW + ycosg (5-11)
X = A r < ri — 2awWw + ycos9p
ri{—-w
and A < sin—1 ( lr )
and A < B
x = H r < ri - 2aW + ycos®
ri-W
and A > sin~1 ( lr )
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and H < B
x = B r < ri — 2aW + ycos b
and A > B

and H > B

r2—1:-lz+Z2rlcos29:I

cos™l [

where A
2rZyicos 8

r2-r;2+72 5cos2 g

cos—1l [

and H
2rZypcos B

Combining equations 5-1, 5-2, 5-3 and 5-4, and integrating
and simplifying yields the following expression for the emana-
tion coefficient:

' -1,
ri+R' oos ~ ( = )
4 Zni [(ri+R')2—ri2] f r f (B—x) de dr
B = i ri ° (5-12)

. 2 2 2
min z:niﬁ [hﬁjs) -r; ] , 1 - 2: n, mr, }
i i

1

The integrals in equation 5-12 were evaluated numerically in a
computer program listed in Appendix H to calculate emanation
coefficients at various moisture contents. The program selected
various fractions, Fg, of the saturation moisture content for
a given ore and calculated an equivalent water film thickness,
W, from the pore size distribution using the relationship:

E:ni min(W,ry) [2ry - min(W,r3)]
i

F_ = (5-13)
2nir;?2
T

Comparison with Experimental Results

Exercising the model under a variety of conditions
indicated that twenty equal increments were sufficient for
evaluating the two numerical integrals in eguation 5-12 to
an uncertainty of less than a few percent. It also indicated
that the variable fitting parameter S, the thickness of the
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radium-bearing source region around each pore, determined
the magnitude of the moisture effect, which was the ratio of
emanation from the dry ore to that from the saturated ore.
The other fitting parameter Fp, the fraction of inert rock in
the ore, determined the magnitude or vertical position of the
entire emanation versus moisture curve.

All other parameters defining the ore were measured, and
were therefore held fixed when fitting the model to the observed
data. The pore size distribution for the ore as listed in
Appendix A was used by normalizing it to the representative
value of the total porosity reported in Chapter 3. The pore
size distribution determined the moisture content at which the
moisture effect on emanation occurred. Predominantly small pore
sizes shift the moisture effect region of the curve to higher
moistures than in rocks with predominantly large pore sizes.
Higher total porosities also shift the moisture effect region to
higher moistures.

In order to apply the model, several parameters had to be

defined. These included the ranges of a recoil radon atom in
rock, in water and in air, and the radon range in rock which
corresponded to the threshold energy for impaction. It was

assumed in defining these parameters that the energy loss of the
recoil atom was linear with distance traveled in a given medium,
and that straggling was negligible.

The radon recoil range in rock was defined to be 0.036
micrometers (um), as reported by Andrews and Wood(4), for the
radon recoil range measured in Nay0 + CaO *+ 65i05 glass. A
supporting calculation using Lindhard, Scharff and Schott's
(Lss) egquations(26) and a matrix composed of 49% 0, 2% Na,
5% Al, 35% Si, 2% K, 2% Ca, 3% Fe, and 2% U with a density of
2.7 g/cm3 yielded a radon recoil range of 0.033 ym. Zimens(61l)
reported a similar value of 0.033 um for thoron in iron hydrox-
ide with a density of 3.3 g/cm3. Recently Quet(35) reported
higher ranges of 0.0654 um for thoron in SiOjy, and suggested
that the empirical formulation of Zimens(62) gave more reliable
numbers than the LSS calculations. However, the wvalue chosen
above was Dbased on laboratory measurements on a matrix similar
to that expected for the uranium ores, and was considered the
best choice under the circumstances of limited data.

Less controversy was apparent over the recoil ranges in
water and air. An LSS calculation gave a recoil range of 0.075°
um in water, which was used in the present calculations, and was
consistent with reported values(50). The radon recoil range
in air was taken from Andrews and Wood(4) to be 64 ym.

The range of a radon atom in rock which was equivalent
to the impaction threshold energy was assumed to be 0.0l uym.
This was based on the estimate of Wahl(56) for the depth of the
melted recoil pocket in rock. It was also supported indirectly
by the data of Van Lint(54) on the threshold for introduction
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of defects in silicon by electrons. This data suggested that
the threshold was approximately 0.3 times the range. Using this
fraction of the radon recoil range in rock also gave a value of
approximately 0.01 pm for the impaction threshold.

Using the pore size distributions reported in Appendix A
and the total porosities summarized previously, the cylindrical
pore model was fitted to the measured emanation coefficients by
varying S to achieve the correct magnitude of moisture effect
and then FR to normalize the resulting curve. The resulting
calculated emanation coefficient curves are illustrated in
Figures 5-4 through 5-21 for each of the eighteen ore samples.
A typical error bar estimated from the counting statistics
is plotted on each graph, and suggests that the counting
uncertainty accounts for most of the observed scatter in the
data.

The fit of the calculated emanation coefficient curve
was generally good, but failed in a few cases to accurately
represent the measured data. These biases were of several
types. In Figure 5-4, for example, the plateau region was
measured to begin at a slightly lower moisture than calculated
from the model. This could result from using an excessively
high porosity or an excessively small pore size distribution
in the calculation. Although the pore size data were determined
from different sample lumps than were used in emanation measure-
ments, it was assumed that the size distribution was applicable,
and that the same porosity estimate could be used to define the
experimental moistures as was used to normalize the pore size

distribution. Hence, the position of the shoulder of the curve
may differ from the measured data primarily due to samnple
inhomogeneity. Figure 5-9 illustrates the effect of using two

different pore size distributions, which were measured on
replicate lumps of the WC ore sample.

For several of the ores, particularly WGl (Figure 5-6),
WG2 (Figure 5-7), and NM-823-3 (Figure 5-18), the magnitude of
the moisture effect. could not be varied Jjustifiably in the
model using the mineral thickness parameter to match the
measured data. This condition could also result from sample
inhomogeneity between the emanation and porosity aliquots, due
to biases in mineral thickness and pore size distribution.
However, it could also result from the assumption in the model
of a constant recoil range and impaction threshold for all of

the ores. Due to local density variations in the mineralized
region, the recoill ranges may actually vary sufficiently to
cause the observed discrepancies. In the absence of more

complete data to characterize these ranges, however, they
were not considered to be a potential variable in the fitting
process.

In general, the data fit the predictions of the model

within the expected uncertainty. The values of the mineral
thickness and the inert rock fraction obtained by applying the
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model are tabulated in Table 5-1. As indicated, the inert
fraction comprises most of the ore material. The inert rock can
be interpreted to be the sand grain material in sandstone
ores which only contain radium in the intergranular cementing
material. In more homogeneous, hard rock ores, the inert rock
fraction must be considered to be regions of non-porous rock,
suggesting that pore development occurred in mineral inclusions
which were more subject to the forces promoting pore development
than the surrounding rock. The 1inert rock fractions were
relatively constant for all ores, averaging 0.78 * 0.11 for
16 of the ores. In the case of WGl, the inert fraction was
pulled to zero in trying to fit the very low dry emanation
coefficients. In the case of OM, the inert rock' fraction could
be varied over the indicated range without affecting the result.
This suggested that the pores were so distantly spaced that no
radium~bearing source regions from adjacent pores overlapped.
The calculated average inert rock fraction is consistent with
the similar fraction of coarse rock grains found in uranium mill
tailings.

Mineral layer thicknesses were also remarkably similar,
with an average thickness of 0.025 * 0.011 pym for the eighteen
ores. The mineral layer thicknesses were nearly always slightly
less than the recoil range for a radon atom, a condition
expected in order to explain the frequently high observed
radon emanation coefficients.

The present model adequately explains the mechanism of
moisture effects on radon emanation for most of the ores,
particularly in consideration of the homogeneity difficulties
associated with them. The mechanism appears to be the simple
slowing down of the recoil atoms by the water as they traverse a
pore. The water therefore affects both the direct recoil and
indirect recoil contributions to radon emanation by the same
means, that of reducing the energy of the recoiling atom. Other
geometric models could be proposed to be more applicable to a
given type of ore; however, the cylindrical pore model described
here appears to Dbe the most generally applicable model for a
wide variety of ore types, and probably one of the simplest to
describe mathematically.
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TABLE 5-1. Mineral layer thickness and inert rock fractions
estimated from the model

Ore Mineral Layer Inert Rock
Sample Thickness, um Fraction
Wp-1 0.026 0.62
Wp--2 .020 .63
WG-1 .034 .00
WG-2 .035 .62
WG-3 .008 .68
WC .023 .74
UB .020 .90
UL .041 .93
CK .022 .81
CD .020 .88
NM-P10-1 .024 .84
NM-P10-2 .026 .85
NM-823-1 .026 .81
NM-523-2 .004 .73
NM-323-3 .034 .76
CS © .035 .95
oM .047 0.00-.98
SYN-3 .011 .68
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CHAPTER 6

SUMMARY

The principal accomplishments and findings of this study
are summarized in the following observations and conclusions.

o Radon emanation coefficients were consistently measured
to be lower when ores were dry than they were when they
were moistened to 5-20 percent of saturation. Emanation
coefficients in dry ores ranged from 0.02 to 0.36, and
in moist ores from 0.05 to 0.55.

o Radon emanation coefficients increased with increasing
moisture throughout the low-moisture range, the extent
of which depended on the pore size distribution. Finely
porous ores exhibited moisture effects at moistures as
high as 60 percent of saturation, while ores with
predominantly coarser pores exhibited moisture effects

only up to about 10 percent of saturation. Moisture
variations above these ranges did not affect emanation
coefficients.

0 Observed emanation coefficients were explained in both
magnitude and in moisture dependence by a cylindrical
pore model which depended on annular water films on
the pore surfaces to slow or stop recoiling radon
atoms. Moisture in the pores affected emanation by both
the direct recoil and indirect recoil mechanisms.

0. Crushing of the ores to 2-3 mm diameter particles did
not appear to significantly affect their emanation
coefficients. An observed decrease in emanation after
crushing was attributed to an alteration in geometry for
the gamma-ray analyses.

o Application of the mathematical model for radon emana-
tion to the uranium ores suggested that an average of 78
percent of the ore volume consisted of inert, non-porous
rock, and that the radium mineralization was confined to
annular layers of about 0.025 micrometers thickness
around the cylindrical pores.

0 The ore's own radon was used to determine radon's
diffusion coefficient in the ore.

o It was demonstrated that injecting radon into the sample
of ore may allow a more accurate determination of
radon's diffusion coefficient.



O

More precise determinations of the diffusion coefficient
are obtained with more uniform materials like the
employed synthetic ore or ground uranium tailings.

A mathematical description was developed for the
diffusion coefficient in terms of its components of
volume diffusion in the pore air and surface diffusion
on the pore walls. A form of this model was able to
account for the diffusion coefficient either decreasing
or increasing with the addition of moisture to the
dry ore. In either case, the model still allows the
flux to decrease with increasing moisture.

Radon's adsorption coefficient was determined on a
uranium ore (WGl) using the ore's own radon.
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Appendix A. Pore size distributions

All ore samples in this study were analyzed by mercury
intrusion porosimetry for their pore size distributions. These
analyses were conducted by the Materials Analysis Laboratory of
Micromeritics Instrument Corporation, Norcross, Georgia, using
a mercury intrusion porosimeter. Selected data from the results
of these analyses are presented for each ore sample in this
appendix.

Several of the reported parameters require definition or
clarification. The total intrusion volume was the porosity of
the ore lump, and was compared with other measurements in the
main text for selection of a representative value for the total
porosity of the ore. The total pore area is the surface area of
the pores assuming cylindrical geometry. The median pore
diameter (volume) 1is the fifty-percentile value obtained from
the volume distribution curve. The median pore diameter (area)
is the fifty-percentile value obtained from the pore area
distribution curve. The average pore diameter (4V/A) is
obtained by the indicated volume/area ratio, which assumes the
pores to be right circular cylinders. The bulk density was
calculated from the sample mass (g) and volume (cm3) at the
initial mercury filling pressure, and the apparent (skeletal)
density was similarly determined at the final, maximum pressure.

Column one of the data tables lists the actual mercury

pressure for the given data point. Column two 1lists the pore
diameters (um) corresponding to the pressure values in column
one. The pore diameters are based on the Washburn equation,

q = Z2Ycose === (A-1)

where vy is the surface tension, 6 is the contact angle, and P is
the pressure. Column three lists the actual cumulative mercury
volume intruded into the sample. Column four lists the cumula-
tive pore surface area using the 4V/d relationship. Column
five lists the mean pore diameters between two consecutive
points from column two, which were used in connection with
the differential volumes which are listed in the last column.
The data in column six are simply the differential data from
column three.
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+0. 0137 +0.

+0, 0144
+il. 0145
+0, 01532
+0, 156
+0, 0150
+0. 0163
+0. 0165
+i1, 0167
+0, 0189
+0. 0169
+0. 0170
+0, 0171

+0.
+0,
+0.
+0,. 0201
+0. 0175
+0. 0152
+0, 0132
+0.0114
+0. 0099
+0. 0 &
+0, HO7S
+0, G085
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ZURFACE DIAMETER -

ZHMMARRY

+0. 0171

. D0t

tl‘l

+ 01
+10
+10
+1
+10
+1
+10
+10
+1

G, D000
00t

Lz

L anng
L Oons
L nong
L Oons
L oons
L Oons
e
L Ogng
L G0l

L nz
]

L a0ns
Lanns
L Dnns

N, A0S
(. D00E

0. Docg
0. oong
1. Dog
1. 000z

. LIS

L nnog
L onng

0. o001

L0t

[N
SE-MeGE

MICROMETERE

' MICROMETERE

MICROMETERE
GG

TN



MICROMERITICE AUTO-FORE 9200 N2, 00

FORT INTRUZION CPRESSURIZATIONY DATA SUMMARY
oK MAL 27

FMTR HUMEER

TOTAL IMTRUZION YOLUME = =
TOTAL FORE HRRER = bl R C)
MEDNIARM FORE DIAMETER  OWOLUMEY = MICROMETERE
MEDIAM FORE DIRMETER  cHREER = MICROMETE

AYERAGE FORE DIARMETER 4
: EBULE
AFPFARFEMT CxEELETHAL

MICROMETERE
[EE

L]

N CARPILLARY =  +35.17S50

FORE INTRUSION MEFRHM
LIARAMETER WOLUME DIARMETER Jis
MICRO-M L MICRO~M

+ 0. Da0e
+0, 0011
+0. 0015

+ 0. D03E
+0, 0008
+0. 0004
+ 0. Goae
+1,
+i, [0

+1, 0

+11. 11

+0. 005g
+0. 0019
+0. 002
+0.001e

4
0.4
]

+0.01g4
+0, 015 e
+0. 0170 +0, O05E

+0. 0101 +{. (0
+4i, [
+0. 0
+11. 0
L
+1., 7700 +0, 14
+1.4155 +0.001E
+1.141% +0, 0ag

+0. 0
+1,
+0. 0014
+0, D020
+0,. 0019
+0,. 0013
+. 001z
+0,001n
+ 1,
+10, O

1

+0. 000s
+0. DS

_ (=3
+1, 0141
+H1Ee
+00, 1071 e
+1t, 4 z

+0. VS
+0. 158

+0,. 01=E
+0. 0114

El

+i, D00E
+ 0, Oie

+ 0, n0sa
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MICROMERITICE AUTO-FORE 9S00 W, 0

FORDI BACOM NE0-5 [HTRUZION (FRES

o MAL

LRTZATIONY DRTH ZUMMARY

FHTR HMHUMEER TOTAL IMTRUZION WOLUME = +0, 041z
. TOTHL PORE ARER = +1. 6208
METITAM FORE DIAMETER oWOLLMEY = +3.
MEDIARM FORE DIAMETER THREHY = +1, 1 Ee
. AVERAGE FOFE DIAMETER (3% .-F/r = +.10en
BLILK = +=. 4
AFPFHREMT (ZKELETHL: = W ES

CAFILLARY = +Z2.52534 sese

FORE IHTRUZTION FORE MERM
DIARMETER VOLUME ZURFRLCE LIAMETER s
MICRO-M - [ ) =M MICEO-M

+ 00 000D + 0, a0 +1&5,. 5740 0, D
+0. 000d + 0, Donn +110 +1,
+0. 0011 +0, 0nnl +0, £
+ 0, 00

+0, G0Nt
+11, 0

G, DO
3 +1,

+0, a0l
+0, 0015
+ 03,
+ 0, 0at

+0. 001

+0. 0018
+0, oong
+0, 001z
+00, 0011
+0, 0o
+0,. 0011
+0, ngns
+0. 0010
+ 0. O
+ 0. D0

+10,
+0. 1
+ 0. 008
+ 0, 00

+1,
+0, 00
+0, 1
+ 0, Qa0
+{. 00

+ 0, 1

+0, 0713
+ 0, 090s
+0, 1104
+0, 1243

+1201.
+1400,

+0, 000
+0, 000s

+0.0141
+0, 0122
S+, 0108
+0, OS2

+0,. 01149
+0, D09
+0, DOSE
+0, DOFS
N, Nnes

: +0, 0408
+0, 0IE0 +0, DS
+E, OOF0 +0. 0411
+0. 0053 +0, 0413




m ulw

TORD, 2ACONM, AND DAUIES 4§3- URIZATION) DATA SUMMARY
RGCK CEAL #1407=1-00-7 ,
PNTR +328 TOTAL INTRUSION VOLUME = +{, 0837
= = +1.881:
(LD =
(AR =
(&R
X DENSITY =
DENSITY = +2.6013
% CAPILLARY =  +83.8335
PRESSURE FORE INTRUSION PORE MEAN -
PSIA DIAMETER VOLUME SURFACE DIAMETER Dy
MICRO-™ T oo/6 8G-M/G C MIZRO-M
+2.3 +88.5370 +0, 30085 +0. 0000 +53.8080 +0.0008
+4,0 +4&4, 18528 - +3.0014 +0. 00601 +55.8648 +0.,0008
+5.5 +32.1296 +0.0022 +0.0002 +38.1612 +0.0008
+7.0 +25.2928 +0.0032 +0.,0003 . +28.7112 +0.0010
+8.5 +20.8912 +0 L0041 +0.0008 +23.0820 +0.0008
+10.4 +16.9329 +0,. 0057 +0. 0008 +1B8.9:120 +0.001i6
+12.8 +13.8865 +0.0078 +0.0013 +15.32087 +0.0018
+168.0 - +11.0834 40,9108 +0.,0023 +12.3730 +0.0032
+20.0 +8.8353 +0.0158 +0,0042 +8.8484 +0.0048
+24.9 +7.08927 +0.0208 +0.0068 +7.9B40 - +0,0050
+Z8.9 +B.1087 - +0,0223 C o4, 0082 +6.6007 +0.0023
+38.5 +4.5873 +0.0277 +3.0117 +5 . 3480 +0.0047
+48.9 +3.6122 +0.0313 +0.0152 4, 0587 +0.0038
+59.2 +2.58683 - - +0.033% +0.0184 +3.2882 +Q, 0028
+74.8 +2.3633 +0.0367 +0.0227 +2.B6748 +0.0028
+88.8 . +1.9942 +0.0385 +0.0258 +2.1787 +0.,0018
+114.7 +1.5418 +0 0407 +0.0308 +1.7E680 +0,0022
+139.2 +1.2700 +0.0822 +0.,0352 +1.4059 +0.0013
+174.5 +1.0130 L +0.043B +0.0401 +1.1415 +0.0014
+219.0 +3.8073 - - - +0.0448 +0.0448 . +0.9101 +0,0010
+273.3 +0.5489 +0,0457 +0.0508 +0.7271 +0.0011
+330.2 +0.5354 +Q . 0485 +0 . 0558 +0.5911 +0.0007
+422.0 +0.4189 +0,0475 . +0.0838 +0 ., 4777 +0.0010
T +518.7 +0.3402 +0.0482 +0.0718 +0.37585 +0.0007
+837.9 +0.2771 L +0.0488 +0.0805 . +0.3087 +0.0007
+798.0 CR0.2212 - - +DL0488 +G3.001i5 .. 40,2497 +0.0007
+£985.8 +0.1794 +0.0503 © 40,1073 .0 +0.2003 +0.0008
+1204.4 +0. 1488 +0.0510 +0.1241 +0.1831 © 40,0007
e x1403.7 0 +0.1259 o +0.051B . +0.1412 +0. 1384 +0.0006
+1584.1 +0.1108 +0.0320 +0.1556 +0.1184 +0.0004
+18900.9 +0.0830 +0.0527 +0.18268 F0.1018 +0.0007
~ +2294.5 C HDLO7T0 - -+ 0534 +0.2152 +0.0850 _+0.0007
+3021.0 +0.0585 +0.0547 +0.2901 +0.0678 C4+0.0013
+3480.9 +0.0506 +0.03554 +0. 3404 +0.0548 +0.0007
S+ 4023.6 +0.0438 - - +0.0582 +0.4115 +0.0473 +0.0008
+4634.5 +0.0381 +0.0371 +0 ., 4934 +0.0410 +0. 0008
+5384.5 +0.0328 +0.0581 +0,8058 +0, 0355 +0.0010
—¥G184.4 - +0.0286— - +0.0589 +0.721i8 +0.,0307 +0.,0008
+7083.4 +0.,0245 +5.0598 +0.8548 +0.0268 +0,0009
+8196.1 +0.02186 +0.0B07 +0.,88490 +0.0232 +0.0008
Cr9E62.8 +0.0187 C o +BL.0B1S +1.1852 +0.0201 +0.0008
+10848.7 +0.0163 +0.0619 +1.2501 +0.0175 +0. 0004
+12532.8 +0.0141 +0.0624 +1.3883 +0.0152 +0.0008
~#59712.68 - - — A0 0030 — - —+6. 0837 +1.8811 +0.0088 +0.,0013
+19283.3 +0.,0082 +0.0837 +1.8811 +0.0081 +0.,0000
+22353.1 +0.0079 +0.0851 +2.6328 +0.0085 +0.0014
T +25080.2 S #0007 - - 0L OBSY +2.5328 . +0.0075 +0. 0000
+29953. 1 +0.00359 +0.0851 +2.8328 +0.00B5 +0, 0000
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~ MILROMt? TICS AUTO-PORE 5200 U2 .01 : h“/n\:
7bRD, BACON, & DAVIS ‘“ﬂimzﬁgs;QL;QERESSUR ATION) DATA SUMMARY - o
MM-RL0-2  MAL #1408-1-L0-P |
PNTR nLM w7 j TOTAL INTRUSION VOLUME = +o 0579 CC/G

: ‘ o TOTAL _PORE AREA = +4.50682 SE-M/G
MEDIAN PGRE DAQN'T (YOLUME) = +0.0918 MICROMETERS
MEDIANM PORE (AREA) = +0. 0204 MICROMETERS
BUE ?Aaa_aﬂah,n AMETER (4V/A) = +0.0503 MICROMETERS
BULK DENSITY = . +2.157% G/CC
APPARENT (SKELETAL) DENSITY = +2.48535 G/CC
% CAPILLARY = +B8B.8813 e —
i PREGSURE PORE . INTRUSION PORE MEAN .
© PSIA  DIAMETER UOLUME SURFACE DIAMETER DV !
) TWMICRG-M T TG/ T T TRRSW/GT T TTUMITRGEM T
R - +73.3413 +0, 0004 - +0, 0000 +96 . 9540 +0.0004
' +4.0 +44 1829 +0.0008 TTHGLO00T T T 438,787 T T FOLDU0S
+3.3 +32.3450 +0.0012 - +0.0001 +38.2688 +0.0003
. 7.0 ku._saawvv;qu‘gg}ayr +D.0002 | +28.,7924 +0,0005
+8.53 L8371 +0.,0023 +0.00603 T EFILeEEs T T FU0O007
+10.4 +18.5886 +3.0037° +3. 0003 +18.8028 +3.0011
e *13.0  +13.8B083 +3.,0052 40,0008 +35.2888 +0.0018
+16.0 +i1.0884 +0,0067  +0.0014 T ¥{Z.3338 FO.0015
; +5.8743 +0,0083 +0.,0021 © +9,8663 +0.0015
+7.0968 +0.0101 +0.0028 +7.5856 +0.0018
+5.89874  +0.0i16zZ +0L.0030 T TURELVSEZIT T T TH0TO00L
+4. 387“ +0.0118 +0.0042 +5,.1873 +0.0018
+3.5225 +G.0130 +0,0055 +3.9548 +0,0013
+L.957o B F +0,00B7 T #3.,Z399 0 TF g
+2.3658 +0,0152 +0.00858 +2.8613 +o ooiz2
+1.8350 40,0180 S 40,0100 +2,1503 +0. oo¢a
+1.5527 +d?§1$5' +0.0120 +1.743% TR O00S
+1.2387 L0177 +0.0143 +1.40%57 +0.0008
+1. OOSPW7W"W7+G.0 84 G188 +1,131i8 +3., 0007
+0.8038 +0.0182 +o.o“03‘ T +56.80643 7T HOIO008
+0,8538 +0,0188 +0.0236 +03.7297 CL+0.0008
+0.3307 +3.,0203 +0.0273 +Q.5832 +Q. 0008
+0,4208 +OLEZ10 +0.0333 +0.4758 +0,0007
+3.3408 T0L0217 +3, 0401 +{, 3808 +0, 0007
+G. 2778 +0.0222 +3, 0487 +(, 3082 +G L, 0003
+3,2212 0 40,0228 +3.038% +0.2484 TFOLO00B
+ L1780 +0,0G238 +(G. 0751 +3. 2001 +0 . 0008
: +0 . G247 +G.0885 +0, 1828 +0.0008
3 +G L0287 +0.;:S¢ +0,1387 +0.GOLD
35 +3,0288 0,1iB54 +0, 1187 +.0012
L 33 +(, 0286 Tu;aSaO +3. 1020 +0,00618
5 i +0.,0318 +3 ., 3836 +3,0833 +Q. 0031
5 4 . 0373 +2.7103 +3.0E78 +0. 0033
3 7 +,. 0358 +(, 8865 +0.0348 +0.0024
= 5! +3,0425 +1.0878 3 +0.0023
& o] w0, 0847 +LLEE : el 0L 0620
3 7 +0,0eE2 ~1 +0.0353 +2,0021%
= 7 0. 0478 +1 +0., 6307 +0.0018
3 o +0.0483 o 0.0258 +0.001F
i L3 +0,0308 +2 +0. 0233 +3.0015
& 7' 0. 05'; =2 261 +0.,0017
= 5 +2 3.0175 +0. 0012
L +2 =0, 0132 +0.0
FIALEG L =3 +0. 2132 +0, 0008
+LE8720.3% +3.48788 +5.3114 +5L 0008
= +3 +3,0088 +0. OUOJ
3 4,1 )
z 4

1
A

153
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FORD,

ROCH

Eh

PRESSURE PGRE 1
PEIA DIAMETER YOLUME
MICRO~-™ cc/a
+2.5 +55.5370 -3, GOZE
+4.0 +44.1928 +3. 0074
+5.5 +32.1296 +3.0133
+7.0 +25.2528 +0.0175
+B8.5 +26.8912 +0.0220
+10.4 +15.5328
+12.8 +13.5855 +0.0313
+18.0 +1 178534 - 30380
+20.0 +8.8353 +0.0410
+24.5 +7.0827 +0.0445
+28.9 +5.1087 +0.0452
+38.5 +4.3873 +0.0475
+48.9 +3.B12% +0.0494
+59.2 CH2UE883 T —+000505
+74.8 +2.3633 +0.0518
+88.6 +1.8842 40,0327
—+114.7 +1.5418 -~ --+D.0540
+138.2 +1.2700 +0.0547
+174.5 +1.0130 +0.0557
— +218.0 +0 . BOT3 —— - +OOBER - -
+273.3 +0.6468 +0.0589
+330.2 +0.5354 +0.0574
TTU+422.0 +0: 4189 - +0: 0586
+519.7 +0.3402 +3.0588
+837.9 +0.2771 +0.05580
7880 O 2212 +0-0563 -
+885.8 +0.1794 +0.0B04
+1204.4 +0. 14588 +0.0B06
T +1803.7 FOTIE5G— — DB IR
+1594.1 +0.1109 +0.0B14
+1900.9 +0,0830 +0.0828
2RO 5 8PP+ D8RG
P +3021.0 +0.0585 +0.0838
. +3490.9 +0. 0508 +0.0645
S gO23 6 00438+ 0. 0BS54 -
+4B634.5 +0.0381 +0. 08B0
+3394.5 +0.0328 +0.0BB8
PTG TE8E A - O O2RE6 +0- 0873 ——
| +7093.4 +0.0249 +0.0681
+8196.1 +0,0216 +0.0687
TTFS4B2TE T O O 400884
+10848.7 +0.0183 +0.0887
+12532.8 +0.0141 +3.0702
ESE7ETE — T +0 003000725 ——
+19283.3 +0.0092 +0,0725
+22353.1 +0.00789 " +0.0784
—+25080.2 - 00070 — —— +08. 0754
. +29953.1 +0.,0058 +0.07684

2ACCN,

MICROMERITIOS AUTO-POR

anp DAVIES

-

#35485-080~5

L #:1408-2-00-2

% CAPILLARY = +#43.7.0%

PORE MIZON
SURFACE
S&-M/G

L GO0
+0 L0004 +36.8848
+O 0011

+0,0016 +28.7112
+G L0024 +23.09820
+0 L, 0034 +18.89:120

+15.3087
+i2.3730

+3. 0040
+G L O0B1

+0.0082 +8.5494
+0, 0099 +7.9640
+0,0103 +6. 8007
+0,0321 +3.353480
+0 . 0140 +4,0887
+3.0133 +3.2882
+0.0172 +Z2.6748
+0.,.0188 +2.1787
+03,0218 +1,768Q
+0.0238 +1,4059
+0,0272 +1.1413
+0,0283 #0.9101
+0.0334 +0.7271
+0.0367 +0.5511
+0.0469 +0.4772
+(. 0489 +3.378%
+O. 0823 +0.3087
+0,0720 +03,2482
+0,0782 +0.,2003
+0,0782 +0. 1831
+3.089786 +, 1364
+0, 1027 +0.1184&
+0,1312 +0.1019
A4Q. 1838 . - #+0.0830
+0,2281 +0.0678
+Q.27486 +0,.0546
+3.3583 T +0.0473
+G . 4088 +0.,0410
+0.4847 +(3, 0355
A0.5610.- . +0Q,0307
+0.B724 +2. 0268
+(.7800 +0,0232
+6.8274 40,0201
+0.9873 +0.0175
+1.1188 +0.0152
A2 2081 ——+ 0. 0085
+2,2081 +0.0061
+4.04897 +0.0085
+4.03835 -~ +0.0073
+4.0335 +(3, 0063

184

([N A T (]

oy

+03. 0028
+0.ER4E
+0.0061
+0. 0040
+0.0045
+3. 0044
+0.0045
+3. 00486
+0.00%50
+(, GOGE8
+0, 0008
+0.0024
+0. 0015
+(.0011
+G. 0013
+(3.0008
+3.0013
+0.0007
+0.03010
+3.0005
+0.0007
+(0.06G0%
+3.0012
+0, 0000
+0.0004
+0.0012
+0.0002
+0.0002
+Q.00086
+0.0007%
+0.0012
+Q. 0000
+0.0013
+0.000G5
+0 ., 0009
+3G5.00068
+0.0008
FD.G005
+0.0007
+0. 0006
+0.0007
+0.0003
+0.0003
+0. 0023
+0.0000
+. 0039
+0.0000
+(Q, Q000

GTED

+2.2080

+10,8388

FGLG1I4AS
+0,1353
+2.2813

+2.7647

PRI o

he3
N L 1 )

X

[N W]




FORD -B3ACTON& DAVIS #”8485 oBG- S
MAL #3141
+728

-8
PNTR U BE

PRESSURE
PSIA
+2.4
+4 .13
+3.3
+7 .0
+B8.3
+1i0.4
+12.8
+i6.0
+15.8
+25.0
+30.3
+4£3.2
+£5. 8
+80.1
+78.1
+85.5
+118.3
+141 .1
+173.2
+220.2
+288.7
+331.1
L2000
+31E.
+538.

+768.
+E8585.
+i20%1.
+1385.
+1 388,
+18EQ,
+2284,
+2520.
+3G17.
+3482.
+40235.

LLED5E

SR P od e G G2 RSB U e T 0D AN 030 03 4

+73.1192
+44.2740

+32.2134

+13.a7 8]
+11.0883
+8.8743
7.4G823
+5.8283
+& 3931

[§]

4
Gl
U'I
1]

IR I o I (3 B VA O I LA 2

o o) O3 Ot

+
-3
I

310 S N AN L0 )

T O U e G MG

) F
S

4
[

3O e e
N

e e
45 13

Owd S0 O 0 W 536

I3 0Y e BT S RO

S e ks s b BB G

[ad
LRSS v BCSU (9 TR CF I RN IR SV B |

P!

0 Gy

-3-L8-P

INTRUBICON

WVOLUME
CC/G

+0, 3023
+{(,0087
+3, 0281
G.038

+3.0783
+0, 0838
+3, 0823
+3.0584%
+0,0883
+0. 1024
+0, 1024
+0.i$24
+0, 102

2=.1v4"
+0O,1058
+0. 1658
+0.1081
+G.
+0.
0.
0.
-G,
+0,.113
+3.:1133
+0.1L3
+0.
+0,

+U.

103

Bb bt bl pen
s

et ot
-
I
I

0.
+3.
+a
+3. 1

0.2

P B Rt gl det pr ped b

W e ) G G o D0 S s UE D03 <] ek GO ST

owd Y GBI S

PERS TR TE S VRSO

IR

CAPILLARY = =<3

TOTAL INTRUSION VOLUME
TOTAL PORE AREA

MEDIAN PORE D;QM:TE? (UOLUME)
MEDIAN POREZ DIAMETER (AREA)
AVERAGZ PORE DIAMETER (4V/A}

2ULKX DENBITY

APPARENT (SKELETAL) DENSITY

]

. 3103

PORE MEAN
SURFACE DIAMETER
8G6-M/G MICRO-M

0.0001 +101.0760
+0. 06004 +58.8966
+0.0024 +38.2447
+3.0Q70 +28.7408
+0, 01060 +23.0248

FH,0L22 +18.8598
+0.0137 +13.3138
+G, 3180 +12.3887
+3. 0181 +8.8714

+5.0177 +7.85783
+0.0177 +5.4333
+3.G177 +3.11:7
+0.06:182 +3.87¢E8

+0,0198 +3.25158
+0.0222 - +2.8307 ,
+0.0241 +2.1444
+0.0272 +1.7430
+0.0302 +1.3861
+0,0338 +1.1308
+0.0384 +0.5058
+3.0384 +0.7304
+0.0448 +G,.5858
+0.0428 +0.4773
+0.0557 +0.3805
+5. 05832 +(.3084
+03.0770 +Q. 2481
+0. 0338 +G . D03
+$ 0588 +Q, 183
G.1183 +0,138

’-(.s“aSS +0.208
+0,i388 +5.102
+0.2013 +G.0B3
+0.2342 +0.072
+i3. 2835 +G.0583
+3,3323 +3 . 054
+G . 080 +3. 047

3 +5. 043

o35 +3.033

i= GRG0

3 8

3 3

7

d~d

3 ) b FYES N 61 B e

[ ]

AL I D PIR W e WO O W O R e G

Y0 W

INTRUSION (PRESSURIZATION). DATA SUﬂMﬁﬂ?

+0 1"7;
+1i.8848
+24,1368
+0.01i56
+0.2688
+1.9486
+2.55804

+0.0023
+0.0044
+0.0184
+0.0331
+0.0173
+0.0101
+0.0057
+0.0041
+0,0028
+0.0031
+0.0000
+0.0000
0.0005
+6.0013
+0.0018
+0.0010
+0.0013
+0.:0011
+0.0011
+0.0005
+0.G005
+0.000
+6.0008
+0.0008
+0.0008
+0.0008
+0.0003
+0.0008
+0.,0008
+3.0008
+0,0006
+0,0009
+0.0008
+0.3008
+0 . 0008
+0.0008
+0.0003
+0.0G08
+5.0008

+3.0003
3. OGGE
+3. G002

cCc/G

SG-M/G
MICROMETERS
MICROMETERS -
MICROMETERS
G/CC

G/7CC



. v MICROMERITICS AUTO-PORE S200 U2,01

FORD ,BACON & DAVIS INTRUSION (PRESSURIZATION) DATA SUMMARY
NMS -23-3 MAL#Z44 -3
PNTR NUMBER +73 TOTAL INTRUSION YOLUME = +3.0447 CC/G

TOTAL PORE AREA = 41.8428 SGR-M/G
MZDIAN PORE DIAMETER  (LOLUME) +3.7814 MICROMETERS
MEDIAN PORE DIAMETER (AREA) +0.0242 MICROMETERS
AVERABE POREZ DIAMETER (4y/A) +0.0870 MICROMETERS
BULK DENSITY +2.3354 G/CC
APPARENT (SXELETAL) DENSITY +2.65076 G/CC

Honou

nwon

%A CAPILLARY = +38.590i

PRESBURE PORE ’ INTRU

SION PORE MEAN
PSIA DIAMETER YoLUmME SURFACE DIAMETER Dy
MICRO-™ £e/a SR-M/0 MICRO-M
+1.5 +i18.2B10 +0 . 0001 +0. 0000 +1i8.2810 +0. 0001
+2,1 +B5 . 3830 +0.0001 +0, 0000 +101.89230 +0. 0000
+3.0 +38.1430 +0.0005 +G, 0000 +71.8338 +0.0004
+4.0 +43.7918 +(G . 0008 +0,0001 +30.89674 +3.0004
+3.5 +32.2585 T+ 0.,0013 +0.0001 +38.0251 +0.0003
+7.0 +23.3438 +0.0018 +Q, 0002 +28.8022 +3.0003
+8.3 +20,.8083 +0. 0022 +Q . 0002 +23.1278 +0.0003
+i0.4 +i6.93567 +0L. 0024 +0,0003 +18.8330 +3.3003
+1Z2. +13.6B335 0L, 0031 +0 L0005 +15.3081 +(Q., 0007
+15.8 +11,1083 +2.0036 +0,0005 +12.3824 +0.0005
+20.0 +8.8483 +0, 0084 +0, 0017 +8.5788 +0.0028
+28,1 T +3.0778 +0.00684 . +0.0017 +7.4831 +G L0000
+39.0 +4 5338 +0.0077 +0.0027 +3.3088 +0.0013
+48.6 +35.6354 +0, G020 0L 0040 +4,0873 +0Q,0013
+33.0 +2.8837 +0 . 0L0B +0 ;0080 +3.3166 +0.0018
+73.5 +2.4037 +0, 0128 +3, 3089 +2.5987 +Q.0020
+88.1 +1.9843 +0, G LED +0,0118 +2.1830 +0.0015
+114.1 +1.8487 +0.0138 +G,0137 +1.7870 +3.0018
+138.4 +L L2774 +0.0178 +3,0205 . +31.4135 +0.0017
+174,: +1,0138 +0.01L82 +GL.0283 +1.14853 +0.00186
+2318.7 +0.8043 +0Q, G221 +0Q, 0388 +0.9100 +3.0028
+270.8 +Q . 56533 +0.023 +3.0488 +0.7288 +0,0018
+329.2 +0,3370 +0.0248 +0 . 0348 +0.3852 +0.0009
C+438.0 +H0H.42:18 +(.0258 +0., 03534 +(3,. 4794 +0.0011
+3ig8.7 +0, 3408 +0. 0269 +0. G744 +2.3813 +0.0011
+B35.8 +, 2780 +0 . 0278 +, 0BES +0,30%54 +0.0010
+786.1 +0.2220 +0,0288 +0. 1025 S +0,. 2300 +O L 00L0
,+8987.3 +0,1780 +3, 0288 +0. 1236 +0, 2008 +(0, 0011
+1189.5 +O L1474 +0. 0308 +0,1497 +, 1832 +0.0011
+1397.8 +0, 1283 3. 0317 +0, 1730 0. 1359 +0. 0008
+.388.0 +3.1103 +0 . 0329 +G, 1598 +.1185 +0,0008
+1881.1 +G. 08358 +G, 03239 +3.,. 2330 +0, 1020 +D.0014
+2285.7 *0,0773 +0.035: +., 3080 +{3.0834 +G.0012
+2817.2 +0.0B73 +0 . O3B +0 L3827 +O. 0724 +=0.0010
+3Gi7.2 © +0 O5EE +0, G370 ~Q. 4244 +0, 0831 +0.00L0
+3483,0 =0, 0306 =0, 0380 +0.4837 . +0.0548 +O L0010
+LG23.5 +(3,0438 +. 0388 -3,.5707 + 0673 40,0008
+43834.,5 TG L0381 +3, 0383 +G.5152 +3.0%10 +0 . 0008
+3408.3 +0, 0327 0L 0403 3,728 +(, G354 L0010
+S1lB4.4 +(3, 02813 0. 0808 +3,.8053 +C, 0308 +0. 0008
+7083.4 +(, 0243 +OL 0818 +0 . 0268 +( 00085
+8IiB5.3 { 0421 +0,0233 +0, 0003
+9477.7 =0, GAZT

+0, 0201 +3, 0008

+i0833.8 +0.0630 0,0 +0, 0003
+12362.4 =0 Z4 +0.0004
C +0, 0004

+0. 03 0. 0114 +0.0002

+G.QaEz +0., 0442 5, 00EE +0. 0003

=G, Q080G +(0,048473 +0 0085 +3.QGaR

00070 GA45 +0,0073 +0.00072

+{, G0 3E4LT +0, B0BF +3,3002
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MICROMERITICE ALUTO-RORE 2200 Y2001

FORD « EACOM & DAVIE INTRUZION CPREZIURIZATION: DATR SUMMARY
ZOHWARSZWALDER MAL
FHTR HUMEER +222 TOTARL IHTRUZION YOLUME = +0, 0107

TOTAL FORE AREA = +0, 7011
MEDIAM FORE DIAMETER  «WOLUMEY = +0. 1082
MEDIAM FORE DIAMETER  CARER: = =1
AYERARE FORE DIAMETER <d4¥-Ay = 11

' EULE DENZITY = 555

AFFAREMT <SHELETAL) DEMSITY = +3, 0953 5.

- % CAPILLARY =  +41, 3290

PORE INTRUSION FORE MERN
LDIAMETER YOLUME ZURFRCE DIAMETER oy

MICRO-M [T EN-MGE MICRO-M
+0, 000 +0. 0000 +113.28 + 0. D0

+0. 0000 +0. 0000 +101. 5 +0.o0nn

+0, 0001 +0, 00 +0, 0001
+0. 000y +0, 0o +0, 000
+0, 000l +i1, QOO0 +0, 0000
+0. 000t +0. 0000 + 10, D00
+0, D00l +0, 00an +1, 1 1
+0. 000 +0, 00D +i, 000
+0, 00Nt +0, 0000 +1.

+0, 0l +0.

+0, 0ol +0. 0000
+0, GOy + 0 000
+0, oont + 0. 000
+0. 0001 +0, D000 + 0. 00010
+0, G001 S0, 00nn +1,

+0. 0001 +0, D0On +0. 008
+0, 0001 +103

+0, GO0
+0, 000t
+0. 000
+0, 0001

+0, G000
+0. 0000
+0. 0000
+ 0, 0ann

R =

+10.

= +0, 0060 +11, +0. 000G
1 +0. Gonz +i1. S94] +00, 006
a1 +i, DNng 1, 0, 00N
7 ML +1, +0.00ng
nnla +0. +, 0005
F I = +0. & 1 :
G40 +00. 300

+0. 5SS +1.

+0, Dgd +0. 0216 +101.

0L 0SS ; s

+0.0E1 0.

LI (R I IR, B LN I ]

novn +101, 1
2 +1,
+11. +0. O00S
+ 0. 13 +. 0004
+i, 1 1
+10,
+ 0. 1]
e +.
4 +11,
= +0, D0SD +0.
+0. 0101 +0. 020
+ 0. 01 0= +11, 0
+i. 0104 +0, 0152
+i, 0104 +0,. 01322 + 0, 00l
+0,010s G.EENS +11, 1 +0, 0001
+. 01 0s D.a511 +0L 00 +0. 000l
+ 0, s +0, 0107 +10. X +11, 1 +0, 000N
+0, 0071 +0. 0107 +0, 0k +I ORF +0 0000
+00, O0SS +0, 0107 +0, 7011 + 0, O0es +0, 0000
P



MICROMERITICE AUTO-PORE 9200 YE. 01

BACOM &hRUIE INTRUSZION CPRE
y MAL: ‘

FURIZATION: DATAH SUMMARY

FHTR HURMEBER +2132 TOTAL IMTRUZION YOLUME = +0, 017 “3
- TOTAL FORE HRERA = +0, 03 Mol
N MEDIAM FORE DIAMETER  NVOLUMEX = +1, 2 ROMETERE
MEDIIAH FORE DIAMETER . kK = +0. 0537 MICKROMETER
AVERRAGE FORE DIAMETER Hy = +0. 1344 MICROMETERS
EBULE DEF Ty = +2. 81258 -
APFRRENT <IHELETALY DEMEZITY = +2. 5247 5
W CARILLARY = +5. 3430 *ees
PORE INTRUTION FORE MERM
DIAMETER YOLUME SURFACE DIARMETER oy
MICRO-M Coei -5 MICRO~N
+00, Q000 +0, D000 +0, 00an
+0, OO0 +0, 0000 1 +0, Do0nn
+0, OO0 +0, 0000 +71 E +0, Q000
+0, 001 +0, D00 +10, 0000
+0, 0onl L0 Onnmn B ] +0, 0000

+00, D00

+0, 3000 +2 +0, 0000
+0, G000 + +0, O0oa
+0, 0000 +1 +0, 00an
+ 0, Q000 +1
+0.,000n0 +1

+

+

+0. 0001
+ 0. 000l
+0. 0001
+0. anng
+0.000=

+0, 0000
+ 0, D00
+ 0. 0000
+ 0, DO0n
+ 0, 0onl

+ +

L0 B D TN

+

+

AR

+0, 000S +I1. 0a0g +0, 0onl
+it, OO0E 0, Onny +0. 0001
+, O00E +0, D0G7T +0, D0an
+0, ODOG7 +0. 0011 +0, D00t

KN T RN e

+0. Doas
+0., 0010
+0,. 0010
+0. 0011
+0. 0012
+0. 0012 +10, Q0gE

oL + 0, GO0z
+0, D000
+0, 0001
+0, 000t

+ 01, D00

+0, D001

. 22 +0. 0013 +0, 000

+0,. 1791 +0, 00173 +10, D00l

+0, 1479 +0. 0014 +0, 0ol

+0. 1268 +0. 0014 +0, 0000
+0.1112 +0, 014 +0, D000

1 +i, 0328 +.001S +0. annt
=) +0, 0770 +0, (s +4. 00
v =z +0,001S +0, 000
= +1.00TE + 0, D00
1 +0. 0016 00, 000D
£ [, 1ic +0, 01E +0.noal
3 . 107 +0, 0o1y +0. 0nan
5 1, 1 +0, 0017 + 0. 000N
] 1. +0. 0017 +0, O0an
+0,. 0249 +0. 0017 + 0, OO

+h, N2la +0, 0017 +00, D0

T+, 0136 +0, 001F nznt +i0, 0000

+0, 016z +0, 001 E +i, U174 +i3. G000

+. 0141 +0, 0017 +0.01SE +0. B0

+O. 61z +0, G0ly +0, U132 +, D000

+0, 01 0% +0, 0017 +0. 0114 + 0, DOGL

+i, ez +0L 00T +0, L0 +0, G000

+ O +0. 0017 + 0L DO +00. 000
+0,00Fy +0, 01V +0, 0075 +00, D000

+0, 005 +0. 0017 +0, 00ES +00. QLD
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TORD
SYNTH

BACON

A BUMMARY

+0.1554 CC/6G
= +4 4355 30-M/G
= +4,8558 MICRO
(AREA = +(. 0155 MICROM
TER (4W/AY = +0,1383 MiCROM
X DENSITY = +1.7%70 G/CC
(BLEZLETAL) DENSITY = +2.4372 3/08

»ZDIAN PORS

MIDIAN PORE

4

AUERAGE 2OF

[

APPARINT

% CARI_LARY - -458, 57834

Uy Ul
1 (N
i:'
I

I

DU

+1.3 +11iE.ZBI0 (814} 35,0000 EN VIR s (e1010]
+2.1 +B3.3530 8] +0, 0000 +0,0010

et

+
")
4

B

+0.,
+0. 0003

+Q.00L7
+0.0023

<
1
bed
i
=
2
i

.*
o9
b+ A
P3P LY PR D e

3
8.1430 7
C 3.78:15 2
+3.3 22,2388 +Q, 0110 +G, 0005 i +03.0037
7.0 +25,3438 +i3.,0208 +0, QU223 +2B.BOEZ +0 L0100
+5.3 +20.9083 3id4 + +22.1276 +0.0:05
+i0.4 +13.8587 g +0 ~G.0li4
+12.9 +13.835F 3 +G +(,0073
+13.9 +11,21083 3 + 0L 0067
+20.0 +G.,84683 g +0 +8,.8788 +3,0149
+28.1 +G. G778 4 ' ~Q,0178 +7.4631% +0 . G034
+32.0 +4, 3358 & +O . 0224 +3.35388 +0, 330
+48.5 +3 ; 25 +3,0273 +4 0873 0. Q052
+35.0 +Z .0888 +0 . G328 +3.3168 FOL004E
+73.5 +2 .3 G L0407 +2.5987 +0,0055
+88.1 + 3 1 +G 0473 +2.1830 +0.0037
+1i4.1 +1 2: +3.,0568 +1.7B7¢ +0., 0040
+138.4 ~1 =3 +1.41335 +0, 0033
+iF4. L i 3 ~1. 1483 +0.0038
S.7 +0 .8 33 i +0 ., E100 =0, QOB
GG +0.3 158 L7288 +0G, 0043
+528.2 +0.3 2483 sg9s52 0,001
RS- IR w0, &1 224 4724 +(3.0018
+3i8.7 348 zaz 3813 +0.0018
+335.5 27 280 3094 +0.,0018
+ 788 . L 22z 273 2560 +O, 0083
+887.3 17 1288 2003 +3.001L8
+1188.3 i4” 1300 1332 +3, 0011
+1387.E 2 FRCHIS] 1389 +0.0001
+1382.0 1iG 1321 1183 +O L GG
TABGL .1 o8 1332 e, 10 +0
+2233.7 a7 1383 +0. 0354 +0
+ZBL7 .2 [s1=y 1381 +O, 0724 +0
+3017.2 o5 7S +3, 0B31 +0
+3483.0 05 1395 T 40,0848 +0
+4Q23Z.8 Q4] i, 14603 004873 03
+4B834., 3 0L Q3 ; z 830 -+
EL08.8 PREIC $] 4 +0
& L328 G5 +0
< 4 , 0258 3.
3 233
7 L0008
3 z = 0L, 0008
& £ ed
2
i 2. g 4
g 2. 8808 55
= Rt )
; ~3.87.S = 3
T S e = G, G010
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Appendix B. Calculated exhalation relations
for self-generated radon

Suppose that the disc is first sealed as shown in Figure

B-1. It has arbitrary gaps go and g, (cm) at the respective
flat surfaces and assumed leak-rate constants c, and cp, at the
same surfaces. The curved surfaces are assumed to be completely

sealed. The sample is left thus for several half-lives of radon
after which the radon concentration C is unchanging with time
in equation 4-17 and the equilibrium wvalue Ceq (atoms/cm3)
in the air of the pores is of the form.

P

c = EUS l+ae obs +be obs (B-1)
eq k(p+pk+pwkw)

where a and b are constants not involving x or t. The constants
a and b are determinable from the boundary conditions which are
as follows in terms of radon concentrations CgO and Cgﬁ in the
gaps go and gp,, respectively: -

c_ =C (B-2)
90 eql =0
Cq ™ B-3
=(+) (ptpk+p_k_)D 8¢ =g,C_ (A+c,) | (B-4)
Tg=o™ (F) (PHOEFPLK I Dops % =0 079, 0
Tpep= () (prokro k )0 3 - )
x=L w w’' obs 9x L_gLCgL( +cp) (B-5)
X:

The flux J and the exhalation rate are considered to be positive
if they are outward from the disc. Equations B-2 to B-5 suffice
to determine the four unknown constants, a, b, Cg and Cg. .
However, it 1s unnecessary to write the complicatég solutions
for these constants because they will not enter into the final
results.
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Figure B-1. The sealed disc for self generation of radon
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After the end plates have been removed from the flat
surfaces and air has been passed over the surfaces for a long
time, a steady-state radon concentration Cgg (atoms/cm3)
results within the air of the pores such that

‘f A L
E S cosh 5 (x- ja

U 1- obs

C =
ss A(p+pk+pwkw) oL (B-6)
coshi{y=— =
D 2
Obs

It is assumed that the air stream reduces the radon concen-
tration to essentially zero at the exposed surface of the solid
at all times after the end plates have been removed.

The radon concentration C (atoms/cm3) in the pore air
will now be given for the general time t(sec) after the end
plates are removed. The derivation for C is principally that
of Dr. R.F. Holub of the U.S. Bureau of Mines, Denver, CO. The
solution is of the form

-At

= F(x)E(t)
C C T e (x)£( (B=7)
where
= 2.2 2
. nTx _~-nmw°D t/L
F(x)f(t) =:E;an51n£f_ e obs (B-8)
n._
and
L
_ 2 _ . NTX
“nT T (Ceq Css) SN dx (B=9)
0

Substituting equations B-1] and B-6 into equation B-9 and
performing the integration gives

2E S -
o = T T L]
n Lx(p+pk+pwkw) A + I g
D L
obs
A
L —y— 1
L D )
obs n obs
at— 1-(-1)%e P Vifpr & 1-(-1)7e
\/ L u T
l+e DObS 1+e Dobs

(B-10)
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Combining equations B-6 through B-8 and B-10 yields the result

. S‘ cosh(\/ﬁ—)\——— (x~ J_’_2,_>

= M - obs

~ X(p+ok+tp k
(pt+p Py W) cosh<¢;x- %
obs

2 -\t L .. nrx -n’n’Dt/L?
+ .7
n= obs
A
B\ [ VP Lo
obs
ot 1 1- l)ne obs +[psE l—(—l)ne obs
\ L L
1+e ' obs 1+e 'Pobs

(B-11)

Counting the exhalation rate EXR (atoms/s) to be positive
if it is outward from the flat faces each of area A(cm4) gives
the expression

~

EXR = AD_ o=| -AD_ 2=
X1x=0 € 9X|lx=1, (B-12)
with the aid of equation 4-14. Performing the operations of

equation B-12 on B-11, and using equation 4-18, results in the
relation,

4ADobSEUS Lt VDobs L ~-(2n+1) 272D b t/L?
EXR = EXR  + ——2—— e 2+ (a+b) (1+e )/ < XL‘O 5
1+ —
n (2n+1) “m DObS
(B-13)

where the steady-state exhalation rate EXRgg is

EXR = 2AE S Obs G/ > (B-14)
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Both EXR and EXRgg are directly measurable although the accuracy
of measuring EXRgg is usually limited because of low levels
of radiocactivity. It is not necessary to know E S, a and b
in order to use equation B-13 to determine Dgpg Because the
equation can be rearranged to eliminate the constants of lesser
interest using measurements at two different times t; and tjp.
Thus, the sample in the air stream at two different times
t1 and ty has

(EXRti—EXRSS)/(EXRt2—EXRSS) =

o

} 2.2 2
T Eg:e (20+1) "1 Dobs©1/17 /111212 ((2n+1) 22Dy ) }

=0

«©

_ 2.2 2
E o~ (2nF1) "Dy (t) /T /{1+AL2/((2n+l)2“2Dobs)}

n=0

(4-20)

Equation 4-20 is thought to be rigorously valid in spite of
unknown gaps and leakages at the planar faces during equili-
bration. It allows the experimental determination of Dgpg
from pairs of points.

lAn equation number without the B prefix refers to an equation
in the main text.
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Appendix C. Program BJT06-PRE315.6
This program was wrltten for use with EXEC 8 on an UNIVAC 1108.

1. = TEE THRMER-IZ EOM <20y OF 4-1-80 LETTER TO HOLUE.
=, - HIE T ETE F M3 1 H 3 i o CERRTE-ESR
e E = Z?EL

. - UH Hk Hitkz EF
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T i
L]

- Ar E=EC *E
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10, 1 fﬂ,ﬁL;;‘ Sa L, 1G159EAS O 01
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FORMAT o
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%
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-1 T
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REARTI IS 30 K
FORMAT O
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[
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I
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&g, WREITE tgs S

i
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iF : FLLT,ERMAEY =0
FRINIEE
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FORMAT C1EL1 0, 20
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Appendix D. Calculated exhalation relations
with the prior injection of radon

A disc that 1s permanently sealed on its curved sides
is considered. Compare Figure B-1. Assume first that the
planar surfaces are sealed with No Injection of radon, that
there are no appreciable gaps or leaks at the seals, and a
uniform pore-air concentration Cqyy (atoms/cm3) is obtained
after several half lives of radon. Using equation 4-17 with the
derivatives equal to zero then gives

EuS
NI +
0 Alp pk+pwkw)
which is equation B~1 with a = b = o. However, if external

radon 1is placed in the sample at atmospheric pressure before
sealing, then in a few days a uniform pore-air concentration
Co (atoms/cm3) is obtained such that Co > ConI- Hence C, and
Coni are two alternative replacements for the equilibrium pore-
air concentration Cegq (atoms/cm3) of Equation B-1. However,
equation B-6 of the pore-air concentration Cgg a long time after
the inception of exhalation is still valid. Egquations B-7 and
B-9 are also valid except that Cgq becomes either Co or Coyr-
With Ceq considered not to be a function of x, equation B-9 is
now solved to give

' nm ) n

e r%{ceq' Mp+i}£p 3 )J (1-(-D™) + Tl A (l-<;l) )Z _
d n-mw

W oW Lk(p+pk+pwkw)[ Ly ]

(D-2)

Inserting equation D-2 into equations B-7 and B-8 results
in
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C =

L
]
EUS [; _ coshpgobs 2

H
A(p+pk+pwkw)t coshF% %J

Obs

- 2 -2 2
Sin(2n+i)ﬂx o (2n+1) 7 Dobst/L

+ é e—>\t c_ - EHS
L eq A(p+pk+pwkw)

4F Se_>\t
+ U (2n+l) /L sipl2n+l) nx e—(2n+l)2ﬂ2Dob t/L%
LX(ptok+o K 1/ X +[(2n+l)ﬂ]2 L S
D 1

n= obs

(D-3)

Applying equation B-12 to the latter equation gives the
following for the exhalation rate EXR (atoms/s):

EXR = EXR
Ss

<o

E S
8A ~)\t u 1 -(2n+1) 272D t/L?
+ — e cC D - —D e obs
L Z Y4
eq e A obs 1+ (2n+1) °7 DObs
= LA

(D-4)

where EXRgg is described by Equaticn B-14.

The exhalation rate with No Injection (EXRyy. atom/s) has
equation D-1 for Cgqg in equation D-4. This and equation 4-18

give
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EXR =

NI
2.2 2
8AE SDops At (2n+1) “m Dobs/L A -(2n+1) 272D t/L?
EXRss+ ST e —(35+1) 277D e Obs
+ obs
n=0 L*A
(D-5)

Now reserving the designation EXR (atom/s) for equation D-4 with
radon injection and Cegq = Co., and combining equations D-4
and D-5 gives the relatiohn

— - 2,2 2
De_ EUSD/A) o Ati:e (2n+1) *7 Dobst/L

n=0

EXR-EXRN = gé(C

I L 0

(D-6)

A disc's unknown quantity (CgDeg-E. SD/A) may Dbe eliminated by
taking the ratio of Equation D-6 at two different times; hence,

o]

-(2n+1) 27w%D . _t./L?
e obs
(BXR-EXRyr) ¢, _ _A(ta-ty)_0=0
(EXR-EXR 1) %
It _ 2,2 2
\ Ze (2n+1) 2m2D_, /L
n=0

(D=7)
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Egquation D=7 may be put in the form of equation 4-21 using
the following identity taken from the text by H.S. Carslaw and
J.C. Jaeger:l

(oo} (o]
_ 2.2 2 272
Ze (2n+1) 2w?D_, t/L* _ L 1+ 2}: (-1)® P L7/4D p t
5 4/Tib_ )
n= n=1
(D-8)
lH.S. Carslaw and J.C. Jaeger, "Conduction of Heat in Solids,"

2nd ed. (1959), p. 97, equations 12-13.
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Appendix E. Program BJTO6*UC359PROG3.1
Thls program was written for use with EXEC 8 on an UNIVAC 1108.
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Appendix F. Program BJT06x*UC359PROGY. 1

This program was written for use with EXEC 8 on an UNIVAC 1108.
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Appendix G. Program BJTO06xUC359PGMI1. 1
This program was wrltten for use w1th EXEC 8 on an UNIVAC 1108.
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Appendix H. Program for calculating emanation coefficients

This program was written for use with EXEC 8 on an UNIVAC 1108.

FROGRAM HAME EMANAT

en am zo an
T30y 3 2 2 0

[ CERY]

DIHEHSION SAMPLE(10),RALI(40),01A140),U0L¢60),ANUH{40),U(13)
DIHENSION SAT(15),E(15),AH(40)

DATA W0, 11.,5.,20,00y05,.2,.07,.015,.003,.001,.0003,.0001/
DATA QUIT/STOF*/

su WM am

GET INPUT UATA

LN de Gl T3 o~ 03 w0 O a3 O LN e fed B3 e
.

®r me =x WM

— b s b e skt
LA CITIM

Té: 9% WRITELS,100)
170 100 FORMATOVX, "ENTER sanFLE iD7)

183 READNS, 2000 (SARPLE(I), I=1,10)
19: 200 FORMAT (1044)

203 IF (SANPLE(1).EQ.RUITIGOTD 997
21 WRITE(4,103)

103 FORMATC1X, "ENTER DENSITY,TH,FR")
READ(S,202) BENS, TH, FR
WRITE(4,101)
101 FORWATOIX, "ENTER FORDSITY(CC/6)E HO. OF FORE SIZES:)
REAL(S,202)PORDS, IF
WRITE(4,102)
102 FORMAT(IX, "ENTER PORE DIaA.{UMIE DY/, /7, 2%, " MR NNRN N NNNRS)
READNS,202) {BIACI},VBL{I},i=1,1P)
202 FORKAT()

%y sw oz Wz xe

nu  wn

“ed O G B Gl TRd et 2D 0 O S O (T B Gl R
M -

Cod Oud Lad God Ged Gd Ood £od 00d B3 B3 PO 12D B3 B MY PR3 BT
R
an =

JSTER=19
KETER=20
H RANGE=0,034
: AR=0.48
g THRESH=0.01
:L
sC
:C
£ LIST INFUT DATA FOR YERIFICATION
40:C
41380
422 IFCISTERP.LT. 10060 T0 2
433 G 3 I=1,1F

44: 1 WRITE(4,104) I, DIALD),V0L(L)
455 104 FORNAT (1X,12,F17.4,F9.4)
44 3 URITE(4,10%)

473 103 FORBRAT(1A, “CORRECTIONSY EHTER LIMNES AHE 074, & Un.e <ERG TEREI
483 CHATES")
491 READ(S,204)1,DIAN,VOLN
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204 FOEHAT(IZ,F11.4,F9.4)
IF{I.ER.0IG0TD2
DIA(T) =DIAN
YOL ) =Y0LI
GOTO 3

2 CONTINUE

BEFINE ROCK MATRIX PARAMETERS

RAIR=44.
DENS=DENS/ 10 . %412
PORDS=FORDE10. +412

SUMP=0.

0o 4 I=1,1P

RAD(I)=BIA{I)/2,
YOL{T)=YOL {1410, %512

4 SUHF=SUNP +VDL{I)

SUHD=0.

Fa=0.

5M=0.
5N=0.

U0 5 I=1,1p

YOL (1) =YDL (1) #POROS/ SURF

ANUMCT) =VOL{ T #DENS/RAD( 1) /RADIT) /3. 14159/ (1. -FR)

ARLTY=ARUMCI) #3 14159 CRADLD ) +TH) %3 2-RAT{ D) RADITY)

FA=PAHANUK{T}+3. 14159+RADCII#RAD(I)
SUHII=SUND+AR(T)

SN=5N+aNUKLD)
BUH=50N+ANUHC T #ALOG{ 2 +RAET )
BIAV=EXP{(GDN/SH)
BCELL=BORT(2./8M)
DIP=UCELL/1.414214
DHAXP=UCELL/2.-DIAY/2,

X=1.

{=RANGE-THRESH

RHAX=RANGE
IF(THLLT.RBAXIRARAL=TH

G=5UHD

IF(FATSURE.LGT.1.) R=1.-F4
IF(RLGT. 1.0 =1,

L% ]

LOGP DUER VARIOUS MOISTURE CORTENTS.

00 40 L=1,13
SURN=0,
SR28=0.

g & H=1,1p
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101 W=y}

iG2: IFCHE, BT RATY) YUH=RALH)

1032 SURH=SURN+UM® (2, e RAT(H ) ~HI #AHUH D

104: & SRZN=SRIZN+RAL(HI+RAD{H ) #ANUM(H)

105: SAT{L)=5URN/SR2N

104: RO2=RANGE+RANGE

107:0

108:C SUHMATION LOOPF OVER PORE SIZES

1090

110:C

111 SUMF=0,

112: 00 50 I=1,IP

113: HU=W L)+ CRADCTY YL Y s #RANBE /4R/RATIR

114; IF(UU.GT.RADCIIIUU=RADLT)

113:¢C

i14:f

117:0  INTEGRAL Lour GVEr DISTANCE FROM PORE

118:8

11%:¢C

120 SUNR=D,

121 D0 49 H=1,KSTEF

122: R=RANCTI)+FLOATIE s #RMAL/FLOATIHSTER)

123:C

124:C  INTEGRAL LOOF OVER ANGLE THETA

125:C

126:0

127 SUNHT=0,

128: DO 30 JJ=1,JSTER + 1

129: J=Jt-1

13§: T=ACOSCIR-RAT{IT) Y /RANGE ) AFLOATCISTER Y FLAATI )
131: CT=C058(T)

132 B=ASIN(RAI{I/R)

143 IF(RLT SORTCRG2#CTHET +RAD{DIRATCINIIGOTO 15
134: B=iR#i-RADUL ) #RAD{ T +RG2CT0TY /2. /R/RANGE/CT
135: IF{R.G6T.1.) B=1.

136: E=4008{B}

137 15 CHI=0.

1%3: IFIR.GTVORADI T -2, #ARFUN+TECTIIGOTO 14

139 Cl=2, Y% {1.-ARI/{2.%AR-1.}

140: Ca= (2. +ARH(RADCI)#RAD (L) ~RaR ) +4, AR AR R UM (WU-2 . #RADCT ) ) -V Y CT5LT
141 CHACCT#LT+{2.,48R-1.})

142 Ca= (2. % AREY+ {ReR~-RAT LIV #RATL ) D3 ACT/CT /(2 HAR-1. 0
143: Ca=(3,%C2-01%C1) /9,

144 CO=(9,#01%02-27 . +03-2.301#01%0 11 /54,

145 ABE=C4%04x04405403

144: IFCYE.LT.0.Y GO TD 17

147 AB=5ART{XR)

148: XA1=C5+%E

149¢ Ka2=05~XE

1530 11=-01/3.

151 TF(EATLHE. Q. 123w T+ T s R {ALDE L
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Py

a2
163
b4
165
166:
1672
168:
149:
170
i71:
172:
173z
174:
1752
{74
1772
i78:
1792
180:
181:0
il
183:C
i84:C
185:C
1843
187
1883:
168%:
190z
191:
192:
1%3:
194

759
19%6:
197:
198:
19%:
200
201;

2023

2

18
Kt

49

80

#

104

119

IFCXAZLNE. 0 ZI=Z1+5IGR(EXPLALOGLABS (XA 1/3.),%4A2)
CHI=(R#R~-RADCT)#RA D)+ 2142 T4CT#ET) /2. /R/Z1ICT
IF(CHI.G6Y.1.) GO TO 17

CHI=ACOE(CHD)

IF(CHILLT.ASIRU(RADBLTI-UUI/R)) GOTO14

Gi=-2.2Y/01. -AR#AR)

AZ= LTV Tl T+ 2 e ARFARE {RER-RADLT Y #RADLIN I /CT/CT/ {1 . ~ARSAR)
Adz-AR+AR® (RAR-RADC DY $RADCII I %3 2/CT/CT/CT/CT/ (1L -ARAR)
AS={~12.%R4-A2%A25/9.

AE={30. #A24AA-27 A4 (AL EAD-ATAT T 42 48294 2%42) /54,
A7=ACO5CAG/GRRT(-AGHABEAS))

AB=2 . #50RT(-AI)2COS(AT/3. ) +A2/3.

A9=SQRTIAT=A1/4, -a2+aR)

ALO=SORT(I. ¢ AT#AV /4. ~AP4AT-2. 242+ {4 4R #A2-AT#A1241) /4. /49
Zil=~A1/4.+4%/2.-810/2,
CHI={R#R-RAD{T#RATLICETT#ZIT#CTRET /2. /R/Z1IT/CT
IF(CHI.GBT.1.360 10 17

CHI=ACOS{CHI)

GO 10 14

17 CHI=ABINIRADIII/R)

CONTINGE

IFO{B-CHIDLGT.0.) SUMT=SUNRT+R-CHI
SUNT=BUNT/FLOAT(JETEF+1}

SUHR=BUHR+R+SUHT

SURR=5UMR/FLOATIKETER)

SUHF=3URF +SUMNR+ARUH I 1) # URADCT) +RHAK ) 222 -RATCT Y sRATLT )Y
E(L)y=5UHr=4./8

HRITEC(A,1197358T(L),E(L)

CONTINUE

RINTOUT OF REBULTS

URITE(S, 104) (SAHFLEC(TD), I=1,10)
FORWATL//7,1%,1044,/4)
POROS=FORDOS/10,.4%12
DENS=DENG#10 4412

SH=8N% G, 428
WRAHOE=RANGE /&R
WRITE{(4,107) POROS

FORHAT(6X, " TOTAL FORDSITY=",FB.4," CURIC CENTIBETERS FER GRAH.
WRITE{4,108)BENS
: FORMATCAX, "SANPLE DEWSITY=",FB.4,° GRANS PER CUBIC CENTIMETER.

WRITE(&,109)RANGE
FORMATI(SY, “RN RECOIL RAMGE=",F8.4,7 MICROHETERS IN ROCK. )
URITECS, 111 IURANGE

FORRATOSY, "RH RECOIL RAHGE=Y F8.4,7 WICRORETERE Y gavor.~
URITEL S, 110 THRESH

FORBATIZE, "THRESH.EBUIY BGNEE="F3.4, 7 #i

CIOM. 7Y
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203:
204:
205:
204:
207:
208:
209
210:
211
212
213
214:
215
214

—te e
o3 g
P

wz em ww

T Gl PR3 e O
ar ss ar am
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we w@ A% en su  an
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B d Ged Ld G G O Tad 09 Ked Fad BRI P TR B3R B2 P2 PO P P e

2

I S

P e ) 0 W) Tee LR G Tl BRI e O NORD
"

#s ax  *m  au

URITE (4,1120TH
112 FORMAT(SX, "HINERAL THICKNESS=,F8.4," WICROWETERS")
WRITE(4,122) @
122 FORBATL2X, "HINERAL/CEHENT FR.=",F8.4,7 Lr3/CHI)
WRITEL{G,124)RAIR
124 FORMAT(SX, RN RECDIL RANGE=",FB8.4," HICROMETERS IN AIR.")
WRITE(A,124)FR
124 FORHATOIA, "INERY RDCH FRACTION=7,FE.4)
WRITE (4,113} nIav
113 FORBAT(2Y, "HEAN PORE DIAHETER=",F8.4, " MICROMETERS (NUWBER WEIGHTE
Chy
BRITELS, T14IUCELL
114 FORMATOIX, "UNIT CELL RIMENSION=",F8.4," MICROMETERS (0GR A 5IDE)")
URITECSH, HIS)RIF
P15 FORMAVIIYE, "AVE,INTERPORE UIST.=7,F8.4,7 HICROMETERS HINIAUN BETWEE
CN CENTERS")
WRITEL(4, 115 DHAXP
114 FORMAT{3X, "HAXIHUM ROCK PATH=",F8.4,” WICROMETERS T0 AVERAGE FORES
C)
WRITE(A,123)5N
123 FORWAT{8X, "FORE DEWSITY=",F13.0,7 FORES/SQUARE CENTIMETER")
URITE(S,117) JSTEP+1,KSTEF
117 FORMAT (1%, "HURERICAL INTEGRATION IMCREWENTS=",13,7 FOR THETA ani-
£,13,7 FOR R7,4/)
HRITELS,118)
P18 FORBATLIZ, "SATURATION UWATER FILW {(UXY EHAHATION.,/, X,
{: e e o o o e e e o et oma 2ot o oo o2e n A e e s o e ot o a o e o s e e Ed )
URITELS, 19X {BATL(D) W1}, ECD),I=1 1)
119 FORMAT(3X,F6.4,8%,F7.4,6X,F9.5)

WRITE(6,120)
120 FORMAT(IX,7//7,1%,"FORE DIAH.(UM) PORES/CH##2 CHes3/GRANS,2X,
C/HINERAL?,/, 1%, " =mmmmmmmmmmmmn  cmmmcmam mwmmmso ! )

pg 71 I=1,1IF
ARURLT Y =ARURIT ) 210,238
VOL{TY=V0LL{TY /10, %512
RITE (6,121 (01A0T,ANUMITY, V0L (D), 40T, 1=, IF)
121 FORMAT{4X, F8.4,3X,F13.0,35,F7.4,24,F9.48)
GOTO 99
229 ATOF
EdD

Sk
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