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FOREWORD 

This report was prepared by Ford, Bacon & Davis Utah, Inc., Salt Lake City, 

Utah, under USBM Contract number H0292024. 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. 

*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 literature on radon emanation 
and diffusion. The survey was directed principally toward 
the effects of moisture vvhich 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 qualitative 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. f.1oisture had been observed to depress the flux, but 
few quantitative 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 \Vas also extended over a longer time period to 
perrnit complete drying of samples. Moisture uptake in the dried 
samples was considered due to its possible effect on the 
emanation coefficients. 

The experimental work in diffusion required special 
attention to prevent leakage and diffusion ln directions 
other than the direction to be investigated. Some samples had 
too little radium to be studied without using an artificial 
source. Equations 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 
1 i tera t ure 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. 
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CHAPTER 2 

THE GEOLOGY, IvlINEFALOGY 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 ore grades of the 
samples. The variation in emanation with various physical 
characteristics necessitates a detailed 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 variability in the emanation and diffu­
sion data when di fferent pieces of the Sartle 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 frOIn nine districts in these four states 
including: The Gas Hills, Powder River Basin, Crooks Gap, 
P ... mbrosia Lake, Laguna, Lisbon Valley, Slick Rock, Uravan and 
Ralston Buttes Districts . Additionally, one sample 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 

Sample 
IDcation r:1ine Host ore 

Sample state - canpany fonnation Ore grade 
number district & name (age) minerals % 

HGl VJyoming Pathfinder's Upper Uraninite .5 
Gas Hills Lucky Mac Wind River coffinite 

(Eocene) 

HG2 Wyoming Pathfinder's Upper Uraninite .04-.06 
Gas Hills Lucky Mac \<~ind River 

(Eocene) 

v~G3 ~Vyoming Pathfinders's Upper uraninite .15 to .25 
Gas Hills Lucky I'-1ac Wind River 

(Eocene) 

,,"JP-l \-Jyoming Exxon's I.i:Jvler Uraninite .3 to .4 
Powder River Highland Fort Union coffinite 
Basin (Paleocene) 

~JP-2 v'lyoming Exxon's I..o.,ver uraninite .05 to .15 
Power River Highland Fort Union coffinite 
Basin (Paleocene) 

WC v'lyoming \/estern I...otler Uraninite 1.16 
Crooks Gap Nuclear's Battle coffinite 

Reserve Springs 
(Eocene) 

NJVI-S23-1 New Mexico United "Jest <Water Coffinite .84 
Ambrosia Nuclear Canyon of 
Lake Homestake the lvlorr ison 

Partner's (Jurassic) 
Section 23 

Nr1-S23-2 New Mexico United "-lest VJater Uraninite .08 to .15 
Ambrosia Nuclear Canyon of coffinite 
Lake Homestake the Morrison 

Partner's (Jurassic) 
Section 23 

NlVl-S23-3 New Mexico United \~est Water Uranophane 1.00 
Ambrosia Nuclear Canyon of carnotite 
Lake Home stake the Ivlorrison 

Partner's (Jurassic) 
Section 23 
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TABLE 2-1. Identity of ores - CONTINUED 

Sample 
Location Mine Host ore 

Sample state - cc:mpany fontlation Ore grade 
number district & name (age) minerals ~ 

0 

N'M-P10-l New Mexico Anaconda's Jackpile Coffinite .5 
Laguna P-10 Sand of the uraninite 

lV10rr i son 
(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' LOiNer uraninite .4 to .5 
Lisbon Big Buck l'1oss Back coffinite 
Valley I'1ember of 

the Chinle 
(Triassic) 

UL Utah Rio Algan's D::::lIiver Uraninite .1 to .6 
Lisbon Lisbon Moss Back coffinite 
Valley lVlember of 

the Chinle 
(Triassic) 

CD Colorado Union Salt \~ash Uraninite .15 to .20 
Slick Rock Carbide's IVlember coffinite 

Deremo-Snyder of the 
IV.lOrr ison 
(Jurassic) 

CK Colorado Union Salt Wash Uraninite 
Uravan Carbide's f.'Iember coffinite .13 

King of the 
Solan on Morrison 

(Jurassic) 

C-S Colorado Cotter Idaho Pitchblende .2 
Ralston Corp.' s Springs (uraninite) 
Buttes Schwartzwalder (Precam-

brian) 

Mada (Canada) t4adawaska Faraday Uraninite 
Ontario Mines Limited (Precam- uranothorite .07 
Bancroft I·1adawaska brian) 
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TABLE 2-2. Physical properties of ores 

Dry Air Air H2O H2O 
Dry bulk poro- Specific perra. perra. perra. perra. 

Sample density sitr surface par to perp to par to perp to 
number (g/cm3 )1 (% ) (m2jg)1 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 lON Very law 

WG3 2.04 24.4 3.1 3 3 0.241 0.526 

\lVP-l 1.80 33.1 4.7 2120 1840 0.00581 0.0l28 

vVP-2 1.84 27.8 3.4 3 3 0.00746 0.0l3 

HC 2.28 13.5 6.5 3 3 0.00487 0.00203 
2.30 12.0 

NrvI-S23-1 2.26 16.4 9.33 0.48 3.2 

NM-S23-2 1.85 23.5 4.55 2300 2590 

NTvl-S23-3 2.34 10.4 16.6 

Nl'1-PIO-l 2.23 14.2 7.91 0.16 0.07 

NJVI-PIO-2 2.16 12.5 18.0 550 250 

DB 2.66 2.1 5.7 0.12 0.08 

UL 2.54 4.3 26.6 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 

CS 3.00 3.2 0.76 

I.Jiada 2.61 0.4 0.07 

Synthe- 1. 76 27.3 7.2 
tic ore 

1Determined by Micrometrics, 5680 Goshen Springs Rd., Norcross, GA. 30093. 
2In millidarcy, deterrained on dry samples by Core Laboratories, Inc., 

10703 E. Bethany Dr., Aurora, CO. 800l4: b.p. rreans bedding plane. 
3Sampl e failed. 
4In darcy, determined by Dames & Moore, Suite 200, 250 E. Broadway, Salt 

Lake City, ill 84111; b.p. means bedding plane. 
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Gas Hills District 

The Gas Hills District has been the most productive 
d i str ict in Hyoming. 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, Hyoming(ll). The area is in the 
southeastern portion of the Vhnd 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 ~vind 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 
varles from 0 to 130 ft 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 ft 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 is cemented by a pyritic gray clay but can be cemented 
wi th coarsely crystalline authigenic calcite in narrow zones. 

Ymile 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 their 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 been 
hydrocarbons which migrated along faults and fractures(~l). 

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 

f---] Shale 
o 
w 
~ 
...J « 
a: 
w 
2 

~ 

§~ Rich uranium ore 

r:}}J Medium tenor uranium ore 

~ Protore 

c=J Barren interior 

---------------------------------------------------------~--------------------~-----::....----~----~--~ ~-- -- -- -- -- - --- -- - -- - --

Bleached white without brown limonitic 
specks, feldspars notably altered, 
predominantly single euhedral pyrite 
crystals, S34 depletion moderate to 

& 
extreme, moderate Se content, low U, SO 4' 
content, and low LO!. 

Approx. 
200' 

SOLUTION FRONT 

- --------------_-_-_-_---'~_-_-_-_-_-_-=-=-=SHAL Y BEO'--=-=-=-:::-:::-=-=-:::-=-:::-=-=_::' 
. -:::~:-.,+PROTqRE: 

......... ::: .................... ~.-.~)~;~: : : : : : 
.... + + 

Light gray with brown cast and with sparse + + + 
brown limonitic specks, predominantly tiny + + + 
pyrite crystals aggregated with other material or + + + 
in clusters, moderate total iron, SO 4' LOI, + + + 
selenium absent.,. ... + + . 

------------------------------------------------------------------------_. 
-=-=-=-=-=-=-:::-:::-=-=-=-=-=-=-=-=-=-=-=-=-=-:::-=-=-=-=-:::-:::-::: SUBJACENT SHALY BEO:::-=-=-=-=:::-=-=-=-=:::-=-=-=:::-=-=-=-=-=-=-= 

------------------

Figure 2~l~Idealized vertical section across a Gas Hills roll 

solution front. 
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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 equal or the chemical assay is higher. 
Disequilibrium occurs on either side of the ore area where the 
radiometric assay is usually higher than the chemical assay. 
This disequilibrium is apparently due to an excess of Ra 226 
and P0 210. 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 is 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 S32 over S34 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 is generally associated 
wi th 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 (~J 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(~). 

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 thevvest 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 Wind 
River Formation. 

The first sample, WG-l, was obtained 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%. In 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 are 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 are. 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, VJG-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 %. Uranini te 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 
1 ike the sandstone 1 ense where Sample \1;8-1 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 
always stabilized. However, the ore in these 
area that is unaffected by surface leaching. 
associated with humus and coal and there tends 
trash associated with the rolls. 

Powder River Basin 

spots, it is not 
deposits is in an 
Most deposits are 
to be more carbon 

The Powder River Basin is a structural and physiographic 
basin in northeastern vvyoming. 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~here are producing underground mines at this 
time. This district is located in Converse County about 25 mi 
north of Douglas, vIyoming. 

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 from 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 in tan to reddish brown to gray, 
fine- to coarse-grained, arkosic, sandstones of fluvial origin 
in this lower unit. rrhey 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. \fuile the 
individual sandstone beds vary on the average from very fine 
grained to very coarse grained and conglomeratic, they are fair 
to poorly sorted. l'1ontmorillonite, nontronite (an iron-rlcn 
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 
Feldspar 
Chert and rock fragments 
Clay minerals 

50 60% 
20 - 30% 
10 - 15% 

2 - 8% 
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Organic matter 
Mica and chlorite 
Green hornblende 
Other heavy minerals 

o - 3% 
1 - 2% 
o - 2% 
1% 

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 is 
different than in the Gas Hills with that behind the front 
being red and yellow 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 i-to 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 
concen tra ted in the 1 imoni te-hema ti te and protore zones. 
Selenium, as in the Gas Hills, is most abundant just before the 
front. Vanadium and lead are definitely associated with the 
uranium, unlike the Gas Hills. l.Vlolybdenum, 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 question. An Oligocene source has been 
favored by recent authors(28, ~). 

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 Ivlountains. It is south of the Gas Hills District 
and previously shared a mill with the Gas Hills. The mill is 
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. rvlost of the mining has 
occurred along the west and north flanks of Sheep t/lountain(;!:lJ. 

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. 'rhe 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 
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change s where 
depos i tion of 
apparently have 
of deposits. 

permeability abruptly decreases have caused 
the minerals. Synclinal troughs and faults 
played more important roles in the localization 

Ore deposits in this area occur in tabular and poorly 
defined roll-type forms. A bleached-white altered sandstone 
behind the rolls 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 1S the 
favored theory(46, ~). 

One sample was collected from the Crooks Gap area, from 
Western Nuclear I 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-l 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 l8-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(2l). The Chaco Slope 
is characterized by a series of elongated-Valleys separated by 
ridges or cuestas formed by the differential erosion of the 
s lightly 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 vvestwater Canyon j\·1ember 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 VJestwater 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 rvlember 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 prefaul tore i 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. vfuile they 
usually conform to bedding they occasionally cross-cut. Primary 
ore tends to be high-grade ore, sometimes up to 10%. lYlining 
grade averages about 0.3%. 

Secondary ore is 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 ft 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 di fficul t to determine. Secondary ores 
probably were redistributed down dip from the primary ore by an 
oxidizing front similar to those in the vJyoming 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 hematite, 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{2l). 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 is located in the southeast corner of 
the Grants Mineral Belt. The area is about 50 mi west of 
Albuquerque. The district is located on the Acoma 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. Fa ul ting 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 l.n a slightly higher position, stratigraphically. 
I t is contained largely 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 is grayish white with a slight greenish cast. It 
inter tongues with the underlying Brush Basin Member and is 
unconformably overlain by the Dakota Formation. As in 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 bodies. 
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. Pyri te 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-IO 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-PIO-l, was collected from a primarily unoxidized area 
of the mine. It was about 25 ft northwest and then 60 to 90 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-PIO-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. 
this locality was approximately 0.15% to 0.2%. 

Paradox Basin 

Ore grade in 

t.i\any uranium mining districts are located in the Paradox 
Basin in 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(15). The basin 
sank as the adjoining Uncompaghre Uplift rose-. - As the basin 
sank, it 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(12). Largest 
production has come from the Sal tWash 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 
Big Indian area. 
salt anticline. 
Monticello uranium 

the Paradox Basin was from the Lisbon Valley or 
This area is located along the Lisbon Valley 
It is in southeastern Utah in the larger 
mining district(17). 

~fuile 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 Hember is a fluvial deposit which varies in 
thickness from 20 to 150 ft. It consists of gray to greenish­
gray, fine- to medium-grained quartzes, 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; f ractur ing 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 

30 



corvusi te a.nd montrosei te. The ores are dark gray to black. 
Uraninite generally fills interstices and replaces carbonaceous 
debris, calcite and detrital grains. The vanadium 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 Hyoming Basins. 
Individual ore bodies do not tend to be as obviously related to 
paleo structures and carbonaceous material as in the Wyoming 
Basins. Ulinerals 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 beneath or within the r'loenkopi 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 been 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 
t1ine is 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 Vida 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 in this mine is from 9 to 20 ft 
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 1Yliguel 
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 
di str ict, oxidized depos its were mined in the past. Ore 
deposits are found in tabular and roll-type forms. vlliile rolls 
are more common than in the Lisbon Valley area, tabular deposits 
predominate. The deposits are up to 15 ft high and several 
hundred ft long. Uranium has averaged about 0.22% to 0.30%. 
Associated minerals include pyrite, marcasite and montroseite. 
Vanadium is 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 overlain 
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. 

This district is 
Uravan Mineral Belt in 
(Long Park, Club Mesa, 
productive. Currently, 
King Solomon Mine on the 

Uravan District 

in the north-central section of the 
western lVlontrose County. Three areas 
and the Dolores Bench) are the most 
the largest production comes from the 
Dolores Bench(12). 

As is 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 log. 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 ft long. Fossil carbon is abundant. 
Vanadium occurs at levels of about 1.6% V20S. 

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 
uraniurJ. 

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 
sa~mple 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(4S). 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 uraniurJ(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 of the Precambrian Idaho Spr ings Formation. The 
rocks in this transition zone consist of garnet-biotite gneiss, 
quartzite, and quartz-biotite schist. 'rhese rocks are often 
referred to as "Schwartz II 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~nd to mineralization 
at the mica schist contact and the end, within 16 to 20 ft, of 
the hornblende-gneiss contact. 

The primary ore mineral is pitchblende (uranini te ) 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 be: 
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 
deposi t generally has swi tched 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 ln 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-rs 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 
Hadawaska Hine, 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 quantities. Accessory minerals include 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 ft high. 

1'1ore recently ore has been found in anhydrite dikes which 
cross cut amphibolites. They are generally found at the 
l,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 is 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(~). 

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 filling(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 el ements (~Z) . 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 
grani t ic-pegma ti te, metasomatic and hydrothermal ef fects. 

The samples were taken from the 1,050 ft 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 
sequences. 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 sequences. 

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 ""as 
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. 

rrhe lump samples were used in duplicate 
an emanation coefficient at ambient moisture and 
unground samples. The lumps were then crushed 
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used in the other sequence, 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 equilibrium 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.I-cm 
metal cans (l/2-lb. 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 Em and Ed are the emanation coefficients of the moist 
and dry samples, respectively, and Rl, R2, R3 and R4 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, Rl and R3 were calculated 
directly from the gamma-ray counting data and the net dry sample 
mass. Values for R2 and R4 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 

(3-3) 

where Ri2 is the corrected radon activity (pCi/g dry mass) 
from count i, immediately after de-emanation, R'i2 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(l). 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 0.0643 
180 0.0137 700 0.0760 
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 vvas 
estimated as 
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I" 
(l',Rl) 2]'2 
Rl 2 (3-4) 

where l',Rl lS the larger of either the statistical precision 
of the radon measurement in the first three counts or their 
actual standard deviation and l',R2 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 l',R3 and ,0, R4' 

The moisture contents 
fractions of the saturation 
as 

(M) of the samples, expressed as 
moisture content, were determined 

M (3-5 ) 

where Mm is the net mass of the moist sample (g), Md is the 
net mass of the dry sample (g), and P is the total porosity of 
the sample (cm3 /g), which is numerically equal to the saturation 
moisture content (9 water/g dry sample). 

Several specific laboratory procedures were 
study or otherwise require detailed description. 
the sample preparation methods, the leak-testing 
gamma-assay procedures, and the vacuum-drying 
apparatus. The following sections give these 

Sample Preparation 

unique to this 
These include 

procedure, the 
procedure and 
descriptions. 

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. 'l'hese 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 aliquots, both of which approximately filled 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 quantities of water to the 
crushed sample aliquots 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 vacuum 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 liquids 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 
porosi ty data obtained by mercury intrus ion porosimetry. 
Ai though 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 by 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 pCij 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 
wi th 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 mul tichannel 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-2l4 were integrated 
by the multichannel analyzer, along with appropriate back­
ground regions on each side. Net peak areas were computed 
by subtracting the appror iate mul tiples 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 sequentially. 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 long-term calibration changes were also 
avoided. 

The counting system was calibrated using a 157.7 g sealed 
sample of a standard pitchblende ore in the same geometry as the 
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uranium ore samples. The standard has been well characterized 
(43, ~) 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 are 
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 are was based on direct gamma spectroscopy of one of the 
crushed aliquots of each are. 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 vacuum 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 -78o C by a dry-ice and alcohol 
bath. Typical pressures inside the system reached 1 Vm 8g 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. 'fwenty 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, ej ecting 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 emana"tion 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 difficul ties of swelling or incomplete 
liquid penetration. The porosities measured by mercury in­
trusion into lump samples were obtained from the Micromeritics 
Materials Analysis Laboratory (Norcross, GA) in connection 
wi th 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 
porosi ty 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 aliquot of the same 
ore. 

As indicated in Table 3-2, considerable variation was 
observed in some of the porosity measurements. This "vas 
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. 'rhe 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 questionable 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 jg 

Vacuum Hg Hg Represen-
Ore Saturation Intrusion Intrusion tative 
Sample Lumpl Lump Crushed Value 

HP-l 0.184 + 0.002 0.184 ND 0.184 
'(rJP-2 0.178 + 0.011 0.151 ND 0.178 
WG-l 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 
WC 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 
CD 0.038 + 0.004 0.041 ND 0.041 -
NM-PIO-l 0.040 + 0.009 0.064 ND 0.064 
N~IJ.-PIO-2 0.165 + 0.020 0.058 ND 0.058 
NIvl-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 0.0043± 0.0018 0.0107 0.0052 0.0107 
m·1 0.001 + 0.001 0.0017 0.0028 0.0028 
SYN-3 0.125 ± 0.020 0.155 ND 0.155 

1 Means 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 SatIn Lump Crushedl Lump Crushedl Moist Dry 

WP-l 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-l 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 

~vG-3 A .47 .39 .29 .28 .39 0.74 1.39 
B .28 .34 .17 .15 .05 0.50 0.33 

~VC 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 

NH- 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 
S23-1 B .52 .55 .44 .30 .25 0.80 0.83 
NM- A .10 .65 .57 .51 .43 0.88 0.84 
S23-2 B .05 .34 .26 .24 .14 0.76 0.58 
NM- A .70 .24 .18 .14 .105 0.73 0.77 
823-3 B .65 .44 .30 .30 .25 0.68 0.83 
CS A .39 .50 .34 .10 ND 0.68 ND 

B .48 .21 .15 .20 .064 0.71 0.32 
OH 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. vJhen 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 quantitative interpretations. The variation 
was high because of the inhomogeneity among ore lumps, as 
indicated by comparing emanation coefficients between 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, or 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 equation 3-5, and the emanation coefficients 
from equations 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 leak 
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 statisticsvJhenever the standard 
deviation was larger, allowed actual counting errors to be 
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TABLE 3-4. Emanation coefficients measured for sample WP-l 

Moisture, 
Satur­
ation 

0.000 
.006 
.009 
.010 
.011 
.013 
.013 
.014 
.014 
.014 
.014 
.014 
.015 

Emanation 
Coeffi­
cientl 

0.34 
.37 
.37 
.37 
.39 
.38 
.34 
.38 
.35 
.38 
.37 
.31 
.35 

rvIoisture, 
Satur­
ation 

0.015 
.015 
.016 
.016 
.068 
.068 
.157 
.159 
.250 
.280 
.360 
.390 
.470 

Emanation 
Coeffi­
cient 

0.38 
.39 
.37 
.35 
.48 
.50 
.55 
.55 
.53 
.54 
.55 
.56 
.56 

Moisture, 
Satur­
ation 

0.48 
.56 
.57 
.66 
.67 
.75 
.79 
.87 
.88 
.96 
.98 

1.07 
1.08 

Emanation 
Coeffi­
cient 

0.58 
.56 
.54 
.54 
.57 
.55 
.52 
.59 
.57 
.55 
.54 
.55 
.55 

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

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

IVIoisture, 
Satur­
ation 

0.00 
.00 
.00 
.001 
.015 
.015 
.015 
.016 
.016 
.017 

Emanation 
Coeffi­
cientl 

0.30 
.26 
.24 
.23 
.28 
.27 
.33 
.26 
.28 
.32 

lYloisture, 
Satur­
ation 

0.086 
.20 
.21 
.30 
.38 
.40 
.49 
.51 
.59 
.61 

Emanation 
Coeffi­
cient 

0.35 
.47 
.46 
.47 
.45 
.48 
.48 
.47 
.45 
.47 

Moisture, 
Satur­
ation 

0.70 
.70 
.79 
.80 
.90 
.91 

1.00 
1. 01 
1.11 
1.11 

Emanation 
Coeffi­
cient 

0.46 
.49 
.45 
.47 
.46 
.49 
.50 
.49 
.50 
.51 

1Typical 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, 
Satur­
ation 

0.000 
.001 
.001 
.002 
.004 
.005 
.005 
.005 
.005 
.008 

Emanation 
Coeffi­
cient1 

0.028 
.019 
.028 
.020 
.024 
.026 
.021 
.021 
.023 
.019 

Moisture, 
Satur­
ation 

0.11 
.11 
.17 
.17 
.26 
.27 
.36 
.41 
.49 
.54 

Emanation 
Coeffi­
cient 

0.087 
.121 
.068 
.107 
.097 
.080 
.100 
.075 
.098 
.097 

~floisture , 
Satur­
ation 

0.56 
.61 
.65 
.76 
.85 
.89 
.94 
.96 

1. 06 
1.08 

Emanation 
Coeffi­
cient 

0.117 
.077 
.075 
.075 
.092 
.081 
.082 
.134 
.130 
.101 

ITypica1 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, 
Satur­
ation 

0.000 
.011 
.012 
.012 
.013 
.016 
.017 
.057 
.059 
.061 
.061 

Emanation 
Coeffi­
cient1 

0.13 
.13 
.19 
.15 
.17 
.17 
.13 
.13 
.21 
.21 
.17 

Moisture, 
Satur­
ation 

0.063 
.064 
.096 
.300 
.360 
.410 
.430 
.500 
.510 
.600 
.610 

Emanation 
Coeffi­
cient 

0.16 
.17 
.22 
.25 
.27 
.23 
.23 
.24 
.21 
.20 
.25 

Moisture, 
Satur­
ation 

0.71 
.71 
.81 
.83 
.91 
.91 
.99 

1. 01 
1.13 
1. 22 
1. 24 

Emanation 
Coeffi­
cient 

0.21 
.23 
.26 
.21 
.29 
.20 
.28 
.28 
.27 
.25 
.26 

ITypica1 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 \fG-3 

lvloisture, 
Satur­
ation 

0.001 
.001 
.001 
.002 
.002 
.004 
.004 
.004 
.004 
.004 
.005 
.005 

Emanation 
Coeffi­
cient1 

0.034 
.020 
.034 
.018 
.068 
.036 
.049 
.097 
.008 
.088 
.031 
.027 

t1oisture, 
Satur­
ation 

0.005 
.005 
.052 
.052 
.160 
.220 
.260 
.280 
.360 
.460 
.460 
.510 

Emanation 
Coeffi­
cient 

0.028 
.050 
.065 
.072 
.104 
.104 
.101 
.102 
.089 
.147 
.090 
.123 

Moisture, 
Satur­
ation 

0.55 
.55 
.65 
.66 
.73 
.76 
.86 
.86 
.94 
.96 

1.06 
1.06 

Emanation 
Coeffi­
cient 

0.110 
.134 
.105 
.110 
.101 
.117 
.097 
.143 
.111 
.103 
.157 
.092 

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

TABLE 3-9. Emanation coefficients raeasured for sample WC 

t1oisture, 
Satur­
ation 

0.004 
.004 
.004 
.004 
.005 
.005 
.005 
.006 
.007 

Emanation 
Coeffi­
cient1 

0.066 
.058 
.055 
.057 
.063 
.039 
.044 
.048 
.052 

Moisture, 
Satur­
ation 

0.007 
.008 
.009 
.010 
.200 
.200 
.310 
.320 
.410 

Emanation 
Coeffi­
cient 

0.044 
.068 
.056 
.045 
.144 
.166 
.198 
.192 
.162 

Moisture, 
Satur­
ation 

0.42 
.61 
.61 
.81 
.83 

1.02 
1.05 
1. 22 
1. 22 

Emanation 
Coeffi­
cient 

0.161 
.158 
.171 
.151 
.158 
.150 
.144 
.137 
.156 

ITypical 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 cient1 ation cient ation cient 

0.02 0.033 0.04 0.012 0.36 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 

ITypical 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 

11oisture, 
Satur­
ation 

0.02 
.03 
.03 
.03 
.03 
.03 
.04 
.04 
.04 

Emanation 
Coeffi­
cientl 

0.079 
.070 
.064 
.081 
.077 
.079 
.095 
.092 
.066 

lv1oisture, 
Satur­
ation 

0.04 
.04 
.04 
.04 
.19 
.91 
.91 

1.04 
1. 07 

Emanation 
Coeffi­
cient 

0.071 
.072 
.079 
.067 
.081 
.162 
.157 
.153 
.171 

Moisture, 
Satur­
ation 

1.13 
1.19 
1.31 
1.35 
1. 57 
1. 57 
1.77 
1. 79 
2.00 

Emanation 
Coeffi­
cient 

0.162 
.154 
.198 
.164 
.160 
.186 
.146 
.186 
.157 

ITypical 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, 
Satur­
ation 

0.01 
.01 
.02 
.02 
.02 
.02 
.02 
.02 
.02 

Emanation 
Coeffi­
cient1 

0.057 
.062 
.082 
.091 
.064 
.086 
.061 
.092 
.090 

Moisture, 
Satur­
ation 

0.02 
.02 
.03 
.03 
.09 
.09 
.19 
.20 
.30 

Emanation 
Coeffi­
cient 

0.076 
.100 
.091 
.068 
.136 
.141 
.193 
.164 
.210 

Moisture, 
Satur­
ation 

0.31 
.49 
.50 
.69 
.69 
.89 
.90 

1.09 
1.10 

Emanation 
Coeffi­
cient 

0.206 
.199 
.184 
.184 
.180 
.190 
.191 
.177 
.173 

1Typica1 relative standard deviation was 5.1% for a single 
point, based on counting statistics. 

TABLE 3-13. Emanation coefficients measured for sample CD 

Moisture, 
Satur­
ation 

0.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 

E:r:l.anation 
Coeffi­
cient1 

0.068 
.111 
.093 
.130 
.104 
.105 
.118 
.111 
.123 
.102 
.110 
.111 

tloisture, 
Satur­
ation 

0.01 
.02 
.02 
.12 
.12 
.21 
.21 
.30 
.33 
.42 
.48 
ND 

Emanation 
Coeffi­
cient 

0.112 
.062 
.098 
.200 
.210 
.220 
.240 
.260 
.240 
.210 
.230 
ND 

Moisture, 
Satur­
ation 

0.48 
.57 
.66 
.67 
.76 
.76 
.84 
.85 
.99 

1.03 
1.05 

ND 

Emanation 
Coeffi­
cient 

0.23 
.28 
.25 
.26 
.25 
.29 
.27 
.26 
.27 
.26 
.25 
ND 

1Typica1 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-PI0-1 

Ivloisture, 
Satur­
ation 

0.01 
.01 
.01 
.02 
.02 
.02 
.02 
.02 

Emanation 
Coeffi­
cient1 

0.16 
.21 
.22 
.18 
.20 
.21 
.21 
.21 

Moisture, 
Satur­
ation 

0.02 
.02 
.02 
.02 
.16 
.19 
.21 
.22 

Emanation 
Coeffi­
cient 

0.22 
.23 
.23 
.24 
.40 
.43 
.43 
.43 

tJioisture, 
Satur­
ation 

0.34 
.36 
.46 
.50 
.64 
.65 
.71 
.77 

Emanation 
Coeffi­
cient 

0.42 
.45 
.47 
.46 
.45 
.48 
.47 
.46 

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

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

Moisture, 
Satur­
ation 

0.001 
.001 
.001 
.001 
.001 
.001 
.002 
.004 
.004 
.005 
.009 
.010 

Emanation 
Coeffi­
cientl 

0.127 
.146 
.150 
.136 
.154 
.144 
.138 
.135 
.139 
.126 
.126 
.141 

Moisture, 
Satur­
ation 

0.01 
.01 
.15 
.15 
.44 
.47 
.73 
.79 

1.02 
1.10 
1.31 
1.32 

Emanation 
Coeffi­
cient 

0.126 
.119 
.350 
.370 
.390 
.390 
.260 
.420 
.430 
.440 
.460 
.430 

Moisture, 
Satur­
ation 

1.6 
1.6 
1.9 
1.9 
2.2 
2.2 
2.4 
2.5 
2.7 
2.7 
3.0 
3.0 

Emanation 
Coeffi­
cient 

0.43 
.44 
.46 
.45 
.43 
.45 
.47 
.44 
.45 
.43 
.46 
.45 

ITypica1 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 lv'loisture, 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 

ITypical 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 NiYl-S23-2 

Moisture, 
Satur­
ation 

0.005 
.008 
.008 
.008 
.008 
.009 
.009 
.010 
.010 
.010 
.010 
.010 

Emanation 
Coeffi­
cientl 

0.17 
.23 
.23 
.24 
.29 
.21 
.23 
.23 
.24 
.25 
.25 
.26 

Moisture, 
Satur­
ation 

0.01 
.02 
.02 
.02 
.12 
.13 
.22 
.22 
.32 
.33 
.43 
.44 

Emanation 
Coeffi­
cient 

0.27 
.23 
.26 
.26 
.37 
.36 
.37 
.37 
.38 
.36 
.38 
.35 

lv'loisture, 
Satur­
ation 

0.53 
.56 
.62 
.67 
. 71 
.72 
.83 
.85 
.90 
.94 

1.04 
1. 05 

Emanation 
Coeffi­
cient 

0.36 
.38 
.37 
.40 
.33 
.38 
.37 
.41 
.38 
.39 
.34 
.41 

ITypical 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, 
Satur­
ation 

0.01 
.01 
.02 
.02 
.02 
.02 
.02 
.02 
.02 
.02 
.02 
.02 

Emanation 
Coeffi­
cient1 

0.18 
.19 
.16 
.16 
.16 
.17 
.18 
.18 
.18 
.18 
.19 
.19 

Moisture, 
Satur­
ation 

0.02 
.04 
.18 
.32 
.32 
.41 
.42 
.55 
.58 
.66 
.76 
.79 

Emanation 
Coeffi­
cient 

0.20 
.18 
.26 
.26 
.28 
.26 
.27 
.25 
.28 
.28 
.27 
.26 

Moisture, 
Satur­
ation 

0.81 
.91 
.93 

1. 02 
1.03 
1.15 
1.15 
1. 28 
1. 30 
1.45 
1.45 

ND 

Emanation 
Coeffi­
cient 

0.26 
.28 
.25 
.26 
.25 
.26 
.27 
.28 
.26 
.26 
.26 
ND 

1Typica1 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 CS 

Moisture, 
Satur­
ation 

0.06 
.06 
.07 
.07 
.07 
.07 
.07 
.07 
.08 

Emanation 
Coeffi­
cient1 

0.105 
.106 
.100 
.114 
.116 
.118 
.123 
.129 
.117 

Moisture, 
Satur­
ation 

0.08 
.08 
.08 
.08 
.39 
.39 
.45 
.50 
.50 

Emanation 
Coeffi­
cient 

O.llB 
.120 
.121 
.124 
.180 
.lB4 
.199 
.210 
.220 

Moisture, 
Satur­
ation 

0.53 
.57 
.61 
.69 
.70 
.80 
.82 
.91 
.92 

Emanation 
Coeffi­
cient 

0.212 
.21B 
.215 
.229 
.219 
.214 
.219 
.236 
.217 

1Typica1 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 

t1oisture, 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 .62 .049 
.04 .047 .10 .035 .75 .050 
.05 .034 .11 .049 .95 .050 
.05 .041 .12 .050 .98 .053 
.05 .054 .18 .066 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 IvIoisture, Emanation Moisture, Emanation 
Satur- Coeffi- Satur- Coeffi- Satur- Coeffi-
ation cientl ation cient ation cient 

0.0 0.076 0.49 0.196 0.69 0.23 
.0 .085 .49 .137 ND ND 
.0 .040 .58 .168 ND ND 

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

ND = Not determined. 
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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. Hoisture 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 10-5 , 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 Ed' Em' Ratio, 
Sample mean2:S.D. (n)l mean2:S.D. (n)l Em/Ed 

VlP-1 0.36 2:0.02 (17) 0.55 2:0.02 (20) 1. 53 
vIP-2 .28 2: .03 (10) .47 2: .02 (19) 1.68 
\tJG-1 .0232: .003 (10) .0952: .019 (20 ) 4.13 
HG-2 .17 2: .03 (14 ) .24 2: .03 (19 ) 1.41 
WG-3 .0422: .026 (14 ) .1122: .019 (20) 2.67 
~'VC .053+ .009 (13 ) .1612: .017 (14 ) 3.04 
UB .0322: .016 (16) .13 2: .03 (4 ) 4.19 
UL .0772: .009 (14) .1662: .015 (13) 2.16 
CK .0782: .015 (13) .1892: .012 (10) 2.42 
CD .1042: .018 (15 ) .25 + .02 (17) 2.40 
NlVl-P 10-1 .21 2: .02 (13) .46 + .02 (8 ) 2.19 
NlVl-P10-2 .1362: .010 (14) .44 + .02 (18 ) 3.24 
NM-S23-1 .32 2: .02 (14) .53 + .02 (12) 1.66 
NM-S23-2 .24 2: .03 (16 ) .37 + .02 (20) 1.54 
Nrv1-S23-3 .1782: .012 (14) .26 2: .01 (21) 1.46 
CS . 116.:!:. .008 (13) . 219.:!:. .007 (11) 1.89 
OM .040.:!:. .009 (14 ) .0552: .012 (11 ) 1.38 
SYN-3 .067.:!:. .024 (3 ) .18 2: .04 (4 ) 2.73 

1n 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 
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provided the necessary information, which was used ln connec­
tion ".lith a cylindrical 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 rrable 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 

Radiuml Uranium3 
Original 

Ore Uranium/Radium Ivloisture 
Sample (pCi/g) Activity Ratio2 (wt. % ) (wt. %) 

WP-l 370±10 1. 07 ±O .14 0.12 ±0.02 15.1 
WP-2 320±10 0.83 ±0.17 0.080±0.017 9.4 
HG-l 2040±170 1.19 ±0.12 0.72 ±0.10 3.0 
VlG-2 37±4 1. 27 ±0.21 0.014±0.003 S.l 
WG-3 74±6 1.60 ±0.27 0.035±0.007 8.0 
HC 5400±200 0.95 ±0.09 1. 53 ±0.15 1.6 
UB 3620±140 0.96 2:.0.10 1.04 ±O.ll 0.4 
UL 570+30 0.92 2:.0.16 0.16 ±0.03 0.5 
CK 730±30 0.95 ±0.13 0.20 2:.0.03 5.5 
CD 550±30 0.95 2:.0.14 0.16 2:.0.03 1.9 
NM-P10-l 4560±150 0.99 ±0.08 1. 35 ±O .12 3.5 
NM-P10-2 2160±170 0.90 2:.0.07 0.58 ±0.06 3.0 
NM-S23-1 4400±600 1.25 ±O .10 1. 65 2:.0.27 3.3 
NH-S23-2 320±10 1.41 2:.0.17 0.14 2:.0.02 0.5 
Nlv1-S23-3 440±20 1. 26 ±0.17 0.17 ±0.03 6.2 
CS 31S0±150 0.73 2:.0.10 0.70 ±0.10 0.3 
OH 142±13 1.46 ±0.26 0.063±0.012 0.15 
SYN-3 61±2 0.051±0.023 (9.7 ±4.4)x10-4 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 1001-keV protactinium-
234m peak for uranium and the 934-keV bismuth-214 peak for 
radium. 

3ca1culated 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 iYlOISTURE ON 
RADON'S DIFFUSION COEFFICIENTS 

Theoretical Review 

Radon's diffusion is considered for a medium of porosity 
12 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(lO) 
or metals(33, 47). -

rrhe Equation of Continuity with 
Both Volume and Surface Diffusion 

'rhe effective diffusion coefficient of a porous medium may 
be defined in terms of Fick's first law. The macroscopic flux J 
(atoms/ cm2 s) due to radon's volume diffusion in the air of the 
pores is, therefore, given as 

(4-1 ) 

where Dev is the effective volume diffusion coefficient 
(cm2 / 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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(a) (b) (e) 

~ a = 1 

figure 4-1. -(a), -(b), -(c). Considerations of porosity and 
tortuosity in volume diffusio,n 

64 



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 12. for t; =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 J v (atoms/ cm2 s) coming off the right-hand side of 
the cube is J a = -p Da dC/aX (where Da is radon's diffusion 
coefficient (cm2 / s) in free air) because Fick' s first law is 
only operative in the channel. The width of the channel 
must be p/ t;. for a tortuosity other than unity (Figure 4-1-b). 
The length of the channel is increased by the factor t;, thus 
decreasing the concentration gradient along the channel's 
length by the same factor. 'rhus, the flux J v coming off the 
right-hand side of the cube in this case is 

(4-2) 

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

Comparing equations 4-1 and 4-2 yields 

D = fpD /[,,2 
ev a (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 
solid rather than a moisture-air interface. Fisher considered 
surface diffusion in a layer of thickness ~ (em) of no definite 
physical meaning, but in the case of uranium ores the layer 
could be no more than a sparsely populated monomolecular film 
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 t; with respect to the direction of maximum 
concentration gradient. Fick 's first law applied to surface 
diffusion gives the following microscopic flux js (atoms/cm2s) 
at the annulus: 
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direction _x of maximum 
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Figure 4-2., The surface diffusion at an average pore of 
diameter () 
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- d oC lou s s 
(4-4) 

where d s is the microscopic surface diffusion coefficient 
(cm2 / s) , 

Cs is the number of radon atoms/ cm3 in the surface 
layer of thickness 6, and 

u is the distance (cm) along the pore. 

Including the. effect of tortuosity gives 

oC lou = (l/s)oC lox s s 
(4-5) 

It is assumed for simplicity that there is a distribution of 
pores of uniform diameter $ (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 J s (atoms/ cm2 s) due to surface diffusion in the 
experimentally observed direction x may be taken as 

(4-6) 

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

G = mr8s (4-7) 

Combininy equations 4-6 and 4-7 gives 

Adsorption 
justifiably 
that 

(4-8) 

In the sparsely populated monomolecular film is 
assumed to be linear so that equilibrium requires 
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(4-9) 

where 0 is the bulk density (g-!cm3 ) of the matrix, and ~ (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 

The total radon flux Jtot (atoms/cm2 s) is the 
from volume diffusion (equation 4-2) and that 
diffusion (equation 4-10), i.e., 

which, in this model, results in 

J = - (l/~2) (fpD + pkd ) ac/ax tot a s 

(4-10) 

sum of that 
from surface 

(4-11) 

(4-12) 

The total effective diffusion coefficient De 
fore a composite from volume and surface 

(cm2 /s) is there­
diffusion, i.e., 

D = (1/~2) (fpD + pkd ) e a s (4-13) 

where De is defined from 

J = - DoC/ax tot e (4-14) 

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

(4-15) 

where C""l is the number of radon atoms per cm3 of pore water, 
and KW is radon's distribution coefficient (cm3 / cm3 ) in water 
(0.225 at 25 0 C)(42). 
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The mobile radon concentration per unit of bulk volume of 
the matrix is pC from the pore air plus G6C s = pkC (equation 
4.9) from the absorbed surface layer of radon plus PwCw = PwkwC 
(equation 4-15) from radon dissolved in the water where Pw is 
the volume fraction of moisture in the bulk matrix. Hence the 
equation of continuity may be written as 

(a/at) (pC+pkC+pwkwC) = - aJtot/ax - A(pC+pkC+pwkwC) + E~S 

(4-16) 

where A 

S 

is radon's decay constant (2.098xlO-6s-1 , ~) 

is the microscopic emanation coefficient, i. e. , 
the fraction of the recoiling radon atoms that 
reach the interconnecting porosity and remain 
there for diffusion, and 

is the strength of the distributed radon source 
in 226Ra d/cm3 s. 

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

(4-17) 

where 

D = D /(p+pk+p k ) 
obs e w w (4-18) 

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

(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 Dobs 
Using the Sample's Own Production of Radon 

The experimental arrangement was basically that of Stranden 
in \iliich 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 radioactivity because the radon 

69 



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(18). 

Radon1s diffusion was to be measured in only one direction 
at a time because 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 
wi th 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: 

co 

(4-20) 

where L is the thickness of the disc and EXRss 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 IS 

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 tl and t2 and the right-hand side 
contains only the observed diffusion coefficient as an unknown. 
Values of the observed diffusion coefficient are calculated 
from program BJT06*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 Dobs < A L2/ 'If-2 or about 10-6 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 equation 4-20 with a value of L of twice the 
thickness of the disc. 

The Determination of the Diffusion Coefficient Dobs 
Using Injected Radon 

It not infrequently 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 Co 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 
l/day if Dobs = 10-4 cm2 /s and L = 2.5 cm. In this case it 
can be shown (Appendix D) that the following relationship exists 
at times tl and t2 following the removal of the end plates: 

(4-21) 

where EXRNI represents the exhalation rate at the time in 
question 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 equ i.libration much less than A, 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 (BJT06*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. rrhe value of L should 
be twice the disc thickness if the disc is contained in 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. If tl/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 tl/2 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 tl/2 was restricted 
to 1 day. 

Experimental Hork 

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. 'l'he 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 lines (Figure 4-4a) but was unnecessary when it had one 
(Figure 4-4b). 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 IS 

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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Figure 4-3. Apparatus for measuring the diffusion 
coefficient of a disc sample. 
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Top View 

Side View 

To Mixing Chamber 

4-4 (a) 4-4 (b) 

Figure 4-4. Air flow at the exhalation chamber 
(a) for a disc open at both ends, or 
(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 lacquer, then allowed to dry. In addi­
tion, some of 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)i 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 planei the other disc for that ore was 
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Figure 4-5. A flow-through scintillation cell 
(approxi~ately full size). 
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obtained within 2 to 12 cm of the first in a perpendicular 
orientation 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 O~l 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 0 to 
900 C for a week, and finally dr f"ed in the vacuum desiccator 
for a week, all of which produced a constant weight and but 
slowly changing properties(S3). 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 95 0 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 vlith the selfsame disc no matter 
what the moisture content. Hence, such results should be 
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, i. e. , 
the VJyoming 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). In 
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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 less than 1 percent of the sample's average. 
This was to experimentally satisfy the boundary conditions 
for the mathematical solutions, i.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 left 1n 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 10-6 cm2 /s) (34), the 
latter effect 1S consistent with the paraffin orTginally 
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(~). 

The disc of synthetic ore previously mentioned 1S the 
only disc the radon diffusion of which was investigated in a 
cup, Figure 4-4b. 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. 

Hhen there was two or three weeks of sealed equilibration 
before the exhalation experiment, about 30 percent of the planar 
surface of the disc sometimes became discolored with a film of 
surface-diffusing vaseline. It is estimated that this film 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 10-6 cm2 / s (34), which probably overestimates the time. 
'rhus, 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 
invol ve the term p + pk+p k ( equations 4-16 through 4-19) 
for both volume and surfac~ \§.iffusion. Although the porosity 
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E and density p are known for each ore, the radon distribution 
coefficient k (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 Wore (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 "vhich the scintillation cells were serially removed 
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 Val including the 
interconnecting porosity of the sample. The average of the two 
scintillation-cell readings (designated Rl) 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 Val 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 R2. A small correction is added to Rl to include 
"grown in" mobile radon in Rl " 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 

Rl' (V l+kVJ ) = R2 (V l+V I +kvJ ) a ore a a ore (4-22) 

which may be rearranged to give 

k = (R2V'/(Rl'-R2) - V ll/w a a ore (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 equilibrium. 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 rom 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 EXRNI 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 EXRNI 
were comparatively small and could have been neglected. 

Table 4-3 contains a dozen combinations of points of 
times tl and t2 together with their calculated values of 
observed diffusion coefficients calculated from equation 4-21. 
The average at the 22 0 C and 0.85 atm of the experiment was 
1.2 x 10- 3 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 Dobs = 1.21 x 10-3 cm2 /s 
(program BJT06*UC359PROG9.1) (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 

!Q~_~ry_Dis£. 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 EXRNI 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 

(240 C, 0.85 atm) 

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

1.4 
2.9 
6.0 

16.0 
25.5 

IFor 46 cm3 /min of flow rate 

2.8 + 1.6 
4.1 + 1.4 
0.2 + 1.2 
3.3 ± 1.2 
1.0 + 1.0 

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

(22 + lOC, 0.85 atm) 

Diffusion 
time (min) EXR (c/min)* EXRNI (c/min)l 

3.9 641. + 9. 1.1 
6.7 627. + 10. 0.8 

11.6 382. + 8. 0.6 
19.2 281. + 9. 0.5 -
30.0 162. + 4. 0.4 
46.0 88. + 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 + 0.6 0.1 -
2,603.0 0.8 + 0.4 0.0 

1 For 100 cm3 /min of flow rate 

81 



TABLE 4-3. Observed diffusion coefficents (cm2 /s) calculated 
from Table 4.2 for the disc of dried synthetic ore 

(22 ~ lOC, 0.85 atm) 

Time (min) 
of point 2 = 30.0 46.0 69.0 

Time (min) of 
point 1 

3.9 1.17xlO-3 1.11xlO-3 1.07xlO-3 

6.7 1.52xlO-3 1.30xlO-3 1.19xlO-3 

11.6 1.24xlO-3 1.14xlO-3 1.09xlO-3 

19.2 1.38xlO-3 1.17xlO-3 1.10xlO-3 

Av. Dobs = (1. 21 + 0.13) x 10-3 cm2 /s 

TABLE 4-4. Exhalation data for the dried disc of WGl with the 
axis parallel to the bedding plane after 

developing its own equilibrium radon 
concentration 

(23.5 0 C, 0.85 atm) 

Diffusion time (min) 

1.3 
2.8 
4.8 
9.8 

IFor 1,540 cm3 /min of flow rate 
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10.8 + 1.6 
4.2 + 1.2 
0.9 ~ 1.0 
0.7 + 0.7 
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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 EXRNI could have been ignored as they 
might have been in the case of the synthetic ore. 

Eighteen combinations of times tl and t2 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 cm2 /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 equation 4-21 and Dobs = 7.12 x 10-4 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 tl and t2 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 tl and t2 
averaged 4.4 x 10-4 cm2 /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 Dobs = 4.40 x 10-4 cm2 /s (program BJT06*UC359PGM1.l) 
(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 equilibration and removal of the end plates and 
excess paraffin. In order to minimize the effects of poor 
counting statistics, the points for t2 (Table 4-10) were 
taken somewhat longer than usual after those of tl' However, 
the effects on the average observed diffusion coefficient 
(3.0 x 10-4 cm2 /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-contalns-the-data-from--wh-ich--the-average-value 
of the observed diffusion coefficient was 3.34 x 10-4 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 contains 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-S. Exhalation data for the dried disc of WGl with the 
axis parallel to the bedding plane after 

injection with radon 

(23 0 C, 0.8S atm) 

Diffusion 
time (min) EXR (c/min)l EXRIH (c/min)l 

1.7 18,290. + 90. 13. -
2.7 11,090. + 80. 7 . 
3.7 8,8S0. + 70. 4. 
4.7 7,010. + 60. 3 . -
6.7 4,960. + 40. 2. -
8.7 3,930. + 30. 1. 

11.7 2,650. + 30. 1. -
14.7 2,SSO. + 20. 1. 
17.7 1,730. + 20. O. 
20.7 1,840. + 20. O. -
23.7 1,430. + 10. o . -
29.7 980. + 10. O. -
Sl.7 448. + 7 . O. -

119.7 245. + - 6. O. 
227.7 113. + 2. O. 
462.6 67.3 + 1. O. -

1,390.7 10.1 + 0.5 O. 

lFor 720 cm3 /min of flow rate 
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TABLE 4-6. Observed diffusion coefficients (cm2 /s) for the 
dried disc of HGI with the axis parallel 

to the bedding plane 

(23 0 C, 0.85 atm) 

Time (min) 
Point 2 = 23.7 29.7 51. 7 

Time (min) 
of point 1 

3.7 9.80xlO-4 9.l3xlO-4 6.58x10-4 

4.7 9.l0x10-4 8.60x10-4 6.28x10-4 

6.7 8.07x10-4 7.80xlO-4 5.83x10-4 

8.7 7.47x10-4 7.38x10-4 5.58x10-4 

11. 7 5.56x10-4 6.l8xlO-4 4.93x10-4 

14.7 7.18x10-4 7.l7x10-4 5.25x10-4 

]J,.v. Dabs = (7.12 + - 1.43) x 10-4 cm2/s 
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rrABLE 4-7. Exhalation data for 17.0 percent of moisture 
saturation in disc WGl with the axis 

parallel to the bedding plane 

Diffusion time (min) 

1.6 
3.6 
5.2 
7.6 

10.1 
12.6 
16.6 
21.6 
26.6 
34.6 
44.6 
59.6 
79.6 

109.6 
157.6 
179.6 

1,500.0 

IFor 610 cm3 /min of flow rate 
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Exhalation 

261. 
93. 
70. 
49. 
32. 
28. 
24. 
12. 
18. 
12. 
8.9 

10.0 
5.8 
7.4 
4.7 
3.4 
0.4 

rate (c/min)l 

+ 5. -
+ 3. -
+ 3. -
+ 2 . -
+ 2. 
+ 2. 
+ 2. -
+ 1. -
+ 1. 
+ 1 . 
+ 0.7 -
+ 0.7 
+ 0.5 -
+ 0.5 
+ 0.3 
+ 0.3 -
+ 0.2 = EXRss 



TABLE 4-8. Observed diffusion coefficients (cm2/s) with 17.0 
percent of saturation in disc WGI and the axis 

parallel to the bedding plane 

(23°C, 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 7.45xlO-4 6.98x10-4 5.97xlO-4 3.81x10-4 3.62xlO-4 

5.2 6.95x10-4 6.64xlO-4 5.70xlO-4 3.60xlO-4 3.47x20-4 

7.6 5.77x10-4 5.81xlO-4 5.08xlO-4 3.10xlO-4 3.13xlO-4 

10.1 3.56xlO-4 4.49xlO-4 4.13xlO-4 2.30xlO-4 2.62xlO-4 

12.6 3.02xlO-4 4.28x10-4 3.97xlO-4 2.14xlO-4 2.52x10-4 

Av. Dabs = (4.40 ± 1.59) x 10-4 cm2 /s 
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TABLE 4-9. Exhalation data for 29.6 percent of moisture 
saturation in disc WGI with the axis 

parallel to the bedding plane 

(23 0 C, 0.85 atm) 

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

5.0 12. + 1. -
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 + 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 + 0.5 
71.5 0.9 + 0.4 -
98.0 1.2 + 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 + 0.05 

EXRss = 0.33 

I For 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 HGI and the 

axis parallel to the bedding plane 

(23 0 C, 0.85 atm) 

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

Time (min) 
of point 1 

5.0 4.82xlO-4 4.91xlO-4 2.75xlO-4 2.11xlO-4 

10.0 3.34xlO-4 3.92xlO-4 1.96xlO-4 3.73xlO-4 

14.0 3.89xlO-4 4.29xlO-4 2.24xlO-4 1.81x10-4 

18.3 2.58xlO-4 2.08xlO-4 1.57xlO-4 1.44x10-4 

Av. Dobs = (2.97 + 1.16) x 10-4 cm2 /s 
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TABLE 4-11. Exhalation data for 67.4 percent of moisture 
saturation in disc WGI with the axis 

parallel to the bedding plane 

(23 0 C, 0.85 atm) 

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

3.1 610. + 10. -
5.1 369. + 6. -
7.2 306. + 5. 
9.2 238. + 5. -

13.4 177. + 3. 
19.1 145. + - 4. 
23.1 116. + 3 . -
27.6 99. + - 3 . 
33.1 79. + 3 . 
48.1 51. + 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 + 0.4 

1211.1 4.9 + 0.2 
2907.0 4.3 + 0.2 -
3181.0 4.8 + 0.2 

EXRss = 4.6 

IFor 269 cm3 /min of flow rate 
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TABLE 4-12. Observed diffusion coefficients (cm2 /s) with 67.4 
percent of saturation in disc VVGl and the axis 

parallel to the bedding plane 

(23 0 C, 0.85 atm) 

Time (min) 
of point 2 = 48.1 64.1 104.1 163.1 

Time (min) 
of point 1 

5.1 5.23xlO-4 3.85xlO-4 2.99xlO-4 2.l7xlO-4 

7.2 5.17xl0-4 3.8lxlO-4 2.96xlO-4 2.16xlO-4 

9.2 4.74xl0-4 3.47xlO-4 2.78xlO-4 2.04xlO-4 

13.4 4.38xlO-4 3.18xlO-4 2.6lxlO-4 1.94xlO-4 

Av. Dabs = (3.34 + 1.10 ) x 10-4 cm2 /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 

(24 0 C, 0.85 atm) 

Diffusion time (min) 

1.3 
2.8 
4.8 
6.8 
8.8 

11.8 
15.8 
20.8 
26.8 
34.8 
44.8 
59.8 
79.8 

109.8 
139.8 
169.8 

lFor 1210. cm3 /min of flow rate 
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Exhalation rate (c/min)l 

524. + 8. 
198. + 4. 
88. + 3. 
56. + 2. -
41. + 2. -
29. + 2. 
23. + 2. 
16. + 2. 
10. + 2. 

8. + - 1. 
8. + 2. 
5. + 1 . 
2.7 + 0.9 
1. + 1. 
0.3 + 1.0 
0.7 + 1.0 

EXRss = approx. 0 



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 

(240 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 1.40xlO-3 1.11xlO-3 8.42xlO-4 7.17xlO-4 6.05xlO-4 

4.8 1.123xlO-3 8.92xlO-4 6.70xlO-4 5.91xlO-4 5.14xlO-4 

6.8 9.81xlO-4 7.79xlO-4 5.80xlO-4 5.26xlO-4 4.66xlO-4 

8.8 8.97xlO-4 7.08xlO-4 5.21xlO-4 4.84.10-4 4.36xlO-4 

11.8 7.90xlO-4 6.16xlO-4 4.43xlO-4 4.30xlO-4 7.37xlO-4 

Av. Dobs = (7.15 + 2.48) x 10-4 cm2 /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 10-4 cm2 /s. Figure 4-12 contains the data and calculated 
curve. 

Radon's Distribution Coefficient for Ore WGl 

The weight ~'lore was 37.7 g of which 2.803 weight percent 
was moisture. Its dry bulk density was 1.9776 g/ cm3 and its 
dry porosity was 23.41 percent. ,The volumes Val and Va' were 
80 ± 5 cm3 and 121 ± 5 cm3 , respectively. The first two 
scintillation cells gave values of 4,477 and 4,817 for Rl', that 
is, an average of 4,647 ± 240. The last two scintillation 
cells gave values of 2,192 and 2,311 for R2 at the same time of 
reference, that is an average of 2,252 ± 85. (The errors from 
counting statistics were negligible.) The value of the distri­
bution coefficient kto t 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 absorption by the 
small amount of the sample's moisture since water's absorption 
coefficient at the 250 c of the experiment is 0.22 cm3 / g (42) . 
Using the law of mixtures enables the calculation of just 
moist WGl ore's distribution coefficient to be (0.91 ± 0.45) 
cm3 /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 10-5 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 10-4 cm2/s resulted in the curve of Figure 4-14. 

Diffusion Perpendicular to the Bedding Plane 

The Dry Disc. - This disc had a thickness 
a diameter of 6.6 cm. Table 4-21 contains 
which the results of Table 4-22 'i;vere obtained. 
Figure 4-15 was calculated with 5.19 x 10-4 
average observed diffusion coefficient. 

100 

of 2. 70 cm and 
the data from 

The curve of 
cm2 /s for the 



TABLE 4-15. Exhalation data for 29.5 percent of moisture 
saturation in disc VJG1 with the axis 
perpendicular to the bedding plane 

(25 0 C, 0.85 atm) 

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

8.7 160. + 4. -
12.7 100. + 3. -
17.7 102. + 3 . -
27.7 88. + 3 . 
37.7 65. + 3 . -
47.7 48. + 2. -
57.7 42. + 2. -
67.7 39. + 2. -
81. 7 37. + 2. -

101.7 29. + 2. 
131. 7 24. + 2 . -
181.7 22. + 1 . 
241.7 17. + 1. 
297.7 16. + 1. -
626.7 11.9 + 0.8 -

1617.0 8.6 + 0.3 -
2757.0 9.6 + 0.3 
3062.0 8.8 ~ 0.2 

EXRss = 9.1 + 0.2 -

1For 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 

(250 C, 0.85 atm) 

Time (min) 
of point 2 = 47.7 57.7 67.7 81.7 

Time (min) 
of point 1 

8.7 3.73xlO-4 3.29xlO-4 2.81xlO-4 2.28xlO-4 

12.7 2.43xlO-4 2.28xlO-4 1.95xlO-4 1.56xlO-4 

17.7 3.30xlO-4 2.93xlO-4 2.49xlO-4 2.01xlO-4 

Av. Dobs = (2.58 + 0.64) x 10-4 cm2 /s -
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TABLE 4-17. Exhalation data for dried disc DB with the 
axis parallel to the bedding plane 

(24.5 0 C, 0.85 atm) 

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

2.4 93. + 3 . -
3.9 71. + 3 . 
6.4 59. + 2 . 
9.4 47. + 2. 

14.4 44. + 2. 
22.4 35. + 2. -
34.4 22. + 2. 
51. 3 25. + 2 . 
67.3 18. + 1. -

116.2 12. + 1--
175.2 17. + 1. 
395.4 5.3 + 0.7 -
607.4 4.0 + 0.6 -

1,354.0 2.4 + 0.4 
1,667.0 2.2 + 0.6 -
2,500.0 1.5 + 0.3 = EXRss 

1 For 360 cm3 /min of air flow 
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TABLE 4-18. Observed diffusion coefficients (cm2/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 

m" .Llme (min) 
of point 1 

3.9 4.94xlO-5 3.7lxlO-5 

6.4 5.20xlO-5 3.86xlO-5 

9.4 5.01x20-5 3.75x10-5 

Av. Dobs = (4.41 + 0.71) x 10-5 cm2 /s 
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TABLE 4-19. Exhalation data for 93.0 percent of moisture 
saturation in disc DB with the axis 

parallel to the bedding plane 

(23°C, 0.85 atm) 

Diffusion time (min) 

4.6 
7.6 

12.6 
19.6 
30.6 
46.6 
70.6 

106.6 
160.6 
245.6 
362.6 
544.6 
993.1 

1893.0 
2719.0 
3337.0 

IFor 171 cm3 /min of air flow 
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Exhalation 

1410. 
1060. 

810. 
570. 
348. 
299. 
186. 
136. 

88. 
61. 
42. 
25.8 
16.0 
12.9 
12.1 
11.6 

EXRss 

rate (c/min)l 

+ 20. 
+ 20. -
+ 10. 
+ 10. 
+ 6. -
+ 6. 
+ 4. -
+ 4. -
+ - 4. 
+ 2. 
+ 1. -
+ 0.9 -
+ 0.7 
+ 0.5 -
+ 0.7 -
+ 0.6 
= 11. 0 



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 C, 0.85 atm) 

Time (min) 
of point 2 = 

Time (min) 
of point 1 

4.6 

7.6 

12.6 

160.6 

1.80xlO-4 

1.76xlO-4 

1.74xlO-4 

Av. Dobs = (1.21 + 0.39) - x 

245.6 362.6 544.6 

1.30xlO-4 9.87xlO-5 7.97xlO-5 

1.28xlO-4 9.73xlO-5 7.88xlO-5 

1.27xlO-4 9.68xlO-5 7.83xlO-5 

10-4 cm2 /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. + 10. 
6.9 340. + 9. -

14.9 208. + 5 . 
30.9 75. + 3 . -
62.9 27. + l. -
98.9 15. + l. 

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 

EXRss = 1.3 

1 For 240 cm3 /min of air flow 
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TABLE 4-22. Observed diffusion coefficients (cm2 /s) for dried 
disc UB having its axis perpendicular to 

the bedding plane 

(23 0 C, 0.85 atm) 

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

Time (min) 
of point 1 

2.9 8.09xlO-4 5.69xlO-4 4.24xlO-4 3.35xlO-4 

6.9 7.64xlO-4 5.48xlO,-4 4.11xlO-4 3.27xlO-4 

14.9 7.91xlO-4 5.32xlO-4 3.97xlO-4 3.17xlO-4 

Av. Dabs = (5.19 + 1.83) x 10-4 cm2 /s -
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The Disc with 62.1 Percent of Moisture Saturation. 
Table-4~23-contains-the(fata-obtained-on-the~ise-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.1 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 ~ 2.91) x 10-4 cm2 / 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 
a s-machined moisture content. The calculated resul ts are 
contained in Table 4-28. The average observed diffus ion 
coefficient of (9.49 ~ 3.90) x 10-4 cm2 /s gave the curve of 
Figure 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 hamper~d 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 

k: k: 
EU = (SSEXR)/{ (No pCi Ra/g)Pbulk(\Dobs) 2tanh{ (\/Dobs ) 2L/2}} 

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

SSEXR 1S defined below Table 4-29. 

(4-24) 

The estimates for a given disc increase in a qualitative sense 
from the dry state as moisture is added. However, the values 
do not always agree quantitatively 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 DB with the axis 
perpendicular to the bedding plane 

(23 0 C, 0.85 atm) 

Diffusion time (min) 

4.5 
7.5 

12.5 
19.5 
30.5 
46.5 
70.5 

106.5 
160.5 
241.5 
359.5 
414.5 
566.5 

1,401.0 
1,916.0 
2,833.0 
3,341.0 

Ipor 165 cm3 /min of air flow 

114 

Exhalation rate 

1920. + -
720. + 
630. + -
490. + 
289. + 
164. + 
104. + -

72. + 
48. + -
34. + 
24.6 + 
29.6 + -
18.9 + -
18.3 + -
17.1 + -
15.8 + 
21.2 + 

EXRss = 

(c/min)l 

20. 
10. 
10. 
10. 

8. 
6. 
3. 
2. 
1. 
1 . 
0.8 
0.7 
0.8 
0.8 
0.8 
0.6 
0.7 

18.0 



TABLE 4-24. Observed diffusion coefficients (cm2 /s) with 62.1 
percent of moisture saturation in disc UB having 

its axis perpendicular to bedding plane 

(23 0 c, 0.85 atm) 

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

Time (min) 
of point 1 

4.5 7.18xlO-4 5.41xlO-4 3.93xlO-4 2.95xlO-4 

12.5 5.14xlO-4 4.09xlO-4 3.07xlO-4 2.39xlO-4 

19.5 5.32xlO-4 4.08xlO-4 3.02xlO-4 2.35xlO-4 

Av. Dobs = (4.08 + 1.46) x 10-4 cm2 /s 
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TABLE 4-25. Exhalation data for dried disc WC with the axis 
parallel to the bedding plane 

(24.5 0 C, 0.85 atm) 

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

2.7 530. + 10. -
4.2 363. + 9. 
6.7 225. + 7. 
9.7 132. + 4. -

14.7 97. + 3 . 
22.2 57. + 2 . 
33.7 29. + 2. -
50.7 20. + 1. -
75.7 13. + 1. 

113.7 9.0 + 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 + 0.6 -
1,630.0 2.4 + 0.5 
1,868.0 1.7 + 0.5 
2,807.0 1.8 + 0.53 -
4,175.0 1.8 + 0.55 

EXRss = 1.8 

I For 780 cm3 /min of air flow 
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TABLE 4-26. Observed diffusion coefficients (cm2 /s) for the 
dried disc VilC with its axis parallel to the 

bedding plane 

(24.5 0 C, 0.85 atm) 

Time (min) 
of point 2 = 22.2 

Time (min) 
of point 1 

2.7 1.275xlO-3 

4.2 1.176xlO-3 

6.7 1.028xlO-3 

9.7 0.788xlO- 3 

33.7 

1.043xlO-3 

0.980xlO- 3 

0.883xlO- 3 

0.743xlO-3 

Av. Dobs = (6.96 ~ 2.91) x 10-4 

50.7 75.7 113.7 

0.745xlO-3 0.548xlO-3 0.393xlO-3 

0.703xlO- 3 0.520xlO- 3 0.375xlO-3 

0.636xlO-3 0.476xlO-3 0.345xlO-3 

0.539xlO-3 0.4l2xlO-3 0.304xlO-3 

cm2 /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 

(22 0 C, 0.85 atm) 

Dif£usion time (min) 

3.1 
5.1 
9.1 

14.1 
21. 6 
32.8 
49.7 
91.2 

148.0 
233.0 
361.0 
542.0 
849.0 
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Exhalation 

770. 
372. 
176. 
140. 

67. 
41. 
35. 
26. 
24. 
21.2 
20.7 
22.0 
16.0 

EXRss 

rate (c/min)l 

+ 10. -
+ 9. -
+ - 6. 
+ 5. 
+ 3. -
+ 2. -
+ 2. 
+ 1. -
+ 1. 
+ 0.9 
+ 0.7 -
+ 0.5 -
+ 0.6 
= 19.0 



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 0 C, 0.85 atm) 

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

Time (min) 
of point 1 

3.1 1.68xlO-3 1.34xlO-3 0.917xlO- 3 0.566xlO-3 

5.1 1.37xlO-3 1.14xlO-3 O.783xlO-3 0.495xlO-3 

9.1 1.08xlO-3 0.946xlO-3 0.645xlO-3 0.420xlO-3 

Av. Dobs = (9.49 + 3.90) x 10-4 cm2 /s -
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TABLE 4-29. Observed values of steady-state exhalation rates 

EXRSS(c/min)a 
104xSSEXR b including From 

Disc % of sat Rn daughters Table (Rn pCi/cm2s) 

WGI (par) 0.0 0.0 4-4 o. 
WGI (par) 17.0 0.5 4-7 3. 
WGI (par) 29.6 2.0 4-9 II. 
WGI (par) 67.4 2.5 4-11 14. 
WGI (perp) 12.9 approx. 0 4-13 O. 
WGI (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. 
DB (perp) 0.0 0.6 4-21 4. 
DB (perp) 62.1 5.9 4-23 35. 

VvCl (par) 0.0 2.8 4-25 17. 
WCl (par) 64.1 9.8 4-27 59. 

~calCulated for an air flow of 500 cm3 /min 
The steady-state exhalation rate in Rn pCi/cm2s can be shown 
to be 

SSEXR (Rn pCi/cm2s) = 0.0219 EXRss(c/min) 

(cell eff.) Atot 

where the reference cell efficiency (cell eff.) = 0.55 in 
this diffusion work and Atot is the total exposed area (cm2 ) 
of the disc. 
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the bedding plane than it does for the other orientation as it 
does for ore VJG1. Therefore, the highest value for vJGl 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 validity because of non-identical 
pieces of ore and their inhomogeneities. 

Agreement with Theory 

The Synthetic Ore 

The data agrees very well with equation 4-21 up to an 
hour I s time (Figure 4-6 and Table 4-3). This demonstrates a 
validi ty of the method with injected radon for at least this 
material which is 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(~). 

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 is consistent with radon I s appreciable distri­
bution coefficient k of 1.6 cm3 jg in paraffin(51) and its slow 
diffusion therefrom (1.-3 x 10-6 cm2 j s) (34). Vaseline I s behavior 
would be similar to that of paraffin ln giving this tailing. 

The Natural Ores 

Although the relative standard deviation of the observed 
diffusion coefficient for the synthetic ore is good (2:.11 
percent), the corresponding values for the natural ores average 
2:.32 percent with a range from 2:.16 percent to 2:.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 
Vi tro uranium tailings have been examined by equation 4-20 to 
give a relative standard deviation for the observed diffusion 
coefficient of only 2:.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 its relative standard deviation was comparatively small 
(:~20 percent». 
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The relationship between the observed diffusion coefficient 
Dobs of the equation of continuity (equation 4-17) and the 
effective diffusion coefficient De of Fick's first law for 
the macroscopic flux is equation 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), k ore = 0.91 cm3 /g 
(Experimental Results) and kw = 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 
same ore and moisture content. Inhomogeneities must also playa 
role in the lack 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 permeabili ties 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 behavior 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 
(Da) and on the pore surface (d s ). The equation is valid 
for any degree of saturation including the dry state. The 
following can be approximated from it to the extent that f, k, 
d s , and ~ are constant between the dry and moist states: 

D obs,% 
D obs,dry (4-25) 

'it/here % represents the degree of moisture saturation, and 
fDa/ d s 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 quantity k is known 
from the section on experimental work to be 2.36 cm3 /cm3 . 
A curve that satisfies the data fairly well is obtained with 
500 assumed for fDa/d s 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 fDa/d s 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 
coefficient for ore WGl 

(250 c, 0.85 atm) 

Direction of Percentage of 
Diffusion vs. Moisture 

DObs(cm2 /s)1 Bedding Plane Saturation De (cm2 /s) 

Parallel 0.0 7.12xlO-4 1.85x10-3 
Parallel 17.0 4.40xlO-4 1.12xlO-3 
Parallel 29.6 2.97xlO-4 7.50x10-4 
Parallel 67.4 3.34x10-4 8.14xlO-4 

Perpendicular 12.9 7.15xlO-4 1.83xlO-3 
Perpendicular 29.5 2.58xlO-4 6.51xlO- 3 

IS - . 1 It' t-' h ee £xperlmenta Resu s In hlS c apter 
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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± IOC, 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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Figure 4-21. Radon's observed diffusion coefficient in two 
discs of ore from Utah Big Buck mine. 

(23 ± lOC, 0.85 atm) 

Bottom points: diffusion direction parallel 
to beddinq plane; curve calculated from equa­
tion 4-25 with assumed values of pk = 0.007 
and f Da/ds = 0.1 . 

Upper points: diffusion direction perpendicu­
lar to bedding plane. 
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Curve calculated from equation 4-25 with 
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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(52). 
However, the present work suggests that larger specific surface 
areas may correlate with larger values of the surface diffusion 
coefficient. 

Whether or not Dobs,% increases with moisture in equation 
4-25, the total flux Jtot (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 e (4-26) 

Equation 4-26 implies that as moisture increases and therefore 
the air porosity p% decreases, the effective diffusion co­
efficient should vary monotonically with p% provided that f, 
d s , k and S are comparatively unaffected as would be expected. 

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 virtually undiffusing pore gas as pictured by 
van Genuchten and Wierenga for liquids(55). The connection 
between the diffusing and virtually undiffusing gas would be 
through a slow, diffusion-controlled process as described in 
their mathematics. 
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CHAPTER 5 

MATHEMATICAL HODELING 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 is based on several of the key parameters 
measured on the ore samples in this study, including the 
bulk density (p), the total porosity I and the pore-size dis­
tribution, which was comprised of approximately fifty pore 
diameters (di) and their corresponding specific volumes (vi). 
Other measured parameters such as the radium and uranlum 
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, in 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 frequent 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 its 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 Equations 

The process of radon emanation into a cylindrical pore 
containing water is 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. rrhe 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 (8) 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 (vI) 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 lS increased, the pores must become 
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 FR (cm3 / cm3 ), and the thickness of -the mineral source 
layers around the pores. 

Figure 5-1 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, RT' 

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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equation for E was simply wr i t ten in two-dimensional form 
as: 

E = 

where, 

n. = l 

"n.A.f. 
L..J III 
i 

Q 

v.P 
l 

2 '/fr. (i-F
T

) 
l L 

(5-1) 

(number of pores of radius ri per 
unit area of cementing material) 

A. = 
l 

TI{(r.+R , )2_ r .2} 
l l 

(area of annular source region 
which can contribute to emanation) 

R' = min(R,S) (minimum value of either R or S) 

R = radon recoil range in rock (cm) 

fi = fraction of radon atoms produced In Ai 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 Q was therefore: 

Q = min ~ 2 2 \' 2 {L.n.TI({r.+S} -r. ), i-Lon.TIr. } 
.l l l .ll 
l l 

(5-2) 

The number of radon atoms produced in a given annular 
source having unit radium concentration (atoms/ cm2 ) that are 
emanated into a given pore was defined by integrating the 
emanation fraction originating at any P?int in the annulus over 
the area of the annulus: 

(5-3) 
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The definition of the emanation fraction, fi, r' 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 Zr through the rock to reach the pore boundary. The 
fraction of atoms emanated from the source element is: 

1 r-r. 7- (-T'l(J 
d1jJ )d8 , (5-4) 

o x 

where 1jJ 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 8 can similarly range 
from zero to a maximum of n/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 required 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 by 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: 

1 r. 
. - 1 ~ ~ 

B = sm lr 2 2 2 k r «R cos e + r. ) 2 
1 

2 2 2 k r >(R cos e + r. ) 2 
1 

(5-5 ) 

more complicated, and depends on 
low enough energy to not become 

pore wall. This requires a minimum 

The definition of x 1S 

the recoil atom having a 
impacted into the opposite 
pathway in rock of: 

y = R - RT' (5-6) 

or an equivalent 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. 
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Trajectory 1 
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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 Zr and Zw were then determined from the 
equation 

y = Z + 2aZ , 
r w 

and the geometric relationships: 

cos1jJ = 

cos1jJ = 

Z 
w = 

r2-ri2 + Zr2cos2e 

2rZrcos e 

r2_(ri-W)2+(Zr+zw)2cOs2e 

2r(Zr+Zw)cos 8 

2 sec e (r. 
l 

2 . 2 ,1,) 1/2 - r Sln \jJ 

(5-7) 

(5-8 ) 

(Trajectory 1) (5-9 ) 

(Trajectory 2) (5-10) 

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 Zr for trajectory 1 in terms of known parameters. 
Similarly combining equations 5-7, 5-8 and 5-10 yields a quartic 
equation in Zr 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 vJhen calculating 
the radon path lengths Zrl and Zr2' 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 

x = A 

x = H 

r > ri - 2aW + ycosS 

r < r i - 2 a ~'V + Y cos e 

and A < sin- l 

and A < B 

r' -lif (_l_) 
r 

r < ri - 2a~f + ycos e 

and A > sin- l 
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and H < B 

x = B r < ri - 2aV~ + ycos e 

and A > B 

and H > B 

where A = cos- l r 2-r· 2+Z 2 lCOS 2 e 
[ l r ] 

2rZrlcos e 

and H = cos- l 

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

and integrating 
for the emana-

E = 

r.+R' 

1 
ri 

2 2 'En
i

1f [(ri+s) -riJ 

i 

r 

1 
r-r. 

- l 
OOS (~) 

f (B-x) de dr 
o 

(5-12) 

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 I Fs I of the saturation "moisture content for 
a given ore and calculated an equivalent water film thickness I 

W, from the pore size distribution using the relationship: 

F = s 

~i min(W,ri) [2ri - min(W,ri)] 
i 

i 

Comparison with Experimental Results 

(5-13) 

Exercising the model under a variety of conditions 
indicated that twenty equal increments were sufficient for 
evaluating the two numerical integrals in equation 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 FR, 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. 'rhe 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 (~m), as reported by Andrews and Wood(4), for the 
radon recoil range measured in Na20 CaO 6SiOi glass. A 
supporting calculation using Lindhard, Scharff and Schott's 
(LSS) equations(26) and a matrix composed of 49% 0, 2% Na, 
5% AI, 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 Vm. Zimens(61) 
reported a similar value of 0.033 ~m for thoron in iron hydrox­
ide with a density of 3.3 g/ cm3 . Recently Quet (35) reported 
higher ranges of o. 0654 ~m for thoron in Si02, and suggested 
that the empirical formulation of Zimens(62) gave more reliable 
numbers than the LSS calculations. However, the value chosen 
above was based 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 
~m 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 ]Jill. 

The range of a radon atom in rock which was equivalent 
to the impaction threshold energy was assumed to be 0.01 ]J m. 
This was based on the estimate of VJahl (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 ]Jm 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 sample 
inhomogeneity. Figure 5-9 illustrates the effect of using two 
different pore size distributions, which were measured on 
replicate lumps of the we ore sample. 

For several of the ores, particularly WGl (Figure 5-6), 
WG2 (Figure 5-7), and NM-S23-3 (Figure 5-18), the magnitude of 
the moisture effect. could not be varied justifiably 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 recoil 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 inert rock fractions were 
relatively constant for all ores, averaging 0.78 ~ 0.11 for 
16 of the ores. In the case of WG1, the inert fraction was 
pulled to zero in trying to fit the very low dry emanation 
coefficients. In the case of Otc1, the inert rock' fraction could 
be varied over the indicated range without affecting the result. 
This suggest~d 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 Vm 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 be 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, f..\m Fraction 

vlP-l 0.026 0.62 
WP-2 .020 .63 
'~JG-1 .034 .00 
\-lG-2 .035 .62 
WG-3 .008 .68 
HC .023 .74 
UB .020 .90 
UL .041 .93 
CK .022 .81 
CD .020 .88 
NH-P10-l .024 .84 
NM-PlO-2 .026 .85 
NM-S23-l .026 .81 
NM-S23-2 .004 .73 
Nlvl-S23-3 .034 .76 
CS .035 .95 
OH .047 0.00-.98 
SYN-3 .011 .68 
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are 
The principal 
summarized in 

CHAPTER 6 

SUlVlMARY 

accomplishments and findings of this study 
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. 110isture 
variations above these ranges did not affect emanation 
coefficients. 

o Observed emanation coefficients were explained in both 
magni tude 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. 

o· 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. 

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

o 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 I the model still allows the 
flux to decrease with increasing moisture. 

o Radon I s adsorption coefficient was determined on a 
uranium ore (HG1) using the ore IS O'iivn radon. 
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Appendix A. Pore Slze 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. 'rhe median pore 
diameter (volume) is 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 
pressure for the given data point. 
diameters (pm) corresponding to the 
one. erhe pore diameters are based 

d = -4 Y cos e 
P 

lists the actual mercury 
Column two lists the pore 
pressure values in column 
on the ~~ashburn equation, 

(A-i) 

where y is the surface tension, e 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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MICROMERITICS AUTO-PORE 9200 V2.00 

FORD, BACON, & DAVIS UTAH INC 
ORE WPI MAL =1285 

INTRUSION (PRESSURIZATION) DATA SUMMARY 

PNTR NUMBER +330 

PRES:S:Uf;~E PORE 
PS:IA DIAMETER 

MICRO-M 

+1.4 +124.3780 
+8.9 +1'3.8106 

+16.9 +10.4547 
+28.6 +6. 1712 
+53.6 +3.2964 
+7::::.8 +2.:3938 
+99.4 +1.7781 

+113.6 +1.5557 
+128.6 +1.3749 
+148.9 +1. 1875 
+179.4 +0.9853 
+198.9 +0.8887 
+239.6 +0. 737E, 
+280.3 +0.6306 
+308.7 +0.5727 
+359.5 +0.4918 
+407.3 +0.4340/ 
+479.6 +0.3686 
+549.9 +0.3214 
+E.37.9 +0.2771 
+728.7 +0.2426 
+837. 1 +0.2112 
+9':,':,. 1 +0. 1830 

+1117.5 +0. 1582 
+1294.3 +0. 1366 
+1492.6 +0. 1184 
+1712.3 +0. 1032 
+1969.2 +0. 0898 
+2287.7 +0. 0773 
+2':,19.8 +0. 0675 
+3017.8 +0. 0586 
+3491.6 +0. 0506 
+4014.6 +0. 0440 
+4630. 0 +0. 0382 
+5362.6 +0. 0330 
+6183. 1 +0. 0286 
+7076.9 +0. 0250 
+8161. 2 +0. 0217 
+9465.2 +0. 0187 

+10857. 1 +0. 0163 
+12542. 1 +0. 0141 
+14432.2 +0. 0122 
+16659.3 +0. 0106 
+19179.5 +0. 0092 
+22124.5 +0. 0080 
+25479.8 +0. 0069 
+29362.6 +0. 0060 
+33831.5 +0. 0052 
+39091.6 +0.0045 
+45040.3 +0. 0039 
+51882.7 +0. 0034 
+59736.2 +0. 00:::0 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK DENSITY 

APPARENT (SKELETAL) DENSITY 

... ~ CAPILLAR'r' +44. :::743 

INTRUS:ION PORE t1EAN 
VOLut1E SURFACE DIAMETER 

CC/G S:GI-t1/G t'1ICRO-M 

-0. 0003 -0. 0000 +124. 0590 
+0. 0960 +0. 005:~: +72. 0943 
+0. 1292 +0. 0141 +15. 1326 
+0. 1311 +0. 0150 +8.3129 
+0. 1:368 +0. 0198 +4. ?~::38 
+0. 1392 +0. 0232 +2.8451 
+0. 1407 ·+0. 0261 +2. 0860 
+0. 1416 +0. 0282 +1.6669 
+0. 1422 +0. 0299 +1.4653 
+0. 1428 +0. 0318 +1.2812 
+0. 1437 +0. 0352 +1. 0864 
+0. 1440 +0. 0365 +0.9370 
+0. 1444 +0. 0381 +0.8132 
+0. 1450 +0. 0418 +0.6841 
+0. 1456 +0. 0459 +0.6016 
+0. 1463 +0. 0506 +0.5322 
+0. 1469 +0. 0561 +0.4629 
+0. 1478 +0. 0654 +0.4013 
+0. 1485 +0. 0729 +0.3450 
+0. 1494 +0. 0855 +0.2993 
+0. 1501 +0. 0955 +0.2599 
+0. 1510 +0. 1123 +0.22':,9 
+0. 1520 +0. 1318 +0. 1971 
+0. 1523 +0. 1405 +0. 1706 
+0. 1539 +0. 1830 +0. 1474 
+0. 1546 +0.2043 +0. 1275 
+0. 1556 +0.2::::95 +0. 1108 
+0. 1568 +0.2924 +0. 0965 
+0. 1578 +0.3398 +0. 0835 
+0. 1591 +0.4105 +0. 0724 
+0. 1598 +0.4542 +0. 0630 
+0. 1611 +0.5483 +0. 0546 
+0. 1621 +0.6314 +0. 0473 
+0. 1639 +0.8138 +0. 0411 
+0. 1658 +1. 0244 +0. 0356 
+0. 1674 +1.2283 +0. 0308 
+0. 1689 +1.4613 +0. 0268 
+0. 1702 +1.6778 +0. 0233 
+0. 1715 +1.9274 +0. 0202 
+0. 1727 +2.2129 +0. 0175 
+0. 1740 +2.5405 +0. 0152 
+0. 1752 +2.9159 +0. 0132 
+0. 1761 +:::.2426 +0. 0114 
+0. 1767 +3.4963 +0. 0099 
+0. 1774 +3.7858 +0. 0086 
+0. 1780 +4. 1157 +0. 0075 
+0. 1786 +4.4918 +0. 0065 
+0. 1795 +5. 1316 +0. 0056 
+0. 1804 +5.8640 +0. 0049 
+0. 1813 +6.7024 +0. 0042 
+0. 1824 +7.9B45 +0. 0037 
+0. 1836 +9.4513 +0. 0032 
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+ O. 1836 Cc. .... ,;; 
+9. 4513 S:G1-M ..... ';; 

+24.3435 MICROMETERS 
+0.0057 MICROMETERS 
+0.0777 MICROMETERS 
+1.8016 G/CC 
+2.6922 ';;/CC 

ItV 

-0. 0003 
+0. 096:3 
+0. 0333 
+0. 0019 
+0. 0057 
+0. 0024 
+0. 0015 
+0. 0009 
+0. 0006 
+0. 0006 
+0. 0009 
+0. 0003 
+0. 0003 
+0. 0006 
+0. 0006 
+0. 0006 
+0. 0006 
+0. 0009 
+0. 0006 
+0. 0009 
+J:'. 0006 
+0. 0010 
+0. 0010 
+0. 0004 
+0. 0016 
+0. 0007 
+0. 0010 
+0. 0013 
+0. 0010 
+0. 0013 
+0. 0007 
+0. 001::: 
+0. 0010 
+0. 0019 
+0. 0019 
+0. 0016 
+0. 0016 
+0. 0013 
+0. 0013 
+0. 0012 
+0. 0012 
+0. 0012 
+0. 0009 
+0.0006 
+0. 0006 
+0. 0006 
+0. 0006 
+0. 0009 
+0. 0009 
+0. 0009 
+0. 0012 
+0. 0012 



MICROM~RITICS AUTO-POR~ 9200 V2.0n 

FORD, BACON & DAVIS 
!,iF',,' r'1AL:~ 1 ?:::::6 
PNTR NUMBER +88 

Pf;'E:~::~:URE 

P:S:IA 

+1.5 
+c~. (I 

+3.0 
+4.0 
+5.5 
+7. (I 

+10.4 
+12.9 
+15.9 
+19.9 
+24.9 
+2::::.6 

+5:::. :::: 
+73. ::: 
+:=::::. '3 

+114.0 
+13:::.5 
+17:3.9 
+226.1 
+2::: (I. :~: 

+329.2 
+419.0 
+517.7 
+636.9 
+:::::00.0 

+1196.6 
+1:39::::.9 
+159:~:. 2 
+1:::::90.1 

+2624.7 
+:301::::. '01 
+:34:::::::::. :3 
+4014.6 
+46:30.0 
+5377.3 
+6197. :=: 
+7091.6 
+:=:161.2 
+9479.9 

+10:::::57.1 
+12556.::: 
+144::::2.2 
+1670:3. :::: 
+1'~179.5 

+221::::9.2 
+2509:::.9 
+29860. ::: 

POf"E 
D I Ar'1ETER 

t'l1 CRo-r'1 

+121. ;::t::, 5 0 
+:::9. 0:;:::::2 

+44.4::::71 
+32. :.=:017 
+25.4261 
+c~ I). '309:::: 
+16.9925 
+1:3.694:3 
+ 11 • 1 0'01:::: 

+:::::. :::::646 
+7.0969 
+6.1712 
+4.56'39 
+3. 6c~30 
+3.00:::::6 
+2. :3962 
+1. '01:::::76 
+1.5507 
+1.27,::,1) 
+1.0110.4 
+0.7:::1::: 
+0. 6:~:06 
+0.5370 
+0.421::::: 
+0.3415 
+0.277E. 
+0.2210 
+0.1794 
+0.1477 
+0.1210'::::: 
+0.1110 
+0.0935 
+(1.0772 
+0.0674 
+0.05t:? 
+0.0507 
+0.0440 
+0.03::::2 
+0.0329 
+0.02:::5 
+0.024'01 
+0.0217 
+0.01:=:6 
+0.016:3 
+0.0141 
+0.0122 
+0.0106 
+,J).0092 
+0.00:30 
+0.0070 
+0.0059 

HHR IDr-i 
\iOL E 

CC 

+U.OCI02 
+0. (1035 
+0.01::::9 
+0.0257 
+0. !)414 
+0. O~i:=:::: 
+0. C!703 
+0.0:::::04 
+0. (1:::::::9 
+0.0952 
+0.1015 
+0.1063 
+0.107':; 
+0.1116 
+0.1140 
+0.115'01 
+ 0.1177 
+ O. 11 'OlE: 
+0.120::::: 
+0.1221 
+0.12::::2 
+0.123'01 
+0.1248 
+0.1257 
+0.1210'::::: 
+0.1277 
+0.1284 
+0.12'014 
+0.1303 
+0.1311 
+0.131 f, 
+0.1::::2:::: 
+0. 1 ::::::::0 
+0.1340 
+0.1349 
+0.1356 
+0.1:36:::: 
+0.1375 
+0.13:=:4 
+0.1400 
+0.1412 
+0.14,,:::::: 
+0.1441 
+0.145:::: 
+0.1464 
+0.1473 
+0.14:::::2 
+0.14'011 
+0.1498 
+0.1502 
+0.1505 
+0.150'3 

TOTAL INTRUSION VO UM 
TOT8L PORE R'E 

MEDIAN PORE DIAMETER (VOL ME 
MEDIAN PORE D1AMETER (ARE) 

AVERAGE PORE DIAMETER (4 /A 
f:I)U': DEr·~ IT 

APPARENT (SVELETAL) DEN IT 

CAP ILLAP\' 

POF:E 
:SIJRFACE 
:SC'-r'1/G 

+0.0000 
+0.0001 
+0.0007 
+0. (i1)16 
+0.003C: 
+Ci.0057 
+'0.0076 
+0.009::::: 
+0.01?0 
+0.0140 
+0.0165 
+0. 01 :::::'01 
+0.01 ':;':; 
+0.0227 
+0.0250 
+0.0274 
+0.0300 
+0.03E:::: 
+0. O:~:62 
+0.0400 
+0.043'01 
+0.046'01 
+(1.0520 
+0.05::::2 
+0.Ot::,7E, 
+0. 077:~: 
+0.0:::::64 
+0.1015 
+0.1204 
+0.1:::::::::2 
+0.152:::: 
+0. 17E,7 
+0.2054 
+0.2504 
+0.31)23 
+0.34:::::1 
+0.4011 
+0. 4'~87 
+0.59(10 
+0.76'32 
+0.9191 
+1.1554 
+1.3::::::::::9 
+1.6154 
+1.8745 
+2.1149 
+2.3901 
+2.7064 
+2. '3:=:04 
+:~:. 1927 
+::::.3162 
+3.5932 

172 

l'It'Fit·i 

DI Ar'1ETEP 
i'1ICf':O-r'1 

+121.::::650 
+1 05. 45E~O 

+74.1f,1'01 
+51. :::f, 14 
+:::::::. :~:69:~: 
+2:::. :=:63:::: 
+2::::.1677 
+1:::.950'3 
+15.3434 
+12.401::::: 

+9. '3:=:69 
+7. '~:=:07 
+6.6340 
+.5.3706 
+4.0965 
+3. :~: 15:::: 
+2.7024 
+2. 1 '01 1 '01 
+1.76'32 
+1.4134 
+1.1462 
+0. :::::991 
+0.7062 
+0.5:::3:::: 
+0.4794 
+0. :::::::::16 
+0. :~:(l95 
+0.24'013 
+0.2002 
+0. 163!5 
+0. 1~:7:3 
+0.11:'::9 
+0.1022 
+0.0:::::54 
+0. 072:~: 
+0.0630 
+0.0547 
+0.0474 
+0.0411 
+0.0::::55 
+0.0::;:07 
+0.0267 
+0.023:::: 
+0.0202 
+0.0175 
+0.0152 
+0.01::::2 
+0.0114 
+0.0099 
+0.00:::';:, 
+0. 0075 
+0.0065 

+ CI. 1~; O'~ cc...- r; 
+J. ::;'~."=:C:.' ::;:CI-t'1.·· I:; 

+1:::::.9090 MI POMETERS 
+0.0170 MI ROMETERS 
+0.1680 MI ROMETERS 
+ 1 • ::::417 !::;.... C 

+0.1)00,,: 
+0.00:::::::: 
+0. IH 05 
+0.011:::: 
+0.0157 
+0.0174 
+CI.0115 
+0.0100 
+ I). 00::::5 
+0.0063 
+0. 0063 
+0.004::::: 
+0.0016 
+0.0037 

.+0.0024 
+0.0020 
+0.001::::: 
+0.0015 
+0.0015 
+0.0013 
+0.0011 
+0.0007 
+0.000'01 
+0.000'01 
+0.0011 
+0.0009 
+0.0007 
+0.0009 
+0.000'3 
+0.0007 
+0.0005 
+0.0007 
+0.0007 
+0.0010 
+0.0009 
+0.0007 
+0.0007 
+0.0012 
+0.0009 
+0.0016 
+0.0011 
+0.0016 
+0.0014 
+0.0011 
+0.0011 
+0.0009 
+0.0009 
+0.000'01 
+0.0007 
+0.0005 
+0.0002 
+0.0004 



MICROMERITICS AUTO-POPE 9200 V2.00 

FORD, BACON & DAVIS 
10.11':; 1 t'1AL ~~ 12t:2 
PNTR NUMBER +88 

PRE:SSURE PORE 
P:S:IA DIAMETER 

t'1ICRO-M 

+1 C" 

'-' +1 18. 8640 
+.~ 

0.... 0 +::::8. OE.:3:3 
+3; 0 +58.8521 
+4. 0 +44. 2740 
+5. C" +::::2. 4319 '-' 
+E:.9 +25.50E,7 
+8.4 +21 · 0003 

+1 O. 4 +16. 9448 
+12. 9 +13. 663:::: 
+15. 9 +1 1 · 0939 
+19. '3 +8. 8678 
+24. 9 +7. 0948 
+28.6 +6. 1870 
+38. 7 +4. 5699 
+48. 6 +3. ,:.::::3'3 
+58.8 +3. 0086 
+73.7 +2. :3'385 
+88. 9 +1 9892 

+1 14.2 +1 .5477 
+138. C" 

'-' +1 .2760 
+1.73.7 +1 · 0177 
+227. 0 +0. 7787 
+282. :3 +0. 6262 
+329.2 +0. 5370 
+418. 1 +0. 4228 
+517."7 +0. 3415 
+636.9 +0.2776 
+799. 0 +0.2212 
+986.6 +0. 1792 

+1 194.6 +'0. 1480 
+1:=:95. 8 +0. 1266 
+1592. 2 +0. 1 1 1 0 
+1891 1 +0. 09:35 
+2288.6 +0. 0772 
+2625. 1 +0. 0673 
+3018.8 +0. 0586 
+3488.2 +0. 0507 
+4029.3 +0. 0439 
+4644.7 +0. 0381 
+5391 .9 +0. 0:328 
+6183. 1 +0. 0286 
+7091 Eo +0. 1)249 
+8175. 8 +0. 0216 
+94E.5.2 +0. 0187 

+1 0857. 1 +0. 01E.3 
+12542. 1 +0. 0141 
+14432.2 +0. (i122 
+1670:=:. :3 +0. 010E. 
+19179.5 +0. 0092 
+2215:3.8 +0. OOBO 
+25084.2 +0. 0070 
+29875.4 +0. (1)59 

338178-080-S INTRUSION (PRESSURIZATION) DATA SUMMARY 

~"':..;;;.. 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK DEt·C I T'r' 

APPARENT (SKELETAL) DENSITY 

~ CAPILLAF.·\· +4'3. 1 0'32 

ItHF.:USION POF.·E t'1EAti 
'· ... OLUME :S:URFACE DIAMETER 

CC ..... (:i :S:O-M/G t'1ICRO-t1 

+0. 0000 +0. 0000 +1 18. 8EAO 
+0. 0032 +0. 0001 +10:3. 4630 
+0. 040E. +0. 0022 +7::::. 4576 
+0. 0567 +0. 0034 +51 5630 
+0. 06E.2 +0. 0044 +38. :~:529 
+0. 0712 +0. 0051 +28. 9693 
+0. 0747 +0. 0057 +23. '-'C"'-,e-'::' __ 1.::, •• _1 

+0. 0781 +0. 0064 +18. 9725 
+0. 0813 +0. 0072 +15. 3040 
+0. 0842 +0. 0082 +12. ::::786 
+0. 0872 +0. 0094 +9. 9809 
+0. 0897 +0. 01 07 +7. 9813 
+0. 0901 +0. 01 09 +6. 6409 
+0. 0'319 +0. 0122 +5. ::::785 
+0. 0937 +0. 0140 +4. 1 019 
+0. 0952 +0. 0157 +3. 3213 
+0. 0966 +0. 0179 +2.70:36 
+0. 0979 +0. 0202 +2. 19:3'3 
+0. 0995 +0. 0238 +1 . 7685 
+0. 1 00:::: +0. 0274 +1 41 19 
+0. 1 019 +0. 0313 +1 1468 
+0. 1 028 +0. 0::::54 +0. ::::982 
+0. 1 037 +0. 0406 +0. 7024 
+0. 1 048 +0. 04B2 +0. 5816 
+0. 1 065 +0. 0620 +0. 4799 
+0. 1 079 +0. 0774 +0. 3821 
+0. 1 092 +0. 0942 +0. :3095 
+0. 1 1 07 +0. 1 182 +0. 2494 
+0. 1 121 +1). 1445 +0. 21)02 
+0. 1 128 +0. 16:=:5 +0. 1 E.:36 
+0. 1 13E. +0. 1860 +0. 1373 
+0. 1 140 +0. 1997 +0. 1 188 
+0. 1 14B +0.2303 +0. 1 02:3 
+0. 1 1 C".-. "_Ie. +0.250E. +0. 0854 
+0. 1 156 +0.2735 +9· 07E:3 
+0. 1 159 +0.2885 +0. 0629 
+0. 1 161 +0.3059 +0. 0546 
+0. 1 165 +0.341 1 +0. 0473 
+0. 1 168 +0.3640 +0. 041 0 
+0. 1 170 +0. ::::':'::'06 +0. 0::::54 
+0. 1 170 +0.3969 +0. 0:307 
+0. 1 171 +0.4037 +0. 0268 
+0. 1 17:::: +0.4422 +0. 0233 
+0. 1 174 +0.4505 +0. 0201 
+0. 1 176 +0.49'317 +0. 0175 
+0. 1 176 +0.4997 +0. 0152 
+0. 1 178 +0.57:32 +0. 0132 
+0. 1 182 +0.7080 +0. 01 14 

, +0.1182 +0.7163 +0. 0099 
""+0.1182 +0.7244 +0. 0086 

~4 +0.8260 +0. 0075 
+0. 84 +0.8329 +0. (1)65 

173 

+0.1184 CC ..... G 
+ I). ::::::=:29 ::;:G~-t1./I:; 

+41.1458 MICROMETERS 
+0.0238 MICROMETERS 
+0.5688 MICROMETERS 
+1.9776 I; ..... CC 
+2. 5:::25 I::; ..... CC 

I,I',.I 

+0. 0000 
+0. 0032 
+0. 037:3 
+0. 0162 
+0. 0095 
+0. 0050 
+0. 0034 
+0. 0034 
+0. 0032 
+0. 0029 
+0. 0031 
+0. 0025 
+0. 0004 
+0. 0018 
+0. 0018 
+0. 0014 
+0. 0014 
+0. 0013 
+0. 0016 
+0. 0013 
+0. 001 1 
+0. 0009 
+0. 0009 
+0. 001 1 
+0. 0017 
+0. 0015 
+0. 0013 
+0. 0015 
+0. 001:3 
+0. OOOt: 
+0. OOOB 
+0. 0004 
+0. OOOt: 
+0. 0004 
+0. 0004 
+0. 0002 
+0. 0002 
+0. 0004 
+0. 0002 
+0. 0002 
+0. 0000 
+0. 0000 
+0. 0002 
+0. 0000 
+0. 0002 
+0. 0000 
+0. 0002 
+0. 0004 
+0. 0000 
+0. 0000 
+0. 0002 
+0. 0000 



MICROMERITICS AUTO-PORE 9200 V2.00 

FORD BACON &DAVIS ~=38178-080-S INTRUSION (PRESSURIZATION) DATA SUMMARY 
/.,JG2 t'1AL ~= 12::::~: 
PNTR NUMBER +328 

PRE:~::~:UF'E 

P:S:IA 

+1.5 
+2.0 
+2.9 
+4.0 
+5.4 
+':: .• 9 
+:::::.4 

+10.4 
+12.9 
+15.9 
+19.9 

+E:4. '"" 

+3:::::. ::::: 
+49.3 
+59.1 
+74.5 
+88.6 

+113.7 
+13:::::.6 
+17:~:. ::::: 
+200.0 
+2::::0. :::: 
+329.2 
+417. 1 
+517.7 
+6:::5. '3 
+796.1 
+9::::4.6 

+11'",,:::::.5 
+ 139:~:. '"" 
+1591. c~ 
+ 1:':::'"" 1. 1 

+2625.1 
+~:014. 4 
+:::4:::'"".6 
+40E:9. :~: 

+4644.7 
+5'::'~ 1. '3 
+61 ::=:::::. 1 
+?O?6~ '3 
+::: 1 75. ::: 
+'~4?'~. '~ 

+ 1 1):::57' .. 1 
+lc:54~:' .. 1 
+144:::':=' • .:=: 
+166~9,,:::: 

+ 
+ 
+ 
+ :=: 

~ . -' 
5 

.4 

PORE 
DIAMETEF: 

t'1 I CRO-t'1 

+11::=:.2::=:10 
+:::7. 74:::: (I 
+,:.0. 02:~:2 
+44. ,,:740 
+::::C~. 4755 
+25. 53:~:7 
+21.0003 
+16.9567 
+ 1 ::::.67::=:::::: 
+11.09':'11 

+::=:. ::::711 
+7.1010 
+6.1242 
+4. 55c~7 

+2. '~900 
+E~. ::::726 
+1.9942 
+1.5547 
+ 1,.2753 
+1.016:=:: 
+ O. ::::::~::~:9 

+0.6::::06 
+(1.5370 
+0.423::::: 
+ el.~:415 
+(1. c~?:::(1 

+O~ E'c'c~(l 

+0.1795 
+0.1475 
+0.1;::::6;:: 
+0.1111 
+0.09::::::; 
+1). 1)?7c~ 

+0.067:3 
+(1. O~:::6 

+0.050/ 
+0.04::::':' 
+0. en::;: 1 
+ (I .. 0::::'=':::: 
+0. Oc~:::6 
+ (J. Od.r:~ i~1 

+0.0216 
+ fl. (11 ::::6 
+ I). 01",:::: 
+0.0141 
+ (I g (I 1 ~~' t~' 
+0.1)11)6 

+ 
+ 
+ 
+ 

TOTAL INTRUSION VOLUME 
TOTAL POF:E AF:EA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK DEr-E: I TY 

APPARENT (SKELETAL) DENSITY 

~.. CAP I LLAF:'r' +::::0.7::::45 

ItnRUSIm~ F'OPE 
:S:UF'FACE 
S:O-t·l ..... ':; 

t·lEAr·~ 

DIAt1ETER 
t'1 I C:F: 0 - t'l 

'·.·'OLUt·lE 
cc ..... (:i 

+ .0000 
+ .0004 
+ .0007 
+ .0011 
+ .001E. 
+ .0020 
+ • I) O~:::2 

+ .0027 
+ • 0031 
+ .00::::4 
+ .003::=: 
+ .0042 
+ .0042 
+ .0046 
+ .004'"" 
+ .0053 
+ • 005:::: 
+ • 0057 
+ • (I 06E~ 

+ .006f: 
+ .007:~: 

+ .0077 
+ • I) O;::~5 

+ .00'32 
+ • 011:::: 
+ .01~:5 

+ .0166 
+ .. 0;:: 0::: 
+ u Oc:~,5 

+ . (129'9 
+ • 0::::::6 
+ .(L~:6? 

+ .0404 
+ .0442 
+ .0'1-7(1 
+ • 1)'f'",,4 
+ • 1)~,;1::: 
+ . CI5'~:'~ 

+ • (i5~;'~ 
+ ,,(I~l::: 1 
+ • O~,U(l 
+ .1)616 
+ .. 06'::~i 

+ .. (I':,:i:·::: 
+ .. o r:, {c: 
+ .. (!69l~' 

+ .. 070'::: 
+ • CI?14 
+ ,,07'::'3 
+ .(1744 
+ .0756 
+ n 0/7'.::: 

+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0001 
+0.0002 
+0.0002 
+0.0003 
+0.0004 
+0.0005 
+0.0007 
+0.000'"" 
+0.000'3 
+0.0012 
+ O. 0 01~; 
+0.0020 
+O.OlkO 
+0.0027 
+0.0039 
+0.0055 
+0.0074 
+0.0090 
+0.01::::0 
+0.1)1:::::1 
+(1.0350 
+0.05:=:0 
+0 .. u9:~:2 
+0.1656 
+0 .. ;::603 
+0 .. 367::: 
+0.4746 
+0.57'94 
+ (J. (;:::~: 1 
+0.904::: 
+1.05lE· 
+l.c:O'jl 
+ 1 .. 3:::~5::: 

+1. 55:~:7 
+1. ?'.:;?~ 
+c:. (1):::::: 
+c'. 25C1~; 
+c'.4'3'3::: 
+;::::. ::;:174 
+:::. 1:'::4~; 
+.::;. ':,(160 
+4. 13?::::: 
+4. t:,.:::'~9 
+4. ::"::::::4 

+C:i .. 4"::::: 
+r:,,, 1 07 

174 

+lc:2.6390 
+10::::. 0120 

+52. 14:::E, 
+.~::=:. ::::74 (' 
+29.0046 
+E:3. E:6?O 
+1:=:. '~7f:5 
+15 .. 3177 
+ 12 .. ::::::::::9 
+'~. 9:::51 
+7.'3:::::61 
+6.6126 
+5" :::::::::::4 
+4.0690 

+c:.6::::1:::: 
+2.1:::34 
+1.7744 
+1.4150 
+1. 14E,1 
+0 .. 9~O:~: 
+0.7572 
+ (I .. ~5:=:3::: 

+0.4:::::04 
+0.3:=:26 
+0.30':;'7 
+0 .. 2500 
+0. c:OO::: 
+0. 16::::~i 
+0. 1::::?~:::: 
+0.11'30 
+0. 1 (I~::::':: 
+0. 0:=:~54 
+0 .. 07c:3 
+0.0630 
+0.0':A6 
+0. 04?:~: 
+0. (141 I) 
+0. O:.::~;4 
+0.0.:::07 
+0. (li.:'':':::: 
+0 .. Cld33 
+ O. I),:: 01 
+(10 1)1?~ 

+ 0 .. (llSc' 
+1).01:::2 
+0. IH 14 
+0.011'39 
+0.1)0:::::6 
+0.0075 
+1)" (106::; 

+0.0773 CC/(:; 
+ 7. 79E.1 :S:GI-t1/1:::; 
+0.1019 MICROMETERS 
+0.0151 MICROMETEPS 
+0.0396 MICROMETERS 
+2. 1596 I::;~"'CC 

+2. 5921 I:;.· .. ·CC 

+0.0000 
+0.0004 
+0.0004 
+0.0004 
+0 .. 0005 
+0.0004 
+0.0002 
+0.0005 
+0.0004 
+0.0004 
+0.0004 
+0.0004 
+0.0000 
+0.0004 
+0.0004 
+0.0004 
+0.0000 
+0.0004 
+0.0006 
+0.0006 
+0.0006. 
+0.0004 
+0.000::::: 
+0.0007 
+0.00,,:0 
+0.0022 
+0. 00:~:1 
+0.0042 
+0.004::=: 
+0.0044 
+0.0037 
+0. 00~:1 
+0. (lO:~:7 
+ (I. (I U:~:9 

+0.002::::: 
+0.0024 
+0.00'::::4 
+(1 .. 00':::0 
+O.OUe: l) 

+0 .. 002C: 
+0.001'3 
+0.0017 
+0.001';:' 
+0.001::: 
+0.1)01:::: 
+0.OU20 
+0. (1)17 
+1) .. 0006 
+0.1)015 
+(/ .. (1015 
+0. (101::: 
+ (I. I) 0 1 to. 



FOPD BA on :!, Ii A I,.' I:~ ~~:::;::: 17::::- 0::::: I:I-:'~ 
i,ll::;-:: t'1AL~~ 1 ::':4 
pnTP nUMB P +~~n 

F'PE:S::SUPE 
PS:IA 

+1.5 
+2.0 
+E~. 9 
+4.0 
+5.4 
+6. '9 
+::::.4 

+10.4 
+12.9 
+15.9 
+19. '3 
+24.9 
+2:::. ':'­
+:::::::::. :::: 
+49.:::: 
+59.1 
+74.5 
+:::t:.6 

+1 L::. 7 
+1 ::;:::::.6 
+17::;:. :::: 
+200.0 
+2:=: (I .. :~: 

+329.2 
+417. 1 
+517.7 
+635.9 
+7'36.1 
+984.6 

'+11 "",'0' '" 

·\'5·::~~ff ~ 
+ 1 ::::91. 1 
+22:=:8.6 
+2625.1 
+::;;.014.4 

':'+;::4f:9.6 
..... +4029.:::: 

+4644.7 
+5391.9 
+61::::::::.1 
+707E .• '3 

+'347'3. '3 
+10857.1 
+12542.1 
+144::::2.2 
+16659.3 
+19135.5 
+22124.5 
+2511:3.5 
+29875.4 

F'OPE 
D I At'1ETEP 

t11 CPO-t'1 

+11::::.2::::10 
+::::7 .. 74:30 
+60. (lc~'~:2 
+44.,2740 

+21.000::=: 
+16. 'j~567 
+1::::.67::::::: 
+11.09'31 

+::::. ::::711 
+7.1010 
+6.1242 
+4 .. 5527 

+2. '3900 
+2. ::::726 
+1.9942 
+1.5547 
+1.2753 
+1.016:::: 
+0. ::::::::::::'3 
+0.6::::06 
+0.5::::70 
+0.42:::::=: 
+0.3415 
+0.27:::0 
+0.2220 
+0.1('35 
+0.1475 
+0.126:=: 
+0.1111 
+0.0935 
+0.0772 
+(/ •. (167:::: 
+0.05::::6 
+0.0507 
+0.04::=:9 
+0.0::=:::::1 
+0.032:::: 
+0.028'::. 
+0 .. 0250 
+0.021E, 
+0.01:::::6 
+0. OlE,:::: 
+0.0141 
+0.0122 
+0.0106 
+0.0092 
+0.00:::::0 
+0.0070 
+0.0059 

TOTAL I rnf."u::: I m'i ',,.'[i Ut'lF 
TOTAL F'Of;'E f."EH 

MEDIAN PORE DIAMETEP (VOL ME) 
MEDIAN POPE DIAMETER (ARE) 

AVERAGE POPE DIAMETER '4 A) 
,BULK L!Et'~ To.,' 

APPAPEnT (SKELETAL) DEn TV 

~.CAP I LLAVr' 

ItnpU:~lm4 

',/OLUt'1E 
CC./(3 

+0 .. O(tOE~ 
+0.00::=:1 
+0.0145 
+0. CI,,'71 
+O.O::::f,(, 
+0.0426 
+0. 04E,E, 
+0. O~505 
+0.0542 
+0.0576 
+0.0610 
+0.0630 
+0.0635 
+0.0671 
+0.0697 
+0.0715 
+0.07::::6 
+0.0750 
+0.0771 
+0. 07:::7 
+0.0:::::04 
+0.1)::::16 
+ I). 0::::2:::: 
+0.0::::42 
+0.0::::E,6 
+O.O:::t::i 
+0.0'303 
+0.0'319 
+0.0935 
+ O. 0'34'3 
+0.0'360 
+0. (1'36'3 
+0.09:::::: 
+0.1007 
+0.1023 
+0.10::=:7 
+0.1053 
+0.1065 
+0.1077 
+0.10:::::'3 
+0.10'39 
+0.1107 
+0.1114 
+0.1121 
+0.112'3 
+ o. 11:::6 
+0.1142 
+0.1144 
+0.1154 
+0.1166 
+0.117:::: 
+0.11'33 

F'DPE 
S:Uf;'FACE 
:S:O-t'1/G 

+1).0001) 
+0.1)001 
+0.0007 
+0.0017 
+O.OOc'? 
+U.00::::5 
+(1.0042 
+(I.I)O~O 

+O.OOE,O 
+0.0071 
+0.00::::4 
+0.0(195 
+0.009:::: 
+0.01,,:4 
+0.0151 
+0.0172 
+0.0203 
+ (I. 02c~::: 
+0.0275 
+0.0321 
+ (I. 03:=:E~ 
+0.0431 
+0.04'34 
+0.0590 
+0.07'34 
+0.0'390 
+0.121:::: 
+0.1483 
+0.17'30 
+0.2140 
+0.245:::: 
+\).2775 
+0.3515 
+0.4404 
+0.5256 
+0.6160 
+0.7373 
+0. ::::3:::::~: 
+0.954E, 
+1.0::::'33 
+1.213'3 
+1. ::=:39,,: 
+1.46::=::::: 
+1.6066 
+1.7707 
+1.9591 
+2.1404 
+2.2271 
+2.6053 
+3.2013 
+3.::::209 
+4.75::::6 

175 

r'1EAt'j 
Ii I At'1ETEP 

t'1I CPO-t1 

+1E:2.639u 
+103.0120 

+73. ::::::::::=:1 
+52. 14:=:E, 
+3::::.3747 
+2'3.0046 
+23.2670 
+ 1 :::.97:::5 
+15.3177 
+ 12.3:::::::::'0< 

+9.9:::51 
+ 7. 'j!::E, 1 
+6.6126 
+5.33:::4 
+4.0690 

+2.6:=:1:::: 
+2.1::::::=:4 
+1.7744 
+1.4150 
+1.1461 
+0.950:::: 
+0.7572 
+0.5:::3::: 
+0.4::::04 
+(1.3::::26 
+0. ::::O'j7 
+0.2500 
+0.200::: 
+0.1635 
+0.1372 
+0.11'30 
+0.1023 
+0.0::::54 
+0.0723 
+0.06::=:0 
+0.0546 
+0.047::=: 
+0.0410 
+0.0354 
+0.0307 
+(1.026::: 
+0. 02:~:3 
+0.0201 
+0.0175 
+0.0152 
+0.01::::2 
+0.0114, 
+0. 009~/ 
+0.00::::1:, 
+0.0075 
+0.0065 

+0.11 ,":=: CC/I:=; 
+4. 75J6 ·S:O-r'l.·· J::; 
+""'.72::::7 MI POMETEP 
+0.0101 MI POMETEP 
+0.1004 MI POMETEP 
+2.0425 I::;.·· C 
+c:.700::: l::i ..... C 

+0.0002 
+0.0029 
+0.0113 
+ (I. (112E, 
+0.0096 
+0.0059 
+0.0040 
+0.1)1:13'3 
+0.0037 
+CI.0034 
+0.0034 
+0.0021 
+0 .. 0005 
+0.0036 
+0.0027 
+0.0017 
+0.1)021 
+0.0014 
+0.0021 
+0.001E, 
+0.0017 
+0.0012 
+0.0012 
+0.0014 
+0.0025 
+0.001'3 
+0.001:::: 
+0.0017 
+0.0015 
+0.0014 
+0.0011 
+0.0010 
+0.001'3 
+0.0019 
+0.0015 
+0.0014 
+0.0017 
+0.0012 
+0.0012 
+0.0012 
+0.0010 
+0.000:::: 
+0.0007 
+0.0007 
+0.0007 
+0.0007 
+0.0006 
+0.0002 
+0.0009 
+0.001:::: 
+0.0012 
+(/.0015 



MICROMERITICS AUTO-PORE ~200 V2.00 

FORD, BACON ~ DAVIS 
!..tC1 t'1AL ~:12:::::.1 

PNTR NUMBER +73 

PRESSURE 
PS:IA 

+1.5 
+2. (I 

+3.0 
+4.0 
+5.5 
+7.0 
+8.5 

+10.4 
+12.9 
+15."::1 
+19.9 
+24.9 
+c't:.6 
+3:=:.7 

+5::::. ::: 
+73.::: 
+::::::::::.9 

+114.0 
+1 :~::::. 5 
+173. '01 
+226.1 
+2:30.3 
+::::29.2 
+419.0 
+517.7 
+E,::::E .• 9 
+:::::00.0 
+985.6 

+1196.6 
+1393.9 
+159::::.2 
+1:=:90.1 
+228:::.6 
+2624.7 
+301 :::::.9 
+::::48:?-.:::: 
+4014.6 
+4630.0 
+5377.3 
+6197. ::::: 
+7091.6 
+:::::1~,1. 2 
+'01479.9 

+10857.1 
+12556.::::: 
+14432.2 
+16703.3 
+19179.5 
+22139.2 
+25098.9 
+29:::::~,O. 8 

POf;'E 
DIAt1ETER 

t'1 I CRO-t'1 

+121. ::::6::;0 
+89.03::-::2 
+59.285::: 
+44.4371 
+32.3017 
+25.4261 
+20.909:::: 
+16.99;':'5 
+13.694::::: 
+11.109::::: 

+::::. :::::646 
+7.0969 
+6.1712 
+4.5699 
+3.6230 
+3.00:::::6 
+E:.3962 
+1.9876 
+1.5507 
+1.2760 
+1. 01~A 
+0.7:::::18 
+0.6306 
+0.5370 
+0.421::::: 
+0. :::::415 
+0. E'??'::, 
+0.221-0 
+0.1794 
+0.1477 
+0. 12~,::::: 
+0.1110 
+0.09:::::5 
+0.0772 
+0.0674 
+0.05:::7 
+0.0507 
+0.0440 
+0.0::::::::2 
+(1.0329 
+0.02:::5 
+0.0249 
+0.0217 
+0.01:::::6 
+0.0163 
+0.0141 
+0.0122 
+0.0106 
+(1.00'32 
+0.00:::::0 
+0.0070 
+0.0059 

TOTAL INTRUSION VOLUM 
TOTAL F'ORE AF'E 

MEDIAN PORE DIAMETER (VOLUME 
MEDIAN PORE DIAMETER ;AREA) 

AVERAGE PORE DIRMETER (4V/A 
BUU' DEt-E IT 

APPARENT (SKELETAL) DENSIT 

--~ CAF' I LL.AR\' +2::::.5724 

IrHf;: IDr-i 
',iOL E 

CC 

F'Of;:E 
:S:tWFACE 
S:I~f-r'1/1::; 

t1EAti 
DIAt'lETER 

t1 I CRO-t'1 

+0.0002 
+0.0005 
+0.001,,: 
+0.0017 
+0.002:::: 
+0.0029 
+0.00:;:4 
+0.0040 
+0.0045 
+0.0054 
+0.0066 
+0.00:::5 
+0.0088 
+0.0113 
+0.0134 
+0.0154 
+0.0179 
+0.0201 
+O.022f: 
+0.0250 
+(1.0276 
+0.0294 
+0.0:::::12 
+0.0::::32 
+0.0::::59 
+0.1)::::79 
+0.0::::97 
+0.0412 
+0.042::::: 
+0.0440 
+0.0449 
+0. 04~It::l 
+0.04t:,7 
+0.047'01 
+0.048::::: 
+0.0497 
+0.0505 
+0.0513 
+(/.0521 
+0.0531 
+0.05::::6 
+0.0542 
+0.0550 
+0.05:;7 
+0.0562 
+(1.0568 
+0. 05?:~: 
+0.05:=:0 
+0.05::::1 
+0.0586 
+0.058:=: 
+0.0591 

+0. '0000 
+0.0000 
+0. 1)001 
+0.0001 
+o.oooe 
+0.000,,' 

. +0.000::::: 
+0.0005 
+0.0006 
+0.0009 
+0.0014 
+0.0(123 
+0. flOc.'.5 
+0.0043 
+0.0064 
+(\.0089 
+0.0125 
+0.0165 
+0.0227 
+0.02:::9 
+0.0:::::::::0 
+0. 04~57 
+0.0563 
+0.0701 
+0.0922 
+0.11:::::5 
+0.1359 
+0.1614 
+0.19:::::2 
+0.220::: 
+0.2490 
+0.2711 
+0.::::154 
+0.36::::9 
+0.4226 
+0.4745 
+0.5344 
+0.6034 
+0.6:::28 
+0.7921 
+0.:=:579 
+0.955:3 
+1.0'0144 
+1.223:=: 
+1.3364 
+1.50';:.:::: 
+1.6540 
+1. t:774 
+1. '01467 
+2.16:::2 
+2.2555 
+E~. 4512 

175 

+1;::1. :::f.50 
+1 OS. 45f'!) 

+74.1619 
+~;1. :::::614 
+:::::::.3693 
+2:3. ::::63::: 
+;::::::.1677 
+1:::.9509 
+15.3434 
+12.401::::: 

+9.9:::69 

+6.6340 
+5.3706 
+4. IY~~65 
+:3.315S 
+2.7024 
+2.1919 
+1.7692 
+1.41:::::4 
+1.1462 
+0. t:991 
+0.7062 
+0.5:::3::: 
+0.4794 
+ O. :;::,H 6 
+0.309.5 
+0.249::::: 
+(1.2002 
+0.16::::5 
+0.1:::::7::::: 
+1). I1t:'O' 
+0.1022 
+0.0:::54 
+0.072:::: 
+0.06:::::0 
+0.0547 
+0.0474 
+0.0411 
+0.0355 
+0.0307 
+0. (l2f.7 
+0.023:::: 
+0.0202 
+(1.0175 
+0.0152 
+0.01:::::2 
+0.0114 
+0.0099 
+0.00:::6 
+0.0075 
+0.0065 

+0. 

+0. 
+0. 
+0. 
+2 .. 
+i.::~ .. 

+0.0002 
+1).000:':: 
+0.000::::: 
+0.0005 
+0.0006 
+0.0006 
+0.0005 
+0.0006 
+0.0005 
+0.0009 
+0.0012 
+0.001::::: 
+0.0003 
+0.0025 
+0.0022 
+0.0020 
+0.0025 
+0.0022 
+0.0028 
+0.0022 
+0.0026 
+0.0017 
+0.0019 
+0.0020 
+0. (102f. 
+0.0020 
+0.0017 
+0.0016 
+0.0016 
+0.0011 
+0.0010 
+0.0007 
+0.0011 
+0.0011 
+0.0010 
+0.0008 
+0.000::::: 
+0.000::: 
+0.0008 
+0.0010 
+0.0005 
+0.0007 
+0.0008 
+0.0007 
+0.0005 
+O.OOOE, 
+0.0005 
+0.0006 
+/).0002 
+0.0005 
+0.0002 
+0 ... 000:':: 

cc ..... ,.:; 
2 ·S:O-t'1.··'::; 
7 t'1I f;:m1ETEf;' 
"" t'l I f;'m1ETEf;: 
4 r'1 I f;:m1ETEf;: 
r:; 1:3 ..... C 
'3 (;/ C 



MICROMERITICS AUTO-PORE 9200 V2.00 

FORD. BACON. & DAVIS 
hlC 1 r1AL ~~ 12::::: 1 
PNTR NUMBER +73 

F'RE:S::S:UF:E 
P:S:I A 

+1.5 
+2. I) 

+3.0 
+4.0 
+5. ~; 
+6. '3 
+:::::.4 

+10.4 
+12 •. ;:. 
+15. '3 
+19 •. ;:. 
+24.9 
+2~::. 6 

+4:::::.6 

+73.7 
+:::::::. '9 

+114.2 
+1 J::::. 5 
+17:~:. (' 
+c~27 . I) 

+41 :::::. 1 
+517. (' 
+6J6.9 
+7'39.0 
+'?:::6. Eo 

+11';:'4.6 
+1395. :::: 
+1592.c~ 
+1t'!·;:'1.1 

+c'625.1 
+:~:O 1 :::::. :::: 
+34::;:::::.2 
+40;:;";:'.3 
+4644.7 
+5J91.9 
+61 ::;::;::.1 
+70'31.6 
+:::175.:=: 
+'?46S.2 

+10::::57.1 
+1254c~. 1 
+1443;:;'.2 
+ 167 O~: .::: 
+1917'~~5 

+2215-:::.::: 
+;::50:::4.2 

PORE 
D I Ar'1ETEF: 

['1 I CF:O-r'1 

+11::;:. ::::1'0.40 
+:::::::::. 063:~: 

+44.2740 
+~:2. 431';:' 
+25.5067 
+;:;:1.00CI3 
+16.944:::: 
+ 1 :~:. 1'0.633 
+ 11.0';:';::';:' 

+7.094::: 
+6.1::::70 
+4.5699 

+3.00::;:1'0. 
+2. J9:::5 
+1.9::::92 
+1.5477 
+1.2760 
+1.0177 
+0.77:::7 
+0.6262 
+0. 5:~:70 
+0.4228 
+0. ::::415 
+0.277'::. 
+0.2212 
+O.17·~2 

+CI.14::;:0 
+0. 126f. 
+0.1110 
+0.0935 
+0.077'2:: 
+0.0673 
+0. (ISS'::' 
+0.0507 
+0.0439 
+ O. 0::::::: 1 
+0.03c::::: 
+0.OE::::6 
+0.024';:' 
+0.0211'0. 
+0.01::::7 
+0.0163 
+0.0141 
+ O. CI122 
+0. Cll 06 
+0. U·(19c: 
+CI.OO:::U 
+0. (I 1:17 CI 
+0. oo~;':;. 

~~:::::::: 1 7::::- 0:::: O-:S: 

'· ... OLUt1E 

+ .OOOCI 
+ .000;:;: 
+ .0 (110 
+ .0017 
+ .0025 
+ .00:::3 
+ .(1037 
+ .004:::: 
+ .005:::: 
+ • (10-;::'0 
+ .OO:::? 
+ .0100 
+ .0100 
+ .0114 
+ .01;:;:9 
+ .IH41 
+ .01:;::: 
+ .0170 
+ .01 ::::.", 
+ .0202 
+ .0220 
+ . 02::::7 
+ .024:::: 
+ .0267 
+ .0292 
+ • 0313 
+ • 03c~::: 
+ .1)346 
+ .0:::::57 
+ .0::::6::: 
+ • (I::::?'~ 
+ .0::;:::::::::: 
+ .0.:::99 
+ .040:::: 
+ .0417 
+ .0426 
+ .04::::5 
+ .0443 
+ • 045c~ 
+ .0459 
+ .0466 
+ .. 0475 
+ • 04?'~ 
+ .04::::6 
+ .04';:'1 
+ • 04'~? 
+ .0504 
+ .050::: 
+ .0':;11 
+ .. O':d5 
+ .0:, i'", 
+ .05c:1 

INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL F'ORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK DEr'E I TY 

APPARENT (SKELETAL) DENSITY 

.. ; CAP I LLAP\' 

F'OPE 
5:UPFACE 
s:cr-r·1 ..... I.:; 

+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+ CI. 
+0. 
+0. 
+0. 
+0. 
+0. 

000 
000 
001 
001 
(102 
003 
004 
001'0. 
00';:' 
o 1 :~: 
019 
0;::6 
026 
036 
051 
066 
0';:'0 
11 :::: 
156 
1 .;:. 1 

3::::2 

c·-,·-, 
·_'cc 
7:::::::: 
955 
149 
42.5 
646 
.;:. 16 
236 
5:::::::~ 

96:=: 

457 
+ O. 113 
+0. :::69 
+0. 740 
+0. 514 
+0. 3'j6 
+0. ?13 
+1. 51::,: 
+ 1. ::::42 
+ 1. ::::::::4 
+ 1. 6E:E: 
+1. 60';:' 
+1. 164 
+1. 096 
+2. 116 
+;:;:. 391 
+C:. 74:::: 

177 

+1::::.73';:'4 •••• 

['lEAri 
DIAt'1ETEP 

t'l I CPO-t'l 

+11::::. ::::640 
+103.46::::0 

+73.4576 
+51.56::::0 

+2:::. '~6'33 
+23.25::::5 
+1:::.9725 
+15.3040 
+ 12. 37:::E. 

+9.9:::09 
+7.9::::13 
+6.6409 
+5.37:::5 
+4.1019 
+3.3213 
+2.70::::E. 
+2. 19::::9 
+ 1.76:::5 
+1.4119 
+1.141'0.:::: 
+0.:::9:::2 
+0.7024 
+0.5::::16 
+0.4799 
+0. ::::::::21 
+0.3095 
+0. ;:;:494 
+0.2002 
+0.1636 
+0.1::::73 
+0. 11 :::::::: 
+0.10;:;:3 
+ O. 0:::54 
+0.072:3 
+0.0629 
+0.0546 
+0.0473 
+0.041 (I 
+0.0::::54 
+0.0307 
+(1.026::: 
+0.0233 
+0.0201 
+0.0175 
+0.0152 
+CI.Ol::::2 
+CI.0114 
+0.0099 
+0. 00::::1'0. 
+0.0075 
+0.O(lt.5 

+0. 05c~1 CC/G 
+2. 4 74:::: :S:GI-~l/1.3 
+0.5661 MICROMETEPS 
+0.0175 MICROMETERS 
+0.0::::43 MICROMETERS 
+2.2994 G ..... CC 
+2.6127 13.····CC 

+0.0000 
+0.0002 
+0.000:::: 
+0.0006 
+0.000:::: 
+0.000:::: 
+0.0004 
+0.0010 
+o.ooio 
+0.0012 
+0.0017 
+0.0012 
+0.0000 
+0.0015 
+0.0015 
+0.0012 
+0.001 ? 
+0.0013 
+0.0019 
+0.0013 
+0.001';:' 
+0.0017 
+0.0011 
+0.0019 
+(1.0(125 
+0.0021 
+(1.0015 
+0.0017 
+0.0011 
+0.0011 
+0.0011 
+0.000';:' 
+0.0011 
+0.000'3 
+0.000';:' 
+0.0009 
+0.000';:' 
+0.0009 
+0.0009 
+0.0007 
+O.OOO? 
+0.000';:' 
+0.0005 
+0.0007 
+0. OOO~j 
+0.0007 
+0.0007 
+0.0004 
+0.0002 
+0.0004 
+0.0004 
+0.0002 



MICROMERITICS AUTO-PORE 9200 V2.00 

FORD BACON & DAVIS 
UB t1AL :~1328 

PNTR NUM~ER +222 

PRES::::URE PORE 
PS:IA DIAt1ETER 

t1ICRO-~1 

+1.5 +118.8640 
+2. 0 +88.7108 
+3. 0 +59. 1405 
+4. 0 +44. 1929 
+5.4 +32.5193 
+7. 0 +25. ~:459 
+8.5 +20.8912 

+10.4 +16.9925 
+12.9 +13.6943 
+15.9 +11. 1144 
+19.9 +8.8678 
+24.9 +7. 0948 
+28.6 +6. 1870 
+38.5 +4.5873 
+48.7 +:3.6285 
+58.7 +3. 0124 
+73.7 +2.3985 
+88.9 +1.9876 

+113: 6 +1.5567 
+139.3 +1.2693 
+174. 0 +1. 0160 
+224.9 +0.7859 
+281.3 +0.6284 
+329.2 +0.5370 
+419. 0 +0.4218 
+517.7 +0.3415 
+640.8 +0.2759 
+795. 1 +0.2223 
+985.6 +0. 1794 

+1195.6 +0. 1479 
+1395.8 +0. 1266 
+1591.2 +0. 1111 
+1891). 1 +0. 0935 
+2290.6 +0. 0772 
+2618.3 +0. 0675 
+3017.8 +0. 0586 
+3484.7 +0. 0507 
+4014.6 +0. 0440 
+4644.7 +0. 0381 
+5377.3 +0. 0329 
+6197.8 +0. 028:, 
+7179.5 +0. 0246 
+8175.8 +0. 0216 
+9479.9 +0. 0186 

+10857. 1 +0. 0163 
+12556.8 +0. 0141 
+14432.2 +0. 0122 
+16703.3 +0. 0106 
+.19194. 1 +0. 0092 
+22168.5 +0. 0080 
+25128.2 +0. 0070 
+29904.7 +0. 0059 

~~:3824 7- 08 O-:~: INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
. BULK DENSITY 

APPARENT (SKELETAL) DENSITY 

CAPILLARY +22.5136 •••• 

+0.0079 CC/I; 
+ 1. :3134 :S:GI-M/G 
+0.0305 MICROMETERS 
+0.0142 MICROMETERS 
+0.0240 MICROMETERS 
+2.66:36 I::;.····(:e 
+2.720713/CC 

I tHRU:S: I ON POl':E t1EAN 
VOLUME :S:URFACE DIAMETER D'.,' 

CC/G :S:(.I-t'1/G t'lICRO-M 

+0. 0000 +0. 0000 +118.8640 +0. 0000 
+0. 0000 +0. 0000 +103.7870 +0. 0000 
+0. 0000 +0. 0000 +73.9256 +0. 0000 
+0. 0000 +0. 0000 +51.6667 +0. 0000 
+0. 0000 +0. 0000 +::::8.3561 +0. 0000 
+0. 0000 +0. 0000 +28.9326 +0. 0000 
+0. 0000 +0. 0000 +23. 1185 +0. 0000 
+0. 0000 +0. 0000 +18.9418 +0. 0000 
+0. 0000 +0. 0000 +15.3434 +0. 0000 
+0. 0000 +0. 0000 +12.4043 +0. 0000 
+0. 0000 +0. 0000 +9.9911 +0. 0000 
+0. 0000 +0. 0000 +7.9813 +0. 0000 
+0. 0000 +0. 0000 +6.6409 +0. 0000 
+0. 0001 +0. 0001 +5.3872 +0. 0001 
+0. 0002 +0. 0002 +4. 1079 +0. 0001 
+0. 0003 +0. OO!}.:: +3.3204 +0. 0001 
+0. 0004 +0. 0004 +2.7055 +0. 0001 
+0. 0005 +0. 0006 +.=' L.. 1931 +0. 0001 
+0. 0006 +0. 0008 +1.7722 +0. 0001 
+0. 0007 +0. 0010 +1.4130 +0. 0001 
+0. 0008 +0. 0015 +1. 1426 +0. 0001 
+0. 0008 +0. 0016 +0.9009 +0. 0000 
+0. 0010 +0. 0028 +0.7071 +0. 0002 
+0. 0011 +0. 0035 +0.5827 +0. 0001 
+0. 0013 +0. 0048 +0.4794 +0. 0002 
+0. 0014 +0. 0059 +0.3816 +0. 0001 
+0. 0015 +0.0076 +0. ::;:087 +0. 0001 
+0. 0017 +0. 0097 +0.2491 +0. 0001 
+0. 001g +0. 0119 +0.2008 +0.0001 
+0. 0018 +0. 0134 +0. 1636 +0. 0001 
+0. 0020 +0. 0165 +0. 1·:''''''' ..... " L.. +0. 0001 
+0. 002.0 +0. 0193 +0. 1189 +0. 0001 
+0. 0022 +0. 0245 +0. 1023 +0. 0001 
+0. 0023 +0. 0321 +0. 0853 +0. 0002 
+0. 0025 +0. 0395 +0. 0723 +0. 0001 
+0.0026 +0.0479 +0. 0630 +0. 0001 
+0. 0028 +0. 0633 +0. 0547 +0. 0002 
+0. 0030 +0. 0830 +0. 0474 +0. 0002 
+0. 00::::3 +0. 1132 +0. 0410 +0. 0003 
+0. 0037 +0. 1537 +0. 0355 +0. 0004 
+0. 0041 +0.2103 +0. 0307 +0. 0004 
+0. 0046 +0.2757 +0. 0266 +0. 0004 
+0. 0050 +0.3462 +0. 0231 +0. 0004 
+0. 0055 +0.4423 +0. 0201 +0. 0005 
+0. 0059 +0.5413 +0. 0175 +0. 0004 
+0. 0064 +0.6617 +0. 0152 +0. 0005 
+0. 0067 +0.7546 +0. 0132 +0. 0003 
+0. 0070 +0.8704 +0. 0114 +0. 0003 
+0. 0073 +0.9833 +0. 0099 +0. 0003 
+0. 0075 +1.0780 +0. 0086 +0. 0002 
+0. 0077 +1- 1727 +0. (1075 +0. 0002 
+0. 0079 +1.3134 +0. 0065 +0. 0002 -
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MICROMERITICS AUTO-PORE Q200 V2.00 

FORD BACON & DAVIS 
UL MAL:: 1325 
PNTR NUMBER +88 

PRESSURE PORE 
PS:IA DIAMETER 

MICRO-M 

+1 5 +1 18. 8640 
+'=, L... 0 +88. 71 08 
+:3. 0 +59. 1405 
+4. 0 +44. 1929 
+5. 4 +:32.519:3 
+7. 0 +25. ~:459 
+8. 5 +20.8912 

+1 O. 4 +16.9925 
+12. 9 +13. E,943 
+15. 9 +1 1 . 1144 
+19. 9 +8. 8678 
+24. 9 +7. 0948 
+28.6 +6. 1870 
+38.5 +4.587:3 
+48. 7 +3. E.285 
+58.7 +3. 0124 
+73. 7 +2. 3985 
+88. 9 +1 9876 

+1 13. 6 +1 .5567 
+139. 3 +1 2693 
+174. 0 +1 0160 
+224. 9 +0. 7859 
+281 ,-, 

.-:> +0. 6284 
+329. 2 +0. 5370 
+419. 0 +0. 4218 
+517. 7 +0. 3415 
+640. 8 +0. 2759 
+795. 1 +0.2223 
+985.6 +0. 1794 

+1 195.6 +0. 1479 
+1395.8 +0. 1266 
+1591.2 +0. 1 1 1 1 
+1890. 1 +0. 0935 
+2290.6 +0. 0772 
+2618.:3 +0. 0675 
+:3017.8 +0. 0586 
+:3484. 7 +0. 0507 
+4014.6 +0. 0440 
+4644. 7 +0. 0381 
+5:377. 3 +0. 1):329 
+6197.8 +0. 0285 
+7179. 5 +0. 0246 
+8175. 8 +0. 0216 
+9479. 9 +0. 0186 

+1 0857. 1 +0. 0163 
+12556.8 +0. 0141 
+14432.2 +0. 0122 
+1670:3.3 +0. 01 06 
+19194. 1 +0. 0092 
+22168.5 +0. 0080 
+25128.2 +O'i. 0070 
+29904. 7 +0. 0059 

038247-080-S INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK BENS: I T\' 

APPARENT (SKELETAL) DENSITY 

'. CAP I LLAR'y', = +2E'. 45'37 •••• 

INH:US:ION PORE t1EAN 
',iOLUt1E :S:URFACE DIAMETER 

C(:.· .. ·'3 :S:O-t1/1::; MICRO-M 

+0. 0001 +0. 0000 +1 18. 8640 
+0. 0001 +0. 0000 +1 03. 7870 
+0. 0001 +0. 0000 +73. 925E. 
+0. 0001 +0. 0000 +51 6667 
+0. 0001 +0. 0000 +:38. 3561 
+0. 0001 +0. 0000 +28. 9326 
+0. 0001 +0. 0000 +2~:. 1 185 
+0. 0001 +0. 0000 +18. 9418 
+0. cro 01 +0. 0000 +15. 3434 
+0. 0001 +0. 0000 +12. 4043 
+0. 0001 +0. 0000 +9. 991 1 
+0. 0001 +0. 0000 +7. 9813 
+0. 0001 +0. 0000 +6. 6409 
+0. 0002 +O.J' OOl +5. 3872 
+0. 0004 +0. 0003 +4. 1 079 
+0. 0006 +0. 0006 +3. 3204 
+0. 0012 +0. 0014 +2. 7055 
+0. 0018 +0. 0025 +'=, L... 1931 
+0. 0028 +0. 0047 +1 .7722 
+0. 00:=:6 +0. 0071 +1 4130 
+0. 0044 +0. 0099 +1 1426 
+0. 0049 +0. 0120 +0. 9009 
+0. 0057 +0. 0165 +0. 7071 
+0. 0062 +0. 0200 +0. 5827 
+0. 0069 +0. 0253 +0. 4794 
+0. 0073 +0. 0302 +0. 3816 
+0. 0078 +0. 03E,3 +0. 3087 
+0. 0081 +0. 0420 +0. 2491 
+0. 0085 +0. 0492 +0. 2008 
+0. 0086 +0. 0524 +0. 16:36 
+0. 0089 +0. 0595 +0. 1372 
+0. 0092 +0. 0695 +0. 1 189 
+0. 0095 +0. 08:36 +0. 1 02:3 
+0. 01 01 +0. 1 086 +0. 0853 
+0. 01 05 +0. 1346 +0. 0723 
+0. 01 11 +0. 1681 +0. 06:30 
+0. 01 18 +0.2233 +0. 0547 
+0. 0125 +0. 2774 +0. 0474 
+0. 0131 +0. ~:398 +0. 041 0 
+0. 0137 +0.4120 +0. 0355 
+0. 0144 +0.4952 +0. 1):307 
+0. 0149 +0. 1::".- C,?, "_'1:'. __ 1, +0. 0266 
+0. 015:3 +0. 6365 +0. 02:31 
+0. 0156 +0. 7067 +0. 0201 
+0. 0160 +0. 7870 +0. 0175 
+0. 016:3 +0. 8644 +0. 0152 
+0. 0165 +0. 9360 +0. 0132 
+0. 0167 +0. 9984 +0. 01 14 
+0. 0169 +1 . 0697 +0. 0099 
+0. 0169 +1 098E, +0. 0086 
+0. 0170 +1 1609 +0. 0075 
+0. 0171 +1 . 1980 +0. 0065 
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+0.0171 CC/I" 
+ 1 . 1 9::::: 0 :SP-M/I" 
+0.1704 MICROMETERS 
+0.0232 MICROMETERS 
+0.0571 MICROMETERS 
+2.5:35 (I 13 ..... CC 
+2.6498 I"",'CC 

Dli 

+0. 0001 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0001 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0000 
+0. 0001 
+0. 0002 
+0. 0002 
+0. 0006 
+0. OOOE, 
+0. 001 0 
+0. 0009 
~O. 0008 
+0. 0005 
+0. 0008 
+0. 0005 
+0. 0006 
+0. 0005 
+0. 0005 
+0. 0004 
+0. 0004 
+0. 0001 
+0. 0002 
+0. 000:3 
+0. 0004 
+0. 0005 
+0. 0005 
+0. 0005 
+0. 0008 
+0. 0006 
+0. 0006 
+0. 0006 
+0. 0006 
+0. 0005 
+0. 0004 
+0. 0004 
+0. 0004 
+0. 0003 
+0. 0002 
+0. 0002 
+0. 0002 
+0. 0001 
+0. 0001 
+0. 0001 



MICROME~ITICS AUTO-PORE 9200 V2.00 

FORD 
CJ:- t'lAL:: 132<': 
PNTP NUMBER +328 

PF.'ES:SURE 
P:S:IA 

+1.4 
+E:.O 
+:::::.0 
+::::. '3 
+5.5 
+7. (I 

+:::.4 
+10.4 
+12. ';' 
+15.9 
+ 1 ';'. ';' 
+24. ';' 

+4:::.6 
+5:::.6 
+7J .. S 
+:::9. 1 

+113. to, 
+1::=:::::. to, 
+175.3 
+224.4 
+2:=: I). :::: 

+329.2 
+420.0 
+516.7 
+6·~:7. 9 
+?'~6. 1 

+1194.6 
+ 1::::9::::.9 
+159c~.2 

+p::'::q.l 
+c'c.".::;to. t; 

+E~61'? :::: 
+::::(114.'':' 

+4014. ", 
+4tO,44.7 
+5::::77.3 
+61:':'::::::.1 
+?17'~. 5 
+:::: 1 7~; .. :::: 
+946~S. 2 

+ 1 0:::4'::' .. 5 
+ 1 c~:;4~:' .. 1 
+ 144::c'. c' 
+ 1 ~,t:.'59 .. '.~: 

+1,91 ?(~n 5 
+221:::: .cO: 
+C:S 11 .. ~; 

+c"~;::'j ~ 1 

PORE 
DI At'lETER 

t'lICRO-M 

+125.6740 
+:=::=: .. 06:;::::: 

+44. :::501 
+::::2. ::::017 

+20.9:::20 
+16.944::: 
+ 1 :::: .. ,::.555 
+ 11 • 0::::::::: 

+7.0927 
+6.1712 
+4.5:::7:::: 
+:::::. to,:::::';'4 
+:::::.0162 
+2.4057 
+ 1. ';':::4::::: 
+1.5557 
+1.275::=: 
+ 1. 00:::::::: 
+0.7:::79 
+0.6":::06 
+0.5370 
+0.420'':' 
+0. :::::4':::1 
+0. c'??1 
+0. E:220 
+0.17';:'4 
+0.14:::0 
+O.lc:6:::: 
+0.1110 
+1). 1)'3:::~, 

+ (I. 077c: 
+0 .. 0675 
+0. O~;::::t::1 

+0. 050'~ 
+0.0440 
+0.0:::::::1 
+0. O::::~~:'~ 

+0. OC~=;6 
+1).OE:4;:' 
+(I.OE:16 
+0.01:::7 
+ (I. (116::::: 
+1:1.IH41 
+ O. (11 de: 
+ 1:1. IJ 1 (I;C, 

+ (I .. (I '~c: 

+ (I. (I :::: (I 

+0. U 70 
+0. 0 ~;'~ 

INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
~EDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK IIEt-C I To.,-' 

APPARENT (SKELETAL) DENSITY 

-. CAF'ILLAP\' 

I t-HPU:S: I Dti 
1,/OLUt'lE 

CC./6 

+0.0000 
+0.0006 
+0.0011 
+0.0015 
+0.0021 
+0.0025 
+0.0(12::: 
+0.00:::::1 
+(1. (lO~;t: 

+0.0110 
+0.0124 
+0.0152 
+0.0170 
+0.022::: 
+0.0273 
+0.0-::::(16 
+0.0:::::44 
+0.0::'::72 
+0. O:~:99 
+0.0417 
+ o. 04::::::=: 
+0.0451 
+0.0464 
+0.047::: 
+0.04'3::: 
+0.0513 
+0.O.Se'6 
+O.OSJ? 
+0. (1':;4::: 
+0.0557 
+ I)" 056:~: 
+(1. O~;70 

+0.1):;7::: 
+ (I" 0.:;:=:7 
+ (I" 059.:: 
+O.O'5'?? 
+0.060:1 
+(\ .. 06(1'3 
+0.0617 
+0. 06C'::':~ 
+o.or=:.c"7.I 
+0.0635 
+0.0':,41 
+0.0>:.47 
+0.065",:: 
+0. O~,~!':'::' 

+ (I" (t66~5 
+O.06?n 
+(1 .. 0675 
+ ,,0':::.7:::: 
+ "O~,:::':: 

+ "O~,:::9 

lAO 

POPE 
:~:UPFACE 

:S:C1-t'l-/G 

+0.0000 
+0.0000 
+0.0001 
+0.0001 
+0.0001 
+0.0002 
+0.0002 
+0.000::::: 
+0.0010 
+0.0027 
+0.00:::::::::: 
+0.0047 
+0.005::: 
+0.0101 
+0.014;4 
+0.01:::::::: 
+0.0240 
+0.0291 
+0.0352 
+0.0404 
+(1.047::: 
+0.0535 
+O.OtO,O::: 
+0. 0705 
+0.0:::72 
+0.102::::: 
+0.11'31 
+0.1:::::7';:' 
+0.15:::5 
+ O. 1 ::: 0:::: 
+0.1';:'79 
+0.222:::: 
+0.2523 
+0.294'::. 
+1). J2E:l 
~O.::::577 

+0.41 c:::::: 
+0.4:i17 
+0. ~Sc:45 
+0.592:=: 
+0.6711 
+0. ('615 
+0. :::644 
+0.9::::;::'6 
+1.1176 

+1.4504 
+1.6543 
+1. :::312 
+ 1 " 96:=::~: 
+2" E~72S4 
+2.6257 

t'1EAti 
DIAt1ETEP 

t1I CPO-t'l 

+125.6740 
+106.:::6:::0 

+7::::.8209 
+:;2" 214:~: 
+::::::::" 575::: 
+28.8505 
+23.1'306 
+1:::.'3634 
+15.:::::001 
+12. :~:722 

+9.9783 
+7" 9:=:0:::: 
+6.t::.319 
+5. :3?9J 
+4.11::::4 

+2.7109 
+c~.1950 

+1.7700 
+1.4155 
+1. 141::: 
+0. S'3:=:1 
+0.7092 
+ (1.5::::3:::: 
+0.47:=:9 
+ O. ::=::::: 15 
+0. ::::096 
+0.24'36 
+0.2007 
+0.16::::7 
+0.1:::::74 
+0.11:'::9 
+0.1023 
+ o. OS.5:3 
+ (I. O?E~:::: 
+0.06:::::1 
+0. O~54? 
+0.0474 
+0.0410 
+(1.0::::55 
+0. 030;::' 
+(1.0266 
+ 1).0231 
+ I). (1201 
+0.0175 
+(1 .. 0152 
+0. 01·~:2 
+0.0114 
+0.0099 
+ (I. (IO:::!f, 

+0. (lO?~; 
+0.0065 

+0.0689 CC/(; 
+2. 62~5? S:O-t1./I:; 
+2.:::::914 MICROMETERS 
+0.01::=:7 MICROMETERS 
+0.1050 MICROMETERS 
+2. c:4:=: (I G ..... CC 
+2.6601 G ..... CC 

+0.0000 
+0.0006 
+0.0006 
+0.0004 
+O.OOOtO, 
+0.0004 
+0.0003 
+0.0003 
+0.0027 
+0.0052 
+0.0014 
+0.002:::: 
+0.001:::: 
+0.005:::: 
+0.0045 
+0.0032 
+O.ClO:3S 
+0.0028 
+0.0027 
+0.001:::: 
+0.0021 
+0.0013 
+0.0013 
+0.0014 
+0.0020 
+0.0014 
+0. 0013 
+0.0012 
+0.0010 
+0.000';:' 
+0. 00 o to, 
+0.0007 
+O.OOOt: 
+0.000';' 
+0.0006 
+0. 0005 
+0.0007 
+0.0005 
+0.0(107 
+0.0006 
+0. {1006 
+0.0006 
+0.0006 
+0.1)006 
+0.0006 
+0.0006 
+0.0006 
+0.0006 
+0.0004 
+0.000::::: 
+0.0006 
+0. CIOOb 



MICROMERITICS AUTO-PORE 9200 V2.00 

FORD BACON ~ DAVIS 
CD r'1AL:: 1 :::26 
PNTR NUMBER +326 

F'f:"E:S::S:UPE 
p:S: I A 

+1.4 
+2.0 
+::::.0 
+::::.9 
+5.5 
+7. (I 

+t':.4 
+10.4 
+12.9 
+15.9 
+19.9 
+24.9 
+2:::. Eo 
+3H.S 
+4::=:.7 
+59.1 
+74.4 
+8'3.2 

+11 ::::.6 
+1 ::::9.0 
+175. :::: 
+225. E. 
+282. :::: 
+334.1 
+418.1 
+520.6 
+641. ::=: 
+800.0 
+989.5 

+1201.5 
+1400.7 
+1597.1 
+1890.1 
+2288.6 
+2622.2 
+3020.3 
+3489.1 
+4014.6 
+4630.0 
+5377.3 
+6197.8 
+71E.4.8 
+8175.::: 
+9465.2 

+10871.8 
+12542.1 
+14432.2 
+1r::,717.'~ 

+19179.5 
+22124.5 
+25084.2 
+29875.4 

POPE 
DIAr'1ETEP 

r'1 I CPO-r'1 

+125.6740 
+:3:=:. 06:::::~: 

+44. :3501 
+:32.3017 
+25.39'33 
+20.9::::20 
+16. 944t': 
+1 ::::.6555 
+ 11 • 0:::::=:::::: 

+7. 09c~7 
+6.1712 
+4.5:=:73 
+::::. 1'::.2:::5 
+2.":-1900 
+2. ::::749 
+1.9::;:11 
+1.5567 
+1.271:::: 
+1.00:;::3 

+0.6262 
+0.'52'32 
+0.4228 
+0. ::::395 
+0.2754 
+0.2210 
+0.1786 
+0.1471 
+0.1262 
+0.1107 
+0.09::::5 
+0.0772 
+0.0674 
+0.05:::5 
+0.0507 
+0.0440 
+(i.03B2 
+0.0329 
+0.02:::5 
+0.0247 
+0.0216 
+0.0187 
+0. OlE,:::: 
+0.0141 
+0.0122 
+0.0106 
+0.00'::'2 
+0.0080 
+(1.0070 
+0.0059 

TOTAL INTpUSION VOLUM 
TDTAL F'Of:':E AF'E 

MEDIAN POPE DIAMETER (VOLUME 
MEDIAN POPE DIAMETER (AREA) 

HHf:"SIm~ 

',iDL r'1E 
C:C 1:3 

+O.OCIOO 
+0.0004 
+0.0011 
+0.0015 
+0.00,,:1 
+0. 0032 
+0.004·::: 
+0. o (l5t: 
+0.0121 
+0. Cll:::'::, 
+ I). I) 15f. 
+0.0174 
+0.0178 
+0.0190 
+0.0202 
+0.0211 
+0. Oc~22 
+0.0231 
+0.0241 
+0.0250 
+0.0259 
+0.0264 
+0. (l26'~ 
+0.0276 
+0.02:::::4 
+0.0290 
+0.0296 
+0. 0302 
+0.0::::0:3 
+0.0316 
+0. (1:323 
+0.0327 
+ O. 0:::::::::3 
+0.0::::40 
+0.0344 
+0.0::::49 
+0. 03~55 
+i).O::::SE: 
+0.0::::64 
+0.036-::' 
+0.1)::::73 
+0.0379 
+0.0::::::;::::: 
+O.O::::::::=: 
+0.0392 
+0. O::::'~7 
+0.04Cr::: 
+0. ,0405 
+0.0408 
+0.040':;' 
+0.0411 
+0.0413 

AVERAGE PORE DTAMETEP f4V/A 
BUU' DnEIT 

APPARENT 'SKELETAL) DENSIT 

CAFILLAP'/ 

F'DPE 
S.U~'FACE 

SI)-r'1./I;; 

+0.0000 
+0.0000 
+0,0001 
+0,0001 
+0.0001 
+0.0003 
+(1.0005 
+0.000::::: 
+0.0025 
+0.00::::0 
+(1.0037 
+0.0046 
+0,004:::: 
+0. o OS::! 
+0.0069 
+0.00:::::0 
+0.0(197 
+0.011 :::: 
+0.0136 
+0.0161 
+0.019:::: 
+0.021E, 
+(1.0245 
+0.0290 
+0. (I:~:56 
+0.0425 
+0.1)495 
+0.0603 
+0.0713 
+0.090'::' 
+0.1104 
+0.1243 
+0.150:::: 
+0.1:::::2::::: 
+0.205::: 
+0.2::::24 
+0.2816 
+0.::::062 
+0. ::::5'30 
+0.4202 
+0.4741 
+0.5550 
+0. E,25:~: 
+0.731 :::: 
+0.:::237 
+0.962::: 
+1.1221 
+1.216:::: 
+1.3245 
+ 1 • 3::::::::::::::: 
+1.4602 
+1.6206 

181 

r'1EArj 
DIAt'1ETEf:': 

r'1ICPO-t1 

+125.6740 
+ lOt',. :::6:::: 0 

+ 7:~:. :::209 
+52.2143 

+2:::. ::::505 
+2:~:. 1906 
+1::;:.9634 
+15.:::001 
+lE:. ::::722 

+9. ':;:'783 
+ 7' .9::: 0:::: 
+t',.6319 
+5.3793 
+4.1079 
+3. ::::0'32 
+2.6:=:25 
+2.17:::::0 
+1.7E.89 
+1.4140 
+ 1. 1 ::::'::,:::: 
+0. :::960 
+0.704'::' 
+0.5777 
+0.4760 
+0. ::::::;:12 
+0.::::075 
+0.24:=:2 
+0.199::::: 
+0.1629 
+0.1367 
+0. l1t':4 
+0.1021 
+0.0:::54 
+0.0723 
+0.0630 
+0.0546 
+0.0473 
+0.0411 
+0.0:355 
+0.0307 
+0.02E,f, 
+0.0231 
+0.0201 
+0.0175 
+0.0152 
+0.0132 
+0.0114 
+0.0099 
+0.00:::::6 
+0.0075 
\+0.0065 

+0. 
+1. 
+3. 
+0. 
+0. 
+2. 
+2. 

1 :::: CC.···I~ 

06J'-t'1.··I;; 
~::'4 t'l I pOMETEP 
bb t'1 I Pm-1ETEf:" 
20 r'1I Pm-1ETEP 
4c~ 1:3./ C 
41 1;;./ C 

+0.0000 
+0.0004 
+ o. 0 I) 0::;: 
+(1.0004 
+0.0006 
+0.0010 
+0.0011 
+0.0015 
+0.006:::: 
+0.001:::: 
+0.001::::. 
+0.001:::: 
+0.0004 
+0.001:::: 
+0.0011 
+0.0009 
+0.0011 
+0.U009 
+0.0010 
+0.000-::' 
+0.0009 
+0.0005 
+0.0005 
+0.0006 
+0.000::;: 
+0.0007 
+0.0005 
+0.0007 
+0.0005 
+0.000::::: 
+0.0007 
+0.0004 
+0.0007 
+0.0007 
+0.0004 
+0.0004 
+0.0007 
+0.0003 
+0.0005 
+0.0005 
+0.0004 
+0.0005 
+0.0004 
+0.0005 
+0.0004 
+0.0005 
+0.0005 
+0.000:::: 
+0.000:::: 
+0.0001 
+0.0001 
+0.0003 



0iC~GME~ITICS A070-?O~E 5200 V2.0: 

=ORD. ACO~r AND DAVIES 

PRESSURE PORE 
PSIA DIAMETER 

MICRO-M 

+2.5 +68.5370 
+4.0 +44.1828 
+5.5 +32.1286 
+7.0 +25.2828 
+8.5 +20.8812 

+10.4 +16.8328 
+12.8 +13.8885 
+16.0 +11.6S34 
+20.0 +8.8353 
+24.8 +7.0827 
+28.8 +8.1087 
+38.5 +4.5873 
+48.8 +3.6122 
+58.2 +2.S8B3 -
+74.8 +2.3633 
+88.8 +1.8842 

+114.7 +1.5418 
+138.2 +\ .2700._ 
+174.5 +1.0130 
+218.0 +0.80-73 
+273.3 +0.6468 
+330.2 +0.5354 
+422.0 +0.4188 
+518.7 +0.3402 
+627.8 +0.277'1 
+788.0 +0.2212 
..i985.8 +0.1784 

+1204.4 +0.1488 
--+1403.7 +0.1259 

+'1584.1 +0.1108 
+1800.8 +0.0830 
+2284.5 +0.07-'70 
+3021.0 +0.0585 
+3480.8 +0.0506 

- +'4023.8 +0.0439 
+4834.5 +0.0381 
+5384.5 +0.0328 

~--·H3tg4.4 +0.0288---' 
+7083.4 +0.0248 
+8186.1 +0.0218 
+8462.8 +0.0187 

+10848.7 +0.0183 
+12532.6 +0.0141 

--TS9712.8 - ~.OO-30-~-

+18283.3 +0.0092 
+22353.1 +0.0078 

.- -+25080.2 +0.0070 
+29953.1 +0.0058 

- -- ----- -

.' 
#38485-050-5 rN'-~~SiO~ (?:~~S!3~~:ZA~~JN) DATA SJM~A~Y 

INTRUSION 
VOLUME 

CC/G 

+0.0006 
+;;'.0014 
+0.0022 
+0.0032 
+0.0041 
+0.0057 
·H).0076 
+0.i)108 
+0.0156 
+0.0206 
+0.0228 
+0.0277 
+0.0313 

-- -+0.0338 
+0.0387 
+0.0385 
+0.0407 
+0.0422 
+0.0436 
+t~.-0446 

+0.0457 
+0.0465 
+0.0475 
+0.0482 
+0.0.488 

- -+1)~0486 
+0.0503 
+0.0510 
+0.0518 
+0.0520 
+0.0527 
++).0534 
+0.0547 
+0.0554 
+0.,05£2 
+0.0571 
+0.0581 

--- -+0.05-88 
+0.0588 
+0.0807 
+0.0615 
+0.0618 
+0.0624 

----+G-. OGa'7 
+0.0637 
+0.0851 
+0.0651 
+0.0651 

+0.0637 
-!~1.S81 .. SG-~/G 

~3.4777 MIC~OM ~Ei~S 

Y~DiA~ 2G~~ D~A~~-~~; (A~EA) 

AV~~AG~ ?G~~ D~A~~-~.? (4V/A) 
2,LLrx DE.'!S I T'i' 

AP?A~~~7 (SK~:_E~A~) DENS~TY 

~O.~28G ~=CRO~ 7E~S 

..... 2.2317 Glee 
· ... 2.5013 G/CC 

PORE ,"!EAN 
SURFAC~ DIA!viETEi~ DV 
SQ-M/G MICRO-i"! 

+0.0000 +53 .. 8080 +0.000(3 
+0.0001 +56.8649 +0.0008 
+0.0,002 +38.1612 ·H).0008 
+0.0003· +28.7112 +0.0010 
+0.0005 +23.0820 +0.0008 
+0.0008 +).8.8120 +0.0016 
+0.00:;'3 +15.3087 +0.00:8 
+0.0023 +12.3750 +0.0032 
+0.0042 +8.8484 +0.0048 
+0.0068 +7.9840 +0.0050 
+0.0082 +6.6007 +0.0023 
+0.0117 +5.3480 +0.0047 
+0.0,52 +4.0887 +0.0036 
+0.0184 +3.2882 +0.0028 
+0.0227 +2.6748 +0.0028 
+0.0258 +2.1787 +0.0018 
+0.030,8 +1.7880 +0.0022 
+0.0352 +1.4058 +0.0015 
+0.0401 +1.1415 +0.0014 
+0.0446 +0.8101 +o.olno 
+0.0506 +0.7271 +0.0011 
+0.{)55G +0.5811 +0.0007 
+0.0838 +0.4772 +0.0010 
+0.0716 +0.3785 +0.0007 
+0.0805 +0.3087 +0.0007 
+0.0815 +0.2-482 +0.00_97 
+0.1073 +0.2003 +0.0008 
+0.1241 +0.1631 +0.0007 
+0.1412 +0,.1364 +0.0006 
+0.1556 +0.1184 +0.0004 
+0.1826 +0.1018 +0.0007 
+0.2152 +0.0850 _ +0.0007 
+0.2901 +0.0878 +0.0613 
+0.3.404 +0.0546 +0.0007 
+0.4115 +0.0473' +0.0008 
+0.4834 +0.0410 +0.0008 
+0.6058 +0.0355 +0.0010 
+0.7218 +0.0307 +0.0098 
+0.8548 +0.0268 +0.0(1)8 
+0.8880 +0.0232 +0.0008 
+1.1652 +0.0201 +0.0008 
+1.2501 +0.0175 +0.0004 
+1.3883 +0.0152 +0.0005 
+ 1.8811 +0.0085 +0.0013 
+l. .8811 +0.0061 +0.0060 
+2.6328 +0.0085 +0.0014 
+2.8328 +0.0075 +0.0000 
+2.8328 +0.0085 +0.0000 
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MICROMERITICS AUTO-PORE 8200 V2.01 

,=tJi~D T 8ACON, & DAt,) i8----- ----- iN/RUS ION LEBESSUR IZA:I ON) DATA SUMMARY i------ -- --~ 

NM-P:O-2 MAL #1408-1-LG-P 
?:-"7R !'i1JM8~R +7.'3 ~ ______ _ TOTAL INTRUSION VOLUME +0.0578 CCIG 

PRESSURE 
___ y..s.IB 

+2.4 
---~~ 

+4.0 
+5.5 
+7 • .0 
+8.5 

+10.4 

+16.0 
+18.8 
+24.8 
+28.5 
+40.3 
+50.2 
+58.8 
+74.7 
+81.4 

+113.8 
+140.4-
+P5.8 
+220.0 
+268.6 
+333.1 
+420 .. ~) 
+5;'8.7 
+638.5 
+798.0 
+887.5 

+1208.3 
+1393.8 
+:i5SS.0 
+1851. 
+2282. 
+3024. 
+3486. 
-:-4023 .. 
+4648. 
+5'!:'09. 
+3188. 
+7078. 
, ...... ,..,., . 

--'-0;"_ ... .. 

+:3447 .. 
..\.. 0878. 
""7 25G2~ 

+ 3720" 

PORE 
DIAMETER 

.... 73.3415 
+44.1828 
+32.3450 
-r~.s_. ~~fL ___ _ 
+20.8371 
-r18.8B86 

____ --",=1 3 • 6'=::)8""3,,,--_ 
+11.0584 

+8.8743 
+7.0888 
+5.9874 

_~QTA~ ?ORE AREA +4.8082 SG-M/G 
MEDIAN PORE DIAMETER (VOLUME) +0.0818 MICROMET~RS 
MEDIAN PORE DIAMETER (AREA) +0.0204 MICROMETERS 
~~F ?~~~~IE~T~EllR~(~4~V~/~A~.)~~ __ ~+~0~.~0~5~0~3~M~IC~R~O~M~E~T~E~R~S~ 

BULK DENSITY +2.1575 Gice 
A?PARE~T (SKELETAL) DENSITY +2.4655 G/CC 

+86.88:3 - -

INTRUSION PORE MEAN 
VOLUME SURFACE DIAMETER DV 

--sa-::M/D~ . ----;;r:rncr=rr.--- ~ 

+0.0004 +0.0000 +86.9540 +0.0004 
+0.0008 --+t-;;~C)iY1--n-+58. 787r--- +O.OOlf5 

+0.0012 +0.0001 +38.2889 +O'::i3 
___ +\)~\)OJ§_ +0.0002 +28.7824 +0.00 5 

+0.0025 +0-: (f603-- --~+2::r.-038o----::i:U-. , 7 
+0.0037- +0.0005 +18.9028 +0.0011 
+0.0052 +0.0009 +15.2888 +0.0015 
+0:0087 ------.;:O.OOi~~+12~~~ + •. 5 
+0.0083 +0.0021 +8.8883 +0.00 5 
+0.0101 +0.0028 +7.8856 +0.00 8 

+0. O'Cl30 -- ---+S-.'5-421- - +0-;-00-01 

+4.3872 +0.0"18 +0.0042 +5.1873 +0.0016 
+0.0013 +3.5225 +0.0130 

-+2. 85'70----~+().-OT40-
+2.3856 
+1.8350 
+1.5527 
+1.2587 
+1.0Q50 
+0.8()36 
+0.6558 
+0.5307 
+0 .. 4208 
+0.3 L 08 
+{),,2776 
+0.2212 
+0 .. 3.7S0 
+0.1485 
+G .. :1238 
-1"'0 .. :.105 
+0.0835 
-+0.0771 
+0 .. 0584 
+0 .. \)507 
+O .. 043S 
-:-\) 0;03:30 
-1"-0.0327 
+0" {j287 
+0,,(';250 
+0 .. (',2:5 
-;-C.O:~'37 i 

~i"'O"O:,,22 

+0 .. 0:..22 
"';"(3 .. 0::'08 
-,-0 .. GO~32 

+0.0152 
+0.0180 
+()~(Y168 
+0.0177 
+0.0:84 
+i)~0182 
+0.0:;'98 
-H).0203 
+0 .. 0210 
+0.0217 
+0 .. 0222 

·+0.0228 
+0.0238 
.... 0 .. 0247 
+0.0257 
-+0 .. ,)268 
""1'"0 .. 0288 
+0 .. 03:~ 8 
+\).0373 
..,..0 .. 0358 
+0 .. 042;' 
-+0 .. 044:;' 
..... 0 .. 04l32 
+0 .. 0478 
+0 .. 0483 
+0.0508 
+0.0520 
+0 .. 0:52:.. 

+O~054S 

+0 .. 0557 
~-o II 05133 

+0.0055 +3.8548 
+O.00B7 -----+3 .-z3Slr -
+0.0085 +2.6613 
+0.0100 +2.1503 
+0.0120+1 ~743S 
+0.0143 +1.4057 
+0.0188 +1.1318 
+0 ;0203+0. ge)43 
+0.0236 +0.7287 
+0.0273 
+0.0333 
+\).040: 
+().0487 
+0.058-8 
+0.0781 
+0.0885 
+0.1.264 
+0. 165L;· 
.,..0 .. 2380 
+<).3836 
+0.7:'03 
-H). 8885 
-i-:;'.0878 
.+: k2830 
-:;..5205 
+1.7282 
-.~:;.. S530 
+2 .2:~ 12 
..;.-2 .. L40:i.\ 
+2.7035 
+2 II 55.(-5 
-:--3 .. :l.8E2 
-:-3 .. £768 
+3.72i8 
+4.CO~2 

~4.2372 
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+0.5832 
+0.4758 
+0.3808 
+0 .. 3082 
+0.2484 
,.;.0 .. 2001 
+0.1628 
+0.:1.367 
->-0.:: 187 
-H). 1020 
+0.0853 
+0.0678 
+0.0546 
+0.0473 
-'-i).04~0 

+0 .. 0353 
+0.0307 
+0.0238 
+0 .. 0233 

,". , .... ....., ,-. ~ 

-:-"\ ... "" ·, ... ;.::.,-j.l 

+0 .. 0175 
-~-O.O:.52 

+0.0132 
+O .. O~14 
+(;.0088· 
-r0 .. .:)038' 
-C,.OG'/5 

+C.~OOG3 

----:~: ~~i~ 
+0.00$8 
+O~UUOS 
+0.0008 
+0.0007 

--+(J."~8 

+0.0008 
+0.0008 
+<) .i)OO7 
+0.0007 
+0.0005 
+0-.00-08 
+0.0008 
+0.0008 
+0 .. 0010 
+0.0012 
+0.00:8 
+0.0-0:31 
+0.0055 
+0.0024 
+0.0023 
+0.0020 
+0.0021 
+0.0013 
+0.0015 
+0.0015 
+0.0012 
+O.OOi.2 
+0.00:0 
+O.OO()S 
+Ci .. OOOB 
+0.0006 
+0 .. 000~3 

·+0 .. C005 ~ 



FORD. BACON. AND DAVIES #38485-080-5 =NT~LS~C~ (?R~5S~~IZATrJ~) DATA SLM~A~Y 

~OCK ~M-S23-1 ~A~ #140S-2-~Q-~ 

P~TR ~UM3ER +330 

PRESSUi~E "ORE INTRUSIOi\i 
PSIA D I A,"1E-'-E:~ t.)O,)_U~E 

MIC;~O-~ CC/G 

+2.5 +138.5370 ~O.OO2(3 

+4.0 +44.1SCS "",,0.0074 
+5.5 +32.1296 +0.0).35 
+7.0 +25.2828 +0.0175 
+8.5 +20.8912 +0.0220 

+10.4 +18.8329 +O .. 02j34 
+12.8 +13.6865 +0.03:\.3 
+18.0 +ll.<}B&4 - -+(r.0360 
+20.0 +8.8353 +0.0410 
+24.8 +7.0927 +0.0445 
+28.8 +8.1087 +0.0452 
+38.5 +4.5873 +0.0475 
... 48.9 +3.6122 +0.0484 
+58.2 +2.13863--- ·--..... 0.0505 
+74.8 +2.3633 +0.0518 
+88.6 +1.8942 +0.0527 

+114.7 +1.54c18· +1).-1}540 
+139.2 +1.2700 +0.0547 
+174.5 +1.0130 +0.0557 
+219.0 +Q .. Bf.}-7B--- +G-.·05S2 
+273.3 +0.6468 +Q.0588 
+330.2 +0.5354 +0.0574 
+422.0 +0;-41139 ... +1).l}586 
+518.7 +0.3402 +0.0586 
+837.8 +0.2771 +0.0590 

--:-"788.0 --+~.r2-1-2------+G-.~G 

+885.8 +0.1,794 +0.0804 
+1204.4 +0.1.468 +0.0608 
+1403.7 +O~l~-- --.....;}-.-()B12 
+1584.1 +0.2108 +0.0814 
+1800.8 +0.0830 +0.0826 

.---~84 05 .-. le.e'f'fe +G.GEl,2.€;· 
+3021.0 +0.0585 +0.0838 
+3490.9 +0.0506 +0.0645 

--~-+4028. s· ---+&.0438 +G.OG54-
+4634.5 +0.0381 +0.0860 
+5394.5 +0.0328 +0.0888 

1-~M84-;-4- - ie.e286 .;o.~ 

+7083.4 +0.0249 +0.0681 
+8196.1 +0.0218 +0.0687 

L""·'I'S46£.S-- .. --. - ...... 0-; 1'H13-r------ 10.0694--
+10848.7 +0.0163 +0.0687 
+12532.6 +0.0141 +0.0702 

~Ttl-.%-- +0.0030 le.07::?5 
I +19283.3 +0.0082 +0.0725 
, +22353.1 +0.0079 +0.0784 
'--+25OBO-.·c -.. - --H).OOfG-----+-I} .. (h7-64 

+28953.1 +0.0058 +0.0764 

~ED!A~ PORE DIA~ETER (VJLU~E) 

~EDiA~ PGR~ iliAMETER (A~~A) 

-/-"43 .. 7 ... 08 

;OGRE ~=:AN 

SURFAC=: DIAMETE.:r:(· Di.,.J 

56-MIG i"1ICRO-M 

+0.000: -r-£3.S080 +0,,0026 
+0.0004 +56.8643 +O.90 Ll S 
+O.OOi.l +38.1612 +0.006: 
+0.0016 +28.7212 +O.OO'!;'O 
+0.0024 +23.0820 +0.0045 
+0.003 4 +:,8.8:20 +O.OOu .. 
+0" OOL'~6 +:5.3097 +0.0048 
+0.0061 +12.3750 +0.0046 
+0.0082 +8.8494 +0.0050 
+0.0088 +7.9840 +0.0036 
+0.0103 +8.8007 +0.0006 
+O.O:i.21 +5.3480 +0.0024 
+0.0140 +4.0987 +0.0015 
+0.0153 +3.2882 +0.0011 
+0.0172 +2.6748 +0.0013 
+0.0188 +2.1787 +0.0008 
+0.0218 +1.7680 +0.0013 
+0.0238 +1.4058 +0.0007 
+0.0272 +1. ~.415 +0.0010 
+0.0293 +0.8101 +0.0005 
+0.0334 +0.7271 +0.0007 
+0.0387 +0.5811 +0.0005 
+0.0488 +0.4772 +0.0012 
+0.0469 +0.3795 +0.0000 
+0.0523 +0.3087 +0.0004 
+0.0720 +0.2482 +0.0(1:2 
+0.0752 +0.2003 +0.0002 
+0.0782 +0'.1631 +0.0002 
+0.0978 +0.1364 +0.00.06 
+0.1027 +0.118£; +0.000:;. 
+0.1512 +0.1019 +0.0012 
.... 0.1535 -- +0--0850 +0.0.QJ,10 
+0.2281 +0.0878 +0.00i3 
+0.2746 +0~0546 +0.0006 
+0~3483 +J1.0473 +O~0_Q.o8 

+0.4088 +0.0410 +0.0008 
+0.4947 +0.0355 +0.0008 
+0.5610 - .--±.o.. 0307 +0~5 
+0.6724 +0.0268 +0.0007 
+0.7800 +0.0232 +0.0006 
+0.9274 +0.0201 +0.0007 
+0.8873 +0.0175 +0.0003 
+1.1186 +0.0152 +0.0005 

---+-2 -..-2,"",-)..9-1- - -- --~-O-.-O.OS5 + Q..OO+ 3 
+2.2091 +0.0061 +o.OOQO 
+4.0497 +0.0085 +0.0038 
-+4.0535 .. +0.0075 +O.QOOO 
+4.0535 +0.0085 +0.0000 

184 

+(...0725 C I::' 
..... 2.2050 S --i"j/G 

+lO~8385 M C~OME7~RS 
-O~O~43 ~ C~O~ET~RS 

+2.2513 G I ..... L.. 

+2.7047 G CC 



FORD3ACON& DAVIS #38485-080-a 
NM-S23-2 MA~ #1410-3-LO-P 

INTRUSION (PRESSUR IZATION). DATA SUMMARl't" 

PNTR ~UMBE~ +728 

PRESSURE: 
PS:A 

+2.4 
+4.0 
+5.5 
+7.0 
+8.5 

+10.4 

+16.0 
+18.8 
+25 .. 0 
+30.3 
+40.2 
+48 .. 3 
+60.1 
+76.1 
+86.8 

+116.3 
+14~ .. J. 

+288.7 
+331.1 
+420" (j 
+518.7 
+638.8 
+788.0 
+888.3 

+:i.201.5 
+:;'385.8 
+:'588.0 
+188t)a~ 

+2284.5 
+2820 .. 7 
+3017 .. 2 
+3482 .. 0 
+4023.6 
+4G4S:.~ 

+5364.7 
+6:84,,4-
+707S.5 
+8:23. 

+~;)oS3. 
•• <""';!::" -. 'I 
'" _ k.--.)O'::" 1: 

-.- LL55. 
-- :;320 .. 
. .,. :::::34. 

-- 5085: 

PORE 
DIA,"1ETER 
M~CRO-M 

+73.1192 
+44.2740 
+32.2154 
+25.2663 
+20.7832 
+:8.8567 
+13.S7~0 

+:i 1.0385 
+8.8743 
+7.0823 
+5.8283 
+4.3851 
-+3.5642 
+2.S:;SO 
+2. 322.o\\. 
+:i.8GG5 
+1.5185 
+1.2528 
+1.0088 
+0,,5028 
-;-.0.3578 
+0.5338 
+0.4·208 
+0.3402 
+0 .. 2787 
+Oa22:5 
+0" 1752 
+0.1471 
+0.1266 
+0.1 ::08 
-H) .. 0835 
-;-0.0770 
"7-0,,0675 
+0.0586 
+0 .. \)508 
+0.0438 
+0 .. 0380 
+(J~ .. C;33G 
,0;;0285 
+00;0250 
+0",:)2:..3 
...;..0 '" G:t.37 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA i MEDIAN PDRE DIAMETER (VOLUi'1E) 

(AREA) MEDIAN PORE DIAMETER 

INTRUS;:ON 

CC/G 

+0.0023 
+0.0067 
+0.0261 
+0.0582 
+{).0765 
+0.0866 
+0 .. 0923 
+0.0564 
+0.0883 
+0.:024-
+0. i024 
+0.:024 
+0.1028 
+0.1042 
+0.1058 
+O.10SB 
+0.1081 
+0.1082 
+0.1103 
+0.1108 
+0. iii 3 
..;-0.1:i.22 
+0.1127 
+0.:133 
+0.:;.32. 
+0.1:46 
+0 .. 1:51 
+0.;:,37 
+0.1183 
+0.:138 
+0.1:75 
+0 .. ::64 
+0.: :80 
+0. ~ 188 
+0.1204 
+:Ola 12::.3 
+0. :2~G 
--0 •.. 222 
-;~o .. ~23:. 
+0" :234 

,,-, ,"',f .'''' 
-;-~_J .. .... "'::"'-tC 

---010:.233 

AVERAGE PORE DIAMETER (4V/A) = 
aUL.K DENSITY 

APPARENT (SKELETAL) DENSITY 

PORE 
S:JriFACE 
SG-i":/G 

+0.0001 
+0.0004 
+0.0024 
+0.0070 
+0.0100 
+0.0:22 
+0.0137 
~~O .. Ol~O 
+0.0181 
+i).0177 
+0.0177 
+0.0177 
+0.0182 
·+0.0:i.88 
+0.0222 
+0.0241 
+0.0272 
+0.0302 
+0.0338 
+0.0364 
+0.0384 
+0.0448 
+O.O~86 
.;-0.0557 
+0.0333 
..;.0.0770 
+0.0838 
+c.osas 
+0.1161 
+0 .. :358 
+0.:588 
+0.2013 
..;..0 .. 2342 
+0.2833 
.... 0.3325 
+0 .. Li·050 
·~-O '" 4·38 ~ 
..(-~:l" 5051 
+0',,8::'53 
+0.8837 
+\).7838 
+(l,,8272 
'1-(1.8581 
-i-~. O,!!-73 
+:.217:;. 

-:.sa2E 

185 

-'-35.3103 

MEAN 
DIAMETE~ 

MICRO-M 

+101.0760 
+58.6866 
+38.2447 
+28.7408 
+23.024.8 
+18.8688 
... 15.3138 
+12.3887 

+8.8714 
+7.8783 
+6.4553 
+5.1~:7 

+3.8756 
+3.2516 
+2.6307 
+2.1444 
+1.7430 
+1.3861 
+1.1308 
+0.6058 
+0.7304 
+0.5858 
+0.4773 
+0.3805 
+0.3084 
+0.2481 
+0.2003 
+0.1832 
+0.1388 
+O.:i.~8S 

+\).102: 
+0.0853 
+0.0722 
+\).0830 
+0.0547 
+(). 0473 
+0.04~0 

-rO .. 0355 
-i-!) "G308 
+0.0288 
+0,,0233 
+0 .. 0201 
-:-0 .. 0:"75 
+\) .. 0152 
+(;,,0132 

+.{) " OOEE 
-;-G,,0 .. :)83 

.:+(;" (;075 

+0.1271 CC/G 
+1.8848 SG-M/G 

+24.1368 MICROMETERS 
+0.0156 MICROMETERS 
+0.2688 MICROMETERS 
+1.8486 G/CC 
+2.5804 G/CC 

+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 
+0.0013 
+0.0016 
+0.0010 
+0.0013 
+0.0011 
+0.0011 
+0.0005 
+0.0005 
+0.0008 
+0.0006 
+0.0008 
+0.0006 
+0.0008 
+0.0003 
+0.0006 
+0.0006 
+0.0006 
+0.00<)6 
+0.0008 
+0.0006 
+0.0008 
+0.0006 
+0.0008 
+0.0003 
+0.0<)08 
~-O.0008 

+0=0003 
+0.0008 
-+:.0.000: 
+0.0003 
+0 .. \)008 

-~:? i:}~:~i:~G 
,-,). {),_,·l,3 

+0" i)0(;3 
-;-'0.(:003 

-rO .. 0003 
+0 .. 0003 



MiCRO~ERITICS AUTO-PORE 8200 V2.01 

FORD .BACON & DAViS 
NMS -23-3 
PNTR NUMBER 

PRESSURE 
psrA 

+1.5 
+2.1 
+3.0 
+4.0 
+5.5 
+7.0 
+8.5 

+10.4 
+:2.8 
+15.8 
+20.0 
+29.1 
+38.0 
+48.6 
+58.0 
+73.5 
+88.1 

+114.1 
+138.4 
+174.:. 
+218.7 
+270.6 
+328.2 
+4,,8.0 
+518.7 
+635.8 
+786. 1 

,+887.5 
+1198.5 
+1387.8 
+:588.0 
+1881.1 
+2285.7 
+2617.2 
+3017.2 
+3483.0 
+£.023.:3 
+4634.5 
+5408.5 
.,.6184.4 
+7093.4 
+8:'66.3 
+8 Ll 77.7 

+10833.8 
+12562. £.. 
+}.4455.0 
--rlGG;30.3 
+15209.8 
-'-22:88.2 
..;..25085. -, 

+28553. " 

:v!Al#244 -", 
+73 

PORE 
D:;: Ai'1ETEi,' 

MICRO-lV' 

+118.2810 
+85.5650 
+58.1430 
+43.7815 
+32.2585 
+25.3Ll5!3 
+20.8083 
+16.8567 
+13.6555 
+1 I, 1093 

+8.8483 
+8.0778 
+4.5356 
+3.6384 
+2.8837 
"'2.4057 
+1 .8843 
+1 .5487 
-.: .2774 
+:l. .0155 
+0.8045 
+0 .. 6533 
+0.5370 
+0.4218 
-H). 3408 
+0.2780 
+0.2220 
+0.:780 
.... 0. '-474 
+0.1265 
+0. :i105 
+0.0835 
+0.0773 
~O.O675 

+0.0586 
+0 .. 0506 
+0.')439 
",0.038::' 
+0.0:327 
-~o. 0286 
-rO.OZ4S 
+0.02:,(3 
+0.0187 
+0.G::'i33 
+0.01£..1 
+O.O:~22 

+0.0103 
-+0 .. 00£2 
+(; .0080 
+0.0070 
+0.00'5:3 

INTRUSION (PRESSURIZATIONJ DATA SUMMARY 

TOTAL INTRUSION VOLUME 
,OTAl PORE Af~EA 

MEDIAN ?ORE DIAMETER (VOLUME) 
MEDIAN PORE DiAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
8wi...K DENSI-:Y 

APPARE~T (S~ELETAL) DENSITY 

f. CAPILLARY .... 38.6801 

INTRUSION PORE MEAN 
VOLU:vitO SUR"ACE DIAMETER 

CC/G SG-i'1/G MICRO-M 

+0.0001 +0.0000 +118.2810 
+0.0001 +0.0000 +101 .8230 
+0.0005 +0.0000 .... 71.8538 
+0.0008 +0.0001 +50.8674 
+0.0013 +0.0001 +38.0251 
+0.0018 +0.0002 +28.8022 
,..0.0022 +0.Ot)02 +23.1276 
+0.0024 +0.0003 +18.8330 
+0.0031 +0.0005 +15.3061 
+0.0036 +0.0006 +12.3824 
+0.0084 +0.00i7 +8.8788 
+0.0064 +0.0017 +7.4831 
+0.0077 +0.0027 +5.3068 
+0.0090 +0.0040 +4.0875 
+0. I) Hi;3 +0.0060 +3.3166 
+0.0126 +0.0088 +2.6887 
+0.0140 +1).0116 +2. 1850 
+0.0158 +O.O!57 +1.7670 
.;.0.0176 +0.0205 ->-1.4! 35 
+0.0182 +0.0263 +1 .1465 
+0.0221 +0.0388 +0.8100 
+0.0238 +0.0488 +0.7288 
+0.0248 +0.0545 +0.5852 
+0.02:58 +0.1)'334 -H). 4784 
+0.0268 +0.0744 +0.3813 
+0.0278 +0.0868 +0.3084 
+0.0288 +0. 1025 +0.2500 
+0 .. 0298 +0 .. 1,236 +0.2005 
+0.0308 +0. 1487 +0. 1632 
~O.0317 +0. 1730 +0. 1368 
+0.0325 +0. 1888 +0.1185 
+0.0338 -i-0 .. 2550 +0.1020 
.,..0.0351. +0.3080 +0.0854 
+0 .. 0380 TO.3627 +0.0724 
+0.0370 ..,.0.42£.4 +0.0631 
... 000380 +0.4!:J57 +0.0546 
+0.0389 -0.5707 +0.0£.73 
+0.0383 +0.3152 +0.0410 
+0. (lL'03 -cO.725:: +0 .. 0354 
+0 .. 0408 +0.80133 ,,.<).0306 
+<).0,4.16 -roO a 8988 +0.0268 
+0.'1)4·21 +0.9821 -+0 .. 0233 
'i-().0427 +' .. 1158 +00020~ 

+0.0430 ""'1 1784 +O.O~75 

~O .. O434 -""1 .273:3 +O.O::.~2 

.,..0.<)4:37 +l .3821 +O~O132 

+0.0438 +0,.4465 ..,.0.01"4 
+0.0442 -7'"1 .5547 +<)~ooss 

+O .. 04r..3 + .6387 +0.0086 
-H) • OLlLl5 + .7332 +0.0075 
,-:,0 .. O·!~4 7 + .8428 +0.0065 

186 

+0.0447 CC/G 
_+ 1.8428 SG-M/G 
+0.7814 MfCROMETERS 
+0.0242 MICROMETERS 
+0.0970 MICROMETERS 
+2.3354 G/CC 
+2.6076 G/CC 

DV 

+0.0001 
+0.0000 
+0.0004 
+0.0004 
+0.0003 
+0.0005 
+0.0003 
+0.0003 
+0.0007 
+0.0005 
+0.0028 
+0.0000 
+0.0013 
+0.0013 
+0.0018 
+0.0020 
+O.00!5 
--0.0018 
+0.0017 
+0.0016 
+0.0028 
+0.0018 
+0.0008 
+0.001:; 
+0.00~1 

+0.00:10 
+0.0010 
+<).0011 
+0.0011 
+0.0008 
+0.0008 
+0.0014 
+0.001.2 
'-0.001.0 
+0.0010 
+0.0010 
+0.0009 
+0.0005 
+0.0010 
+0.0006 
+0.00013 
+0.0005 
+0.0008 
+0.0003 
+0.0004 
+0.0004 
"'0.0002 
+0.,0003 
+0.0')02 
+0.0002 
+0.0002 



MICRDMERITICS AUTO-PORE 9200 V2.01 

FORD ,BACON & DAVIS 
SCHWARZWALDER MAL~ 

PNTR NUMBER +222 

PRE:S::S:URE 
P'S:I A 

+1.5 
+2.1 
+3.0 
+4.0 
+5.5 
+7.0 
+::!.5 

+10.4 
+12.9 
+15.9 
+20.0 
+2:::.9 
+·3~::. ::: 
+4:::::.7 
+5:=:.6 
+74.1 
+E::::.6 

+113.6 
+1::::9.0 
+175.2 
+220.0 
+2t.9.6 
+::::::2.1 
+41:::::.1 
+517.7 

+796.1 

+119:::::.5 
+13'33.9 
+1590.2 
+1:::::92.1 
+;::294.5 
+2625.7 
+:;:015.2 
+34:::::2.1 
+402:~: • .:. 

+4649.4 
+'5394.5 
+6199 .. ~: 
'+709:::.4 
+::::1 '::::1. 2 
+94'3,,:.6 

+10'::7:::. :! 
+12517.7 
+14440.1 
+16779.( 
+ i 92·~:::::. Eo 

+ 
+ 
+ 

c· 
-' . 
3. 

PDF.'E 
DIAMETER 

t'l I CRO-t'l 

+11:::::.2:::::10 
+::::5. ~5650 
+5:::.1430 
+43.7'319 
+32. 2~5:::5 
+25. ::::459 
+20.9093 
+16.9567 
+13. 65~55 
+11. 1093 

+:::::. :::4'::::: 
+6.10:::::7 
+4.5527' 

+3.0162 

+1.9942 
+1.5567 
+1.2720 
+1.0092 
+0. :::::0::::3 
+0.6557 
+0.5323 
+0. 422:=~ 
+0. ':::41 ",; 
+0.2771 
+0.2220 
+0.1790 
+0.1475 
+0.126::: 
+0.1112 
+0.09':::4 
+0.0770 
+0.067:::: 
+(1.05,::6 
+0.050::: 
+0.04:::3 
+ O. 0 :::.::: 0 
+ (I. 03c~::: 
+0.02"::'5 
+0.0249 
+0.021E. 
+ O. 01 ::::", 
+(1.0162 
+0.0141 
+0.0122 
+0.010:; 
+0. (11)'32 
+0 .. 
+0. 
+0. 

INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN POPE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/Al 
BUU: DEJf5:1T'.,-' 

APPARENT (SKELETAL) DENSITY 

.... '::AP I LLAf;'\' 

I tHRU5: I Dri 
"iOLUt'lE 

CC:./(:i 

+0.0000 
+0.0000 
+0.0001 
+0.00(11 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+1).0001 
+1).0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0002 
+0.0004 
+0.0009 
+0.0014 
+1).1)019 
+0.002':;' 
+0. OO~::=: 
+0. 0044 
+0.00'52 
+O.OOE,1 
+0.0070 
+0. 0074 
+0. 0079 
+0.00:::::::: 
+0.0(1:;::7 
+0.0090 
+0.00",,::: 
+0.O(t9:i 
+0.00'37 
+0.00"'39 
+0.(11)1 
+0.010e' 
+1). 0104 
+1).0104 
+1).010'5 
+1).010'=, 
+ 

+ 
+ 

10 
10 
10 

107 

+41. '32'30 

POPE 
:S:UPFACE 
S:C'-t'1 ..... 13 

+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+O.ooon 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0010 
+0.0027 
+0.0072 
+0.0136 
+0.022:::: 
+0.040'3 
+0.064'3 
+0.0:::::16 
+0.10:3'3 
+0.1421 
+ O. 1 ::::3::' 
+0.2105 
+0.2400 
+0.26'5'3 
+0. 30~:1 
+ o. :::::::::1 
+0.364::: 
+0.3'366 

. +0.4':::02 
+0.45'34 
+0.4:::",,4 
+0.523':7' 
+0·.55:::6 

+1}.6205 
+0.6511 

+ 
+ 
+ 

90 
91 
11 

t'1EAt"i 
DIAt'lETEP 

t'1I CPO-f'l 

+11::::.2:;::10 
+101.",,2::::0 

+71. :::~i3'~ 
+50. '3674 
+3:::::.0251 
+2B.:=:022 
+23.1276. 
+1:::.9::::30 
+15.::::061 
+12.3:;::24 

+'3.97:=:::: 
+7.47:::5 
+5.3307 
+4.0906 
+3.3223 
+2.7014 
+2.1904 
+1.7754 
+1.4144 
+1.1406 
+0. '3063 
+0. 729~5 
+0.5940 
+0.4775 
+0. :::::::::21 
+0. :::0'33 
+0.2496 
+0.2005 
+0.1632 
+0.1::::72 
+0.11'30 
+0.102::: 
+0.1)::;=;2 
+0.0722 
+0.0630 
+0. 0~A7 
+0. (147.::: 

+0.0410 
+0.0354 
+0.0':::06 
+0.0267 
+0. 02~:::: 
+0.0201 
+0.0174 
+0.0152 
+0.0132 
+0.0114 
+0.009'9 
+0. (I E. 
+0.0 5 
+0. I) :1 

+0.0107 
+0.7011 
+0.10:::::;:: 
+0.ln51 
+0.0611 

CC ..... G 
5:G'-t'1/!3 
M I CPOt1ETEPS 
~1 I CPOt'lETEPS 
t'l I CPDr'lETEPS 

+2.9965 6 ..... CC 
G ..... cc 

D'.,! 

+0.0000 
+0.0000 
+0.0001 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.1)000 
+0.0000 
+O.OOOU 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0002 
+1). 0004 
+0.0005 
+0.0006 
+0.000'01 
+0.0010 
+0.0006 
+0.0003 
+0.0009 
+0.000'3 
+0.0005 
+0.0005 
+0.0004 
+0.0004 
+0.000.3 
+0.000:::: 
+O.OOOe: 
+0.0002 
+(1.0002 
+0.0002 
+0.0002 
+0.0001 
+0.0(1)1 
+0.0001 
+0.0001 
+0.0000 
+0.00(10 
+0.0000 



-
MICRoMERITICS AUTO-PORE 9200 V2.01 

FORD ,BACON iDAVIS 
MADAWASKA MALe 
PNTR N~MBER +218 

IO'''~~::SU''~~ 
P'S:I8 

+1.5 
+2.1 
+3.0 
+4.0 
+5.5 
+7.0 
+E:.S 

+10.4 
+12. '3 
+15.9 
+20.0 
+2!:::. '3 
+.:::~:. 3 

+74.1 
+':::::::::.6 

+113.6 
+13'::'.0 
+175.2 
+220.0 
+26'~. ~t 

+332.1 
+41 :::::.1 

+796. 1 

+119:::::.5 
+139:::.9 
+1590.2 
+1:::::'32.1 
+22 1::a4.5 
+2f.25. {' 
+3015.2 
+:::4:::::2.1 
+402:::. E, 
+464'3.4 

+6199.3 
+709:::.4 
+::::: 1:::: 1. 2 
+949E~. 6 

+ 10::::7::::.5 
+12517.7 
+14440.1 
+if,779. ? 
+ 1 '::'C~:::'::. 6 
+22129.t:, 
+25065.3 

Pl]"~~ 

DI8'1~.TE": 
t'1I C~:D-t'1 

+:::5.5650 
+5:::::.1430 
+4:::.7919 
+32.25:::5 

+20.9093 
+16.95'::.7 
+13.6555 
+11.10'0"::: 

+'::::. :::::4:::::'::: 
+6.10:::::7 
+4.5527 

+3.0162 

+1.9942 
+1.5567 
+1.2720 
+1.0092 
+0. :::::033 
+0. ':.557 
+0. 53:=:-=: 
+0.422::::: 
+0.3415 
+0.2771 
+0.22;::0 
+0.1790 
+0.1475 
+O.126B 
+0.1112 
+0.0'3:::4 
+0.0770 
+0.0673 
+0.05:::6 
+0.050:::! 
+0.04:::9 
+0.0::::::::0 
+0.0323 
+0. 0235 
+0. 0249 
+0.0216 
+0.01 ::::6 
+0.0162 
+0.0141 
+0.012':::: 
+0.0105 
+0.009::::' 
+O.OCI::::O 
+1).0071 
+0. O(!::;,~ 

INTRUSION (PRESSURIZATION) DATA SUMMARY 

TOTAL INTRUSION VOLUME 
TOTAL PORE AREA 

MEDIAN PORE DIAMETER (VOLUME) 
MEDIAN PORE DIAMETER (AREA) 

AVERAGE PORE DIAMETER (4V/A) 
BULK DEriS: I T\' 

APPARENT (SKELETAL) DENSITY 

\ C8P I LLAf':'r' 

I tHPU'S: I fJI'1 
',/QLUt'1E 

CC .... I::; 

+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0001 
+0.0002 
+0.0002 
+0.0002 
+0.000'::: 
+0.0003 
+0.000::: 
+0.0004 
+0.0005 
+0.0006 
+0.0006 
+0.0007 
+0. 0009 
+0.0010 
+0.0010 
+0.0011 
+0.0012 
+0.001'2 
+0.0012 
+0.0013 
+0.0014 
+0.0014 
+0.0014 
+0.0015 
+0.0015 
+0.0015 
+0.0016 
+0.0016 
+0.0016. 
+0.0017' 
+0.0017 
+0.0017 
+0.0017 
+0.0017 
+0.1)017 
+0.0017 
+1).0017 
+0.1)017 
+0. CIO 1 7 
+0.0017 
+0.0017 
+0.0017 
+(i. 0017 
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+5.:::::490 •••• 

PfJ":E 
'S:U~:FACE 
·S:O-t·1 .... '::; 

+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.00')0 
+0.0000 
+0.00·00 
+0.0001 
+0.0001 
+0.0001 
+0.0002 
+0.000'::: 
+0.0004 

'+0.0007 
+0.0007 
+0.0011 
+0.0019 
+0.0022 
+0.002'::. 
+0.0032 
+0.0037 
+0.004". 
+0.0047 
+O.OO:I{ 
+0.00,::0 
+0.00,::0 
+0.00:::::4 
+0.0112 
+ O. 01:;:t:. 
+0. 01 ~~2 
+ 0.01 :::::::: 
+0.01:::::3 
+0.02:::1 
+0.02:::7 
+0. 029J 
+0. 0233 
+0. 0293 
+0.035:::: 
+0.03::i::: 
+ o. 0:::5':: 
+0.035'::: 
+0. 03:;~=: 
+0. O'~:5E: 
+ I). I) ~:':;'=: 

+0. (l~:5:=: 
+0. O~:5::: 
+ I). 03:i::: 

t1~At'1 

DIAr'1ETEP 
t'1J C;;;:O-t'l 

+11E':.2tHO 
+101.'3230 

+71.3539 
+50.9674 
+3:::.0251 
+2:::. ::::022 
+2 .. ::.1276 
+1:;:.'3':::::0 
+15. ':::0".1 
+12. '::::::::24 

+7.47:::5 

+4.0906 
+3.3223 
+2.7014 
+2.1904 
+1.7754 
+1.4144 
+1.1406 
+ (I. ':;'06~: 
+0.7295 
+0.5940 
+0.4775 
+0.3'::::21 
+0.30'33 
+0.24'36 
+0.20(1'5 
+0.1632 
+0.1372 
+0.1190 
+0.1023 
+ (I. 1)::::52 
+0.0722 
+0.06:::1) 
+0.0547 
+0.047::: 
+0.041(1 
+0.0:::54 
+0.0'::06 
+0.02E,( 
+0.02::::: 
+0.0201 
+0.(1174 
+0.015':: 
+0. Ul:::2 
+0.0114 
+0.(1099 
+0. OO:,:~, 
+0.0075 
+0. OO~':1 

+0.0017 CC/I::; 
+0.035::::: S(;!-t'1/1::; 
+0.:::::656 MICROMETERS 
+0.0597 MICROMETERS 
+0.1944 MICROMETERS 
+2.6128 13 ..... CC 
+2.6247 13.····CC 

DI/ 

+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0001 
+0.0001 
+0.0000 
+0.0001 
+0.0002 
+0.0000 
+0.0001 
+0.0001 
+0.0000 
+0.0001 
+0.0000 
+0.0001 
+0.0001 
+0.0000 
+0.0000 
+0.0001 
+0.0001 
+0.0000 
+0.0000 
+0.0000 
+0.0001 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+0.0000 
+U.OOOO 
+0.0000 
+O.OUOO 
+O.OOOU 
+0.0000 
+0.0000 
+0. 0 
+0. 0 
+0. o 



=ORD • aACO~ & DAVIS i~TRUSiO~ (PRESSU~IZATIONI DATA S0M~ARY 
SYNT~E-IC ORE #3 ~AL#247 

P;:;ESSURE 
PSIA 

+:.5 
..;.2.1 

+3aO 
-...4.0 
+5.5 
+7.0 
+8.5 

+10.A. 
+~2.8 

+15.9 
+20.0 
+28.: 
+38.0 
~r48. 6 
+59.0 
773.5 
+81::.: 

+li4.1. 
+:38.L;~ 

+:~74;<1 

--2:;'8" 7 
. ~.,."' .. -' -r.::. I \j .. C 

+329.2 
-4~8.0 
+5~8.7 

+,335.S 
.,..786. ;. 
+887 .. 5 

+1188 .. 5 
+~3S7.S 

+1.589.0 
'-r18S: .. 1 
+2235.7 
·t-2G~ 7 .. 2 
+3017 .. 2 
+3483.0 
... 4023.6 
,..4.63L...5 

+6~84.4 

+7083.{;. 
+S~.S:3 .. J 
-3~·77 .. 7 

-}.;.0833.2 

+68 

POi~:::: 

D I Ai'1ETER 
i"i I C;:(IJ--:'''1 

+1l.'::.28:~0 
+85.5:350 
.,.58.1.(;.30 
+43.78:,5 

+25.3458 
+20.9083 
"f"::'i3 .. 95G7 
""13.6555 
+11.~083 

+8.8483 
+5.077!3 
+4 II 53~5G 

+3.6:384 
-r2 .. 88:37 
+2.40'.57 
+; .• 98t.3 
+l.5487 
-'-J..2774 
+1.0155 
+<),,2045 
-;..0 .. :3533 
+0 .. 3:370 
-:-0.421.8 
-H) .. 34013 
+0.2780 
+0 .. 2220 
-cO. :(751) 
+O.1~·74 

;..0 .. :255 
+O .. :~i05 
,0..0835 
+\).)773 

--0 .. 0582 
-:-0" O~-;O{3 
,..0.0438 
-:r.c;. .. 0313 :~ 

-H) .. 0327 
-H) .. 0286 

-r(; .. C:~37 

+U .. O::.~3:~ 

...... 040i2:: 
~.-(.'" G:: 0'3 

"';} 

7DTA~ iNTRUSION VOLUME 
--OTA'- "DR':: A:EA 

~EDIA~ ?OR~ D!AMETE~ (VOLUME) 
~::DiAN ?DRE D~AME7ER (A~EA) 

AVE~AG~ ?OR~ D=A~E~E~ (4V/A) 
2,·j:....l\ DF-:\iS I TY 

I'\jT,'<USIO'" 
()OUJMC: 

CC/G 

+0.0000 
+Og0010 
+0.0027 
+Oa0052 
+O.O~J.O 

+0.0208 
+0.0314 
+0.04:28 
+0.0503 
-rO g 0530 
+0.0588 
+0.07:34 
+0.078 L 

+0.08""6 
+0.08138 
+0.0943 
+0.,)981 
+0.:02: 
..,··0.l056 
+O.1.0S3 
+O .. :~ :...33 
..,.O.~:96 

+0.;'206 
+0.1224 
+0=:..242 
+0 ~ : 280 
+0. "273 
..,..OM :"2:38 
+0.:,300 
-;--0.13::.1. 

+(:'" :.. 3~32 

+0.::'353 
+O.~:.3G! 

+0 u :~ ::;:-:8 
+0" : :385 

+0. :>!~32 

..:-i) .. ~ 00 

+0" _ 
.... 0 ~ l. i3 
..;-o,,~ 

-46.4784 

"ORE 
SiJR,::-AC c: 
SG-iv./3 

"'""G. 0000 
-!-O.OOOO 

+0.0001 
+0.0003 
+0,9008 
+0.0023 
+O.OOLl.: 
+0.0085 
+0.0085 
+O"O~OO 
+0.0160 
-0.0178 
+0".0224 
+0.0275 
+0.0326 
+0.0407 
+0.0475 
+0.0586 
"""!""O.05t35 
+\).0786 
·~o .. 1030 
+0. :224 
+0. :.353 

-H). =.. 702 
+0.1835 
+0.2147 
+0.2452 
+0.2727 
+0.3035 
+0.3388 
-H).3822 
+0.4803 
+(),,5257 
+O.84~2 

-;-1.2803 
+j. ~ 426£ 
-:-~ ... 5872 

... :;. .. 27 £.. 
~<2.:..5 2 

-:-2.77 G 
·_z .SS G 

.... :" 46 
-:].57 
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":fA:" 
D:tM!C:TER 

"':C:'<O-M 

+1:f3.28:i.O 
+:!.O:~ .. 9230 

+71.8535 
+50.9674 
+38.025:i. 
+28.8022 
+22.1276 
.... '-8.9330 
+l5.3081 
+12.3824 

.... 8.8788 
+7.463;. 
+5.3068 
+4.0875 
+3.3166 
+2.2887 
+2.1950 
+1.7870 
+1.4135 
"'-1.;.455 
+O.El00 
+O .. 728S 
+0.5952 
.,..0. 47S4 
+0 .. 3813 
+0 .. :3084 
+0.2500 
-;-0.2005 
+0.1332 
+O .. ~388 
+0 .. 1135 
... ··0 .. :.02.:) 

+0 .. 0724 
+O.063:\. 
+0.0548 
-rO.OL..73 
-t-<) .. O,L··lO 
"'!""G .. 0354 
+0 .. 0306 
+0 .. 0258 
'+(:<.0233 
+0 .. 020~ . 
+C~O:.75 

~O.O 52 
4"0 .. 0 :32 
+0 .. 0 4 
-rO.O '':S 

-0.0 t:' 
...... 0 ~ (i 

"'0.0 5 

+0.1554 CC/G 
+4.Ll.8G5 3Q-M/G 
+4.9588 M!CRO~ET~~S 
~O.0155 MICROMETE~S 

+0.1383 MiCROM~TERS 
+:i..7570 Glee 
+2.4::72 G/e: 

-;-0.0000 
+0.0010 
+0.0017 
+0.0025 
+0.0057 
+0.0100 
+0.0:05 
-H).0114 
+0.0075 
+0.OO.c.7 
+0.OH·8 
+0.0034 
+0.<)050 
+0.0052 
+0 .. 0042 
+0.0055 
+0.0037 
+0.0040 
+0.0035 
+0.0038 
-0 .. O(n30 
+0.0043 
+0 .. 001\) 
+0.0018 
+0.00'-8 
..,.0.0018 
-H). 00 1.:3 
+O.OO~G 

+0 .. 00 1.:~ 
+0.001:i. 
+0 .001~; 
+0 .. (-01: 
+0.002: 
+0.0008 
+0.00:;'8 
+0.0015 
+0.002: 
-1-0.00:":.3 

+0.00'-8 
+O .. OO~i 
+0.00:: 
+0 .. 001.3 
+0 .. 0008 
+0.0008 
-rO.OO~O 

+/),,0005 
+\) .. GO()S 

+0 .. 0005 

+0,,000 
~!""o .. 00::. 



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 gL (cm) at the respective 
flat surfaces and assumed leak-rate constants Co and cL 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 value Ceq (atoms/cm3 ) 
in the air of the pores is of the form. 

E S YD"A. x -~X) 
C = ].l ( 1 +ae obs +b obs 

eq "A. (p+pk+p k ) e 
w w 

(B-1) 

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 Cg . and Cg .•. in the 

d . 1 O.LJ gaps 90 an gLI respectlve y: 

C =C I go eq x=o 
(B-2 ) 

C =c 1 gL eq x=L 
(B-3 ) 

(B-4 ) 

dCI J L=(-) (p+pk+p k )D b ~ =g C ("A.+c) x= w w 0 S aX L g L 
x=L L 

(B-5 ) 

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 unkno~"n constants, a I b, Co and Cat' 
However, it is unnecessary to write the complicate~d' solutions 
for these constants because they will not enter into the final 
results. 
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gap go 
IMPERME~LE 

L " 

X DISC AXIS 

r~ r 
C ~IMPERMEABLE 

CL 

O~LEAKCONSTANTS / 

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 Css (atoms/cm3 ) 
results within the air of the pores such that 

C ss 

E S 
11 

A(p+pk+p k ) w w [

1- COSh(.f;,£ (x- ~~] 
COSh~~~) D b 2 o s 

(B-6) 

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 

C = C + e-"AtF(x)f(t) 
ss 

where 

F(x)f(t) 

and 

00 

~ 
. nTIX = a Sln-­n L 

n= 

(B-7) 

(B-8) 

(B-9) 

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

a = 
1'1 

2E S 
11 

LA(p+pk+p k ) 
w w 

(B-IO) 
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C 

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

E S 

[1-
cosn(VD A (x- ~~ ]l obs = A(p+pk+p k ) w w COSh(/;F- ~) 

Dobs 2 

00 

-A~~ n~ ~ + 2 L . n'TTX -n 2'TT2Dt/L2 
L nZ'TTz sln~ e . 

e n= AObS + 
~ 

(B-ll) 

Counting the exhalation rate EXR (atoms/s) to be 10sitive 
if it is outward from the flat faces each of area A(cm ) gives 
the expression 

EXR = AD ~CI -AD aCI 
e aX x=O e dX x=L (B-12) 

with the aid of equation 4-14. Performing the operations of 
equation B-12 on B-ll, and using equation 4-18, results in the 
relation, 

00 

EXR = EXR + ss 
4AD b E S [ Vb A 

o S]l e- At 2+(a+b) (l+e obs 
AL 

where the steady-state exhalation rate EXRss is 
(B-13) 

EXRSS = 2AE S JD ~bS tanhrJo A ~\ 
]l obs ) 

(B-14) 
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Both EXR and EXRss are directly measurable although the accuracy 
of measuring EXRss is usually limited because of low levels 
of radioactivity. It is not necessary to know E 5, a and b 
in order to use equation B-13 to determine Dobs ~ecause the 
equation can be rearranged to eliminate the constants of lesser 
interest using measurements at two different times tl and t2. 
Thus, the sample in the air stream at two different times 
tl and t2 has 

00 

Equation 4-20 is thought 
unknown laps and leakages 
bration. It allows the 
from pairs of points. 

(4-20) 

to be rigorously valid in spite of 
at the planar faces during equili­

experimental determination of Dobs 

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 written for use with EXEC 8 on an UNIVAC 1108. 
1. 

J::" 
,_I .. 

6. 
"7 
I • 

SEE THAMEP/S EON (20) OF 4/1/S0 LETTER TO HOLUB. 
THIS DETERMINES D FROM (EXRT1-EXRSS)/(EXRT2-EXRSS)=RATIO 
USING A SEARCH METHOD. 
CGS UNITS EXCEPT EXR VALUES IN CONSISTENT UNITS. 
T1 IS LESS THAN T2 AND ON UPPER PART OF CURVE. 
AN EXEC S USER CAN TERMINATE PGM WITH BREAK ~~X TID 
REAL*S RATID,DOMIN,DOMRX.D,T,SUM;RRG,STEP,XN, 

$EEXP,XINC,EXPRN,F,ESUM,RAD,SUM1,SUM2,DMAX,ERROR 
DATA Fn-i, p, ERt'1A::< 

10. 1 /0.209SE-5,3.14159265,0.01/ 
11. c'o hIPITE(6,1> 

1 :=: c 

14. 
15. 
16. 
i ? • 
u::. 
19. 
20. 
c:1. 

c'4. 

26 . 
. -,"""':1 
C ( :'I 

'=IC! 
i-.I_' a 

:3 I). 
31. 

-::'7 
,_I I ... 

41. 
42. 
43. 
44. 
.oft:' '"T._' • 

46. 

SOu 
51. 

54. 

i 

::::0 

.-::' i ,_I.L 

2 

4 

5 

::: 

10 

FORMAT(/ PGM TO DETERMINE D FROM/) 
'-'.IF 1 TE (f" :::: 0> 
FOF.'!'1AT (., (E::<F.'T 1-E::<RSS) ./ (E>::RT2-E::<RS:~:) US I t-iG .. ,) 
hlfd TE (6, 3D 
FDRMAT(/ A SEARCH METHOD./) 
b.iF'ITE (6, c') 

FORMAT(/ THE VALUE OF XL (DISC THICKNESS) IS :/) 
PERD (5,3) ::<L 
FOF't'iAT () 
hi F.: I TE (6 .. 4) 
FDRMAT(/ THE VRLUE OF EXRSS IS~/) 

PERD (5, 3) E::<F.':~::~: 
i,.iF.' 1 T E (6, 5) 
FORMAT(/ THE VRLUE OF LOWER TIME T1 IS 
RERD (5, ::::) T 1 

II •••.•• 

II "I 

FORMRT(/ THE VALUE OF HIGHER TIME T2 IS :/) 
F:ERD (5, 3) T2 
id R I T E .:: 6 , ?) 

FDRMAT(/ THE VALUE OF EXRT2 IS :/) 
F'ERD (5, ::::) D:;PT2 
\...!F.' I TE (6,9) 
FDRMAT(/ AN ESTIMATED VALUE OF D (CM**2/S) IS :/) 
REAti(5,3)DEST 
RATIO=(EXRT1-EXRSS)/(EXRT2-EXRSS) 
DOt" I h=DEST./ 1 (I n 

D Ot'1A::-::=DEST *1 (I. 
:~:TEP= (I. 0 1*D o t'l A >:: 
D=D Or'i I r'i-:~:TEP 
DO 10 1=1,111 
D=D+:~:TEP 

T=T1 
CALL ELSUM(RATID,DOMIN,DOMAX,D,T,SUM,ARG,STEP,XN, 

$EEXP,XINC,EXPRN,F,ESUM,RAD,SUM1,SUM2,DMAX,EPROP) 

T=T2 
CALL ELSUM(RATIO,DOMlh,DOMAX,D,T,SUM,ARG,STEP,XN, 

$EEXP,XINC,EXPPN,F,ESUM,RAD,SUM1,SUM2,DMAX,ERPOR) 
~:Ut'12=E :~:Ur'1 

i?AD=:S:Ur'i 1./:S:Ut'i;::-
IF (PAD.5T.RATIO) 
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1 
1 
1 
1 
1 

57~ 

t:::1~ 
0 .. -" _0" = 

6u. 
tIl p 

E,2a 
E,:3:= 
tAu 
t,S = 

E;E'I:I 
t, (" a 

I O. 
71. 
7'=~ 
I L.. 

-"-1 
( .:: n 

74. 
-'1::" 
!" _I .. 

j E, a 

--::S7 
I ! II 

7:::; a 

::: I). 

:=-: 1 • 

:::5 = 

:::'3 n 

.L L. 

14 
15 

16 

17 
.!.1 

1 1 

Ef;:'F.'CP=STEP ... D 
IF (ERRCR.LT.ERMAX) GO TO 14 

STEP=O.01*(DMAX-DMIN) 
D=Dt'l I t"1-:~:TEP 
!::;O TO 13 
h!~'ITE (E'!i 15) 
FOPt'1AT .:: """ THE ',/ALUE FOUr"m FOR .u .::CtH".2""":~:> IS""") 
hlPITE (6,16) It 
FDF-'t'lAT (1 E 10.4) 
i.,J F-: I T E .:: 6, 1 7:' 
FORMAT(' FOR WHICH THE FRACTIONAL UNCERTAINTY IS') 
WF.'ITE(6,18)ERMAX 
FOF-:t'1RT (1 E 1 O. :3) 
GO TO ;~O 

SUBPOUTINE ELSUM(RATIO,DOMIN,DOMAX,D,T,SUM,ARG,STEP,XN, 
1EEXP,XINC,EXPRN,F,ESUM,RAD,SUM1,SUM2,DMAX,ERPOR) 

REAL*8 RRTIC,DOMIN,DOMAX,D,T,SUM,ARG,STEP,XN, 
$EEXP,XINC,EXPRN,F,ESUM,RAD,SUM1,SUM2,DMAX,ERRDR 

DATA RN,P /0.2098E-5,3.14159265/ 
:::Ut'l= I). 
:=-::1"1=-1 • 
DO 11 J=1,iOi 
>::t"i=::<I"i+ 1 • 
ARG=-(2.*XN+i.)**2*P*P*T*D/(XL*XL) 
EE::<F'=DE::<P (ARC) 

SUI'1=:~:Ut'1+>:: I t"iC 
F ::-:;P Rt"i = -s:' t"i* T 
F=DE::<F' (E>::PRt"i) 
E:::Ut';=F *:~:Uf'i 
PETUPt"i 
nm 
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Appendix D. Calculated exhalation relations 
with the prior injection of radon 

A disc that is 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 CONI (atoms/cm3 ) is obtained 
after several half lives of radon. Using equation 4-17 with the 
derivatives equal to zero then gives 

E S 
11 

CONI= A(p+pk+p k ) 
w 'iii 

(D-l) 

which is equation B-1 with a = b = o. However, if external 
radon is 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 Co and 
CONI are two alternative replacements for the equilibrium pore­
air concentration Ceq (atoms/ cm3 ) of Equation B-1. However, 
equation B-6 of the pore-air concentration Css a long time after 
the inception of exhalation is still valid. Equations B-7 and 
B-9 are also valid except that Ceq becomes either Co or CONI. 
With Ceq considered not to be a function of x, equation B-9 is 
now solved to give 

a = n 

(D-2) 

Inserting equation D-2 into equations B-7 and B-8 results 
in 
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00 

Ell S ~ L . (2n+l) TIX 
-::-;\""7(-P"""+-P-::"k-'+C-P-W

-:k""W-'t.rr ( 2 n + 1) 'IT 8 1 n L 

. (2n+l)TIx 
81n L 

(D-3) 

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

EXR = EXR 
88 

00 

+ 8A e-;\~(c D-L eq e 

n= 

where EXRss is described by Equation B-14. 

(D-4) 

The exhalation rate with No Injection (EXRNI, atom/s) has 
equat~on D-1 for Ceq in equation D-4. This and equation 4-18 
give 
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8AE SD b 
EXR + 11 0 S 

ss AL 

(D-5) 

Now reserving the designation EXR (atom/s) for equation D-4 with 
radon injection and C~q = COl and combining equations D-4 
and D-5 gives the relatlon 

(D-6 ) 

A disc I s unknown quantity (CoDe-E SD/ A) may be eliminated by 
taking the ratio of Equation D-6 a~ two different times; hence, 

(EXR-EX~I)tl 

(EXR-EX~I) t2 
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Equation 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.e. Jaeger: I 

00 

~ -(2n+l)2n 2D b tiLL Le 0 s 
n=O 

(D-8 ) 

1 ft • S. Cars law and J. C. Jaeger, "Conduction of Heat in Solids," 
2nd ed. (1959), p. 97, equations 12-13. 
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Appendix E. Program BJT06*UC359PROG3.1 

This program was written for use with EXEC 8 on an 
1. C - - ~-Tf~I:s:~ f":;M -:~:EAFCHE:S: OUT COFFECT ' .... ALUE OF D 
:' 1..--. 

4. 

6. 

C EXPTL VALUES OF EXR AND EXRN AT TIMES Tl 
C SEE THRMER~S LETTER OF 4/21/80 TO HOLUB, 

ESPECIRLLY EQN 18. 
UNITS OF CM RND MIN. 
PGM CREATED ON 9/12/80 BY THAMEF. 

UNIVAC 1108. 
FOR 
At-m T2. 

--::' 
I • 

C 
C 
C 
C AN EXEC 8 USER CAN TERMINATE PGM WITH BREAK ~~X TID 

REAL.S RATIO,DOMIN,DOMAX,STEP,D,T,NUM,FFSUM,DEN, 
9. $RAD,ERROR,DMAX,DMIN,SUM,XN,ARG,EXPAR,EXPRN,RNT,S,RN,XL 

10. DATA RN,P,ERMAX 
11. $ /.12588D-3,3.14159265,0.Ol/ 
12. '30 I.dFdTE (6,1) 
13. 1 FORMAT(~ PGM TO SEARCH FOR VALUE OF D FROM~) 
14. bJRITE(6,30) 
15. 30 FORMAT(~ EXPTL EXR AND EXRN AT TWO TIMES.~) 

1 f, • hi R I T E (6 , 4 (I) 
17. 40 FORMAT(~ USE UPPER PART OF CURVE.~) 
IE. C L IS TWICE THICKNESS IF ONLY ONE END IS OPEN. 
19. b-'RITE (6. 2) 
2 I). (? FOPt'lAT (--- THE ' ... 'ALUE OF L I :S: --- ) 
21. PEAD(5,3)XL 
22. 3 FORMAT() 
23. WRITE(6,4) 
24. 4 FORMAT(~ THE VALUE OF TIME T1 IS~) 

PEAD(5,3)Tl 
bJF I TE (6,5) 

27. ~ FORMAT(~ THE VALUE OF EXRl IS~) 

28. READ(5,3)EXR1 
29. WRITE(6,6) 
3 I). 6 FOfd'1AT (~ THE '.,,'ALUE OF E::<Rt-i 1 I :S: .. ,) 
31. READ(5,3)EXRNl 

33. 7 FORMAT(~ THE VALUE OF TIME T2 IS~) 

34. READ(S,3)T2 
35. WRITE(6,8) 
36. S FDRMAT(~ THE VALUE OF EXR2 IS~) 

37. READ(S,3)EXR2 
:~,,::::. 1 . .It::: I TE (6,9) 
39. 9 FDPMAT(~ THE VALUE OF EXRN2 IS~) 

40. READ(5,3)EXRN2 
41. l.,iPITE (6,10) 
42. 10 FORMAT(~ AN EXPECTED VALUE OF D (CM •• 2/MIN) IS~) 

4~; • 
44. 
45. 
46. 
47. 
4:::::. 
49. 
SOp 
51. 

54. 

7'- .-

::! '::' = 

RATIO=(EXR1-EXRNi)/(EXR2-EXRN2) 
Ii Ot,; 1 t·i==DE::< ..... i (I. 

Ii Ot'1A::->[lE>::-"1 O. 
STEP= o. (11. D O!'lA>:: 
D=D (WI I r'i-:S:TEF' 

13 DO 11 l=j,101 
D=D+S:TEP 
T=T1 

t'-lUf'I=FF:S:ljl'! 
T=T;':' 

201 



1 
1 

1 
_L 

1 

1 
1 
1 

5?~ 

IF (RAD.GT.RATIO) 60 TO 12 
11 CmnlhUE 
1 E' EPF'OR=:~:TEF'-----rl 

.:: i 
'_I.!. fI IF (ERROR.LT.ERMAX) GO TO 14 

63. DMIN=DMAX-STEP 
64. STEF'=O.Ol*(DMAX-DMIN) 
65. D=DMIN-STEF' 
66. GO TO 13 
67. 14 WRITE(6~15) 
68. 15 FORMAT(/ THE VALUE FOUND FOR D (CM*.2/MIN) IS/) 
69. WRITE(6,16)D 
70. 16 FORMAT(1E10.4) 
71 " IdR I TE (6, 17) 
72. 17 FORMAT(/ FOR WHICH THE FRACTIONAL UNCERTAINTY IS/) 
73. WRITE(6,18)ERROR 
74. 18 FORMAT(lEIO.3) 
75. GO TO 90 

77 , , . 
71:J 
! _ .. r= 

9L 
C!'=' _ •. I....1t 

'~:::: d 

REAL*8 XL,RN,D,T,FFSUM,SUM,XN,ARG,EXPAF',EXF'RN,RNT,S 
DATA F' /3.14159265/ 
:~:Ut'1= O. 
>::t-i= O. 
:~:= i . 
DO 19 J=l,lOO 
S=-i.*S 

AF'G=-XN*XN*XL*XL/(4.*D*T) 
E::<PAR=DE::<P (A~'I::;) 
::;:Ut'i=::;:Ut'I+:~:*E\~pP.R 

i 9 emn I t-iUE 
Rt-n=-Pt-~ .. -T 

FFSUM=EXPRN*(i.+2.*SUM)/SQRT(T) 
F'ETUPt"i 
HiD 
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1 

Appendix F. Program BJT06*UC359PROG9.1 
This program was written for use with EXEC ~ on an UNIVbC 1108. 

L C 
C 
C 
C 
C 
C 

THIS PGM CALCULATES EX2=(EXR2-EXRNI2) AT 
2:. T2 IF EX1=(EXR1-EXRNI1) AT T1 AND D ARE KNOWN. 

SEE THAMER/S LETTER OF 4/21/80 TO HOLUB. 
4. UNITS OF CM AND MINUTES. 

PGM CREATED ON 5/13/81 BY THAMER. 
b. L IS TWICE THICKNESS IF ONLY ONE END IS OPEN. 
-::' . . REAL*8 XL,RN,DOBS,T,GFSUM,SUM,XN,ARG,EXPAR,EXPRN,RNT,S,GFl 

9. DATA PN /.125880D-3/ 
1 0 • \.,J PIT E (' 6.., 1 ) 
11. 1 FORMAT(/ PGM TO CALCULATE EX2 =/) 
12. WPITE(6,2) 
13. 2 FOF't'iAT (... (E:=-::R2-E>.::pr·i I 2:) 1 . ..iHEJi D, ... ) 
14. hiP I TE (6, 3) 
15. 3 FOPMAT(/ EXl = (EXR1-EXRNI1), AND T1/) 
16. WPITE(6,4) 
1? 4 FORMAT(/ ARE KNOWN./) 
18. WRITE(6,5) 
19. 5 FORMAT(/ THE VALUE OF EX1 IS/) 
20. READ(5,6)EXl 
21. 6 FORMAT() 
22. WRITE(6,?) 
23. ( FORMRT(/ THE VALUE OF T1 IS/) 
24. 
25. WRITE(6,8) 
26. ~ FORMAT( / TYE VALUE OF L IS/) 

c~:=:. hiP I TE (6,9·:0 
29. 9 FORMAT(/ MAX T2 OF INTEREST IS/) 
30. READ{5,6)T2MAX 
31 . hlF'I TE (6, c: 0) 
':1':' 
",M'l..-tt 

'")'-:1 ,_,,_1 =' 

20 FORMAT(/ THE MINIMUM TIME OF INTEREST 
PEAD (5, 6) H1Ih 

~:4. h!P I TE (6, 1 0) 
35. 10 FORMRT(,/ THE VALUE OF DOBS IS/) 

PEAL! C::;, 6) DOB:~: 
i .• Hd TE (6, 11) 

11 FORMAT(/ T2(MIh) 
T=T1 

EX2=(EXR2-EXRhI2)/) 

T .::-...... , 
J. . .:.. ", 

:;;:3 II 

40. 
41. 

CALL FSUM(XL,RN,DOBS,T,GFSUM,SUM,XN,ARG,EXPAR,EXPRN,RNT,S) 
I::;F 1 =GF:~:Ur'1 

4::: • 
44. 
4'5. 

\'t·1=-1 • 
DO 1 :::: J= 1 , 1 I) I) (1 

\li= \li+ 1. 
T2=TMIN*1.414*.YN 

47:1 
IF (T2.GT.T2MAX:o GO TO 14 
T=T:=' 

50:; 
(;F2=(;i=SUt'l 
E>-:;;=:=E::< 1 +!:;F i ./i::;F2 

53. 13 CONTINUE 
54. 14 STOP 
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1 
i 
,L 

i 
1 
1 
1 

51~a 

EIO = 

61. 

66. 

70. 
71. 

REAL*S XL,PN,DDBS,T,GFSUM,SUM,XN,ARG,EXPAR,EXPRN,RNT,S 
S:Ut'1= 0 
;:':li=O 
:~:= 1 
DC 12 1=1,100 
:S:=-1 •• :S: 

E::<PAR=DE;:'::P (APt;) 
:S:U t'1 = :~: U 1'1+ :S: *E ;:.:: PAP 

12 CDtHHiUE 
PtH =F.'t'i. T 

PETUPi"i 
HiD 
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Appendix G. Proqram BJT06*UC359PGMl.l 

This program was written for use with EXEC 8 on an UNIVAC 1108. 
1 
.L • 

4. 

7 
! r. 

i O. 
1 ; 
.L .L :I 

E:. 
1 ::.:. 
14. 
15. 

17 
.L I • 

U:;. 
19. 
20. 

'-;'--1 
C.-.:' n 

24. 
E5 .. 
26. 

C 
C 
C 
C 
C 

-- ---- -- --------- - - -------~----

THIS PGM CALCULATES EX2=(EXR1"2-EXRSS) AT 
T2 IF EX1=(EXRT1-EXRSS) AT T1 AND D ARE KNOWN. 
SEE THAMER/S LETTER OF 4/1/80 TO HOLUB. 
UNITS OF CM AND MINUTES. 
PGM CREATED ON 5/18/81 BY THAMER. 
REAL.8 XL~RN,DDBS,T,TMIN,TMAX,T1,T2,EXRSS,EXRT1,SUM,XN,A~G 

1;t::;F 1 , \'["i, E::<E: 
DATA RN,P /.125880D-3,3.14159265/ 
I.dR I TE (6, 1) 

1 FORMAT(/ PGM TO CALCULATE EX2=/) 
!.!RITE (E:" E') 

2 FORMAT(/ (EXRT2-EXRSS) WHEN D,/) 
h!RITE (6, 3) 

3 FORMAT(/ EX1=(EXRT1-EXRSS), AND T1/) 
hlfd TE (6,4) 

4 FORMAT(/ ARE KNDWN./) 
idR I TE (6, ":;) 

~ FORMAT(/ THE VRLUE OF L IS/) 
READ (5,7) ::<L 

7 FORt'lAT () 
hif" I TE (6 ~i ::=::) 

8 FORMRT(/ THE VALUE OF EXRSS IS/) 
k'EAD (5, 7) E::-::R:~::~: 
I.d~'ITE (6, '?-) 

9 FORMAT(/ THE VALUE OF EXRT1 IS/) 
PEAD (5,7) [>::RT 1 

27. hi!=<' I TE (6, 1 C!) 

28. 10 FORMAT(/ THE VALUE OF T1 IS/) 
;::"9. 
30. 

PEAIJ (5, 7) T i 
!;!PITE (6, L::") 

31. 12 FDRMRT(/ THE VALUE OF DOBS IS/) 
-: .. :' 
-._=!.... p 

:33. \...iPITE (6,1:3) 
34. 13 FORMAT(/ THE MINIMUM TIME OF INTEREST IS/) 

·:·CI 
,_1'_1 = 

"~:,?- • 

40. 
41-
4E'. 
43. 
44. 
45r= 
46. 
47 ~ 

51. 

54~ 

PEAI! (5,7) ni I r"i 
!'d~'ITE (6,14) 

14 FDRMAT(/ THE MAXIMUM TIME OF INTEREST IS/) 
F.:EAD (5,7) niA::-=: 

1":! FDRt;\AT 0:: """ T2 (r'1Ih> EX2=EXRT2-EXRSS/) 
T=T1 
CALL FSUM(XL,RN,DDBS,T,TMIN,TMAX,Tl,T2,EXRSS,EXRTl, 

$ SUM,XN,ARG,GFSUM) 
I::;F 1 =f3F:~:Ut'1 
\'t"i=- i . 
DO i7 J=i,iOOO 

IF (T2.GT.TMAX) GO TO 18 
T=TE' 
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1. 

1 

1 
1 
i 
1 

58. 18 STOP 
59. H4D 
60. 

61. 

63. 
EA. 

66. 

bb. 

(' I). 
71 
I .L. 

:j=;A F:f:i , I::iFSUr'D 
REAL*8 XL,PN,DDBS,T,TMIN,TMAX,T1,T2,EXRSS,EXRT1,SUM,XN,ARG 

DATA P /3.14159265/ 
:S:Ut'1= (I 
::-<1"4=-1 . 
DC 16 1=1,100 

ARG=-(2.*XN+l.)**2*P*P*DCBS*T/(XL*XL) 
SUM=SUM+(DEXP(ARG))/(1.+RN*XL*XL/((2.*XN+l.)**2*P*P*DOBS)) 

GFSUM=(DEXP(-RN*T»*SUM 
PETUPt"~ 

Hm 
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Appendix H. Program for calculating emanation coefficients 

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

I:C PROGRAM NAME EMANAT 
2:C 
3:C 
4:C 
5:C 
6:C 
7: DIMENSION SAMPLEII0),RADC60),DIA(60),VOL(60),ANUM(60),W(13) 
8: DIMENSION SAT(15l,E(15),AM(60) 
9: DATA W/0.,11.,5.,2.,1.,.5,.2,.07,.015,.003,.001,.0003,.0001! 

10: DATA QUIT/~STOP'I 

11 : C 
12:C 
13:C GET INPUT DATA 
14:C 
15:C 
16: 
17 : 
18: 
19 : 
20: 
21 : 
22: 
23: 
24: 
25: 
26: 
27: 
28: 
29: 
30: 
3L 
32: 
3'3: 
34: 

36:C 
37:C 
38:C 

99 WRITE(6,HiO} 
100 FORMATllX,'ENTER ~AMPLE 10') 

READ(5,200)(SA"PLE(I),I~I,10) 

200 FORMAT (10A4) 
IF (SAMPLE(1).EQ.GUIT)60TO 999 
lJRITE(6,103) 

103 FORMAT(lX,'ENTER DENSITY,lM,FR') 
REAO(S,202)DENS,TM,FR 
WRlTE(6,101) 

101 FORMAT(lX,'EN1ER POROSITY(CC/G)& NO. OF PURE SIZES:~) 
READ(S,202)POROS,IP 

WRITEC6,1(2) 
102 FORMAT(lX,'ENTER PORE DIA.(UM)& DV',1,2X,'NNN.NNNN N.NNNN') 

READ(5,202)(DIACI),VGLCI),1=1,IP) 
202 FORMATO 

JSTEF'=19 
~:STEP=20 
RANGE=().036 
AR=O.4B 
TIiRESH:=0.01 

39:C LIST INPUT DATA FOR VERIFICATION 
40:C 
41:C 
42: IFeJSTEP.Ll.1(0)GO TO 2 
43: no 'i 1=1, IP 
44: 1 WRITE(6,104} I, DIA(I),VOL(I) 
45: 104 FORMAT (1X,I2,Fli.4,F9.4) 
46: 3 WRITE(6,105) 
47: 105 FDRMAT(1X,~CORRECTIONS? ENTER LINE~ ANf OIA. h~v ~UL. ~fRO TERMI 
48: CHATES") 
49: READ(5,204)I,DIAN,UDLN 
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50: 204 FORMAT(I2,Fl1.4~F9.4) 
51: IFCI.EG.OJGOT02 
52: DIA(I)=DIAN 
53: VDl(I)~UOLN 
54: GOI0 3 
55: 2 CONTINUE 
56:C 
57:C 
5B:C DEFINE ROCK MATRIX PARAMETERS 
59:C 
60:C 
61: RAIR=64. 
62: DENS=DENS!10.**12 
63: POROS=PORDS'10.**12 
64: SUMP=O. 
65: DO 4 I~1,IP 
66: RADCI)=DIACIJ/2. 
67: UOlII'=VOlC])*10.**12 
68: 4 SUMP=SUMP +UDlC]) 
6Q • SUHD=O. 
70: PA=O. 
71: SN=O. 
72; SDN=O. 
73: DO 5 I=1,IP 
74: VOL(I'=UDl(I)*POROS/SUMP 
75: ANUMII)=UOlC])'UENS/RADII)/RAD(IJ/3.14159/(I.-FR) 
76: AM(I)=ANUM(I)e3.14159*«RAD(I)+TM'*'2-RADCI).RAD(I») 
77: PA=PA+ANUHCI)*3.14159*RADII'*RAD(I) 
78~ SUMD=SUMD+AKCI) 
79~ SN=SN+ANUM(I) 
80: 5 SDN=SDN+ANUMCIJeAlOG(2 •• RAD(I» 
d;~ DIAU=EXP(SDN/SNJ 
82: UCELL=SGR1(2./SN) 
B3~ DIP=UCElL/1.414214 
84: DMAXP=UCELL/2.-DIAUi2. 
85: X=1. 
86: Y=RANGE-THRESH 
87: RMAX=RANGE 
88: IF(TM.LT.RMAX)RMAX=TM 
89: G=SUHD 
90: IFIPA+SUHD.GT.1.) G=1.-PA 
91~ IFIG.GT.l.) G=1. 
92:C 
93:C 
94:C LOOP OVER VARIOUS MOISTURE CONTENTS. 
95:C 
96:C 
97: DO 60 L=1,13 
98: SWRN=O. 
99: SR2N=0. 

100~ uu 6 M=1,lP 
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101: WW=lHU 
102: IFCWU.GT.RADIM»WU=RAD(H) 
103: SURN=SIJRN+IJW*C2.*RAD(M}-IJU>'ANUM(M' 
104: 6 SR2N=SR2N+RADCM)*RAD(M)'ANUMCM) 
105: SAT(L)=SYRN/SR2N 
106: RG2=RANGE*RANGE 
107:C 
108:C SUMMATION LOOP OVER PORE SIZES 
109:C 
110:C 
111: SUMF=O. 
112: DO 50 I':l,IP 
113: WW=\J(L)+(RAD(I)-IJIL»*RANGE/AR/RAIR 
114~ IF(\JIJ.GT.RADCI»\JW=RADCI) 
115:C 
116 :C 
117:C INTEGRAL LUur DVtR DISTANCE FROM PORE 
1lBiC 
119: C 
120; SUMR=O. 
121: II040H=1,HSTEP 
122: R=RADCI)+FLOAT(K)IRMAXJFLOAT(KSTEP) 
123: C 
124:C INTEGRAL LOOP OVER ANGLE THETA 
125:C 
126: C 
127: SUMT=O. 
128: DO 30 JJ=1,JSTEP + 
129: J=JJ-l 
130: T=ACOS«R-RADCI»/RANGE)JFLOATeJSTEP)*FLOAT(J) 
131: CT=COS(T) 
132: B=ASIN(RAD(I)/R) 
133: IFCR.LT.SORTCRG2ICT*CT +RADCI)*RADCI),)GOTO 15 
134: B=(R*k,-RAD(i)*RAD(I)+RG2*CT*CT)/2./R/RANGE/CT 
135: IF{B.GTul.) B=1. 
136; B=ACOS(B) 
137: 15 (;1-11=0. 
138: IFCR.GT.(RADIIJ-2.*AR*WW+YtCT»G010 16 
139: Cl=2.*Y*(I.-AR)/(2.*AR-l.) 
140: C2=(2.*AR*'RAD(I)*RADII)-R*R)+4.*AR*AR*WU*CWW-2.*RADII»-Y*Y*CT*CT 
141: C)/(CHCH(2.:!:AR-l.}) 
142: C3=(2.*AR*Y*CR*R-RADII)*RAD(I»)/CT/CT/(2.*AR-1.J 
143: C4={3.*C2-Cl'Cl)/9. 
144: C5=(9.*Cl*C2-27.*C3-2.*Cl*C1*C!J/54. 
145: XB=C4*C4*C4+C5*~5 
146: IFIXI.LI.D.' GO TD 17 
147: XB=SQRT(XB) 
148: XA1=C5+XB 
149: XA2=C5-XB 
150~ 11=-CI/3. 
151 ~ IF{XA1.NLi),, }ZI:":zI+SI0f~{EXP((~L.f}GU';BSO:ti :ij, ,:<Y;; 
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152: IF(XA2.NE.O.)ZI=ZI+SIGN(EXP(ALOG(ABS(XA2»/J.},XA2) 
153: CHI=(R*R-RADCI)'RAD(I)+ZI*ZI*CT*CT)/2./RJZI/CT 
154: IF(CHI.GT.l.) GO TO 17 
155: CHI=ACOS(CHI) 
156: IFICHI.lT.ASIN{CRAD(I'-WW)/R» GOT016 
157: Al=-2.*Y/(I.-AR*AR) 
158: A2=(Y*Y*~1*Cr+2.*AR*AR*IR*R-RAD(I)*RAD(1»)/C1JCT/(1.-AR*AR} 
159: A4=-AR*AR*(R*R-RADCI)*RADCI»**2/CT/CT/CT/CT/(I.-AR*AR) 
160: A5=(-12.*A4-A2*A2)/9. 
161: A6=(36.*A2*A4-27.*A4*(4.*A2-Al*A1J+2.*A2*A2*A21/54. 
162: A7=AC05CA6/SGRT(-AS*AS*AS» 
163: A8=2.*SQRT(-AS}'COS(A7/J.)+A2/J. 
164: A9=SQRT(Al*At/4.-A2+AS) 
165: Al0=SQRTC3.*Al*AI/4.-A9*A9-2.*A2+(4.*Al*A2-Al*Al*A1)/4./A9J 
166: ZII=-AI/4.+A9/2.-AIO/2. 
167: CHI=(R*R-RAD(I'*RAUll)+ZII*ZII*CT*CT)/2./R/ZII/CT 
168: IF(CHI.6T.1,,)GO TO 17 
169: CHI=ACOS(CHI) 
170: GO TO 16 
171: 17 CHI=ASINIRADII)/R) 
172: 16 CONTINUE 
173: 30 IF(IB-CHI).GT.O.) SUMT=SUMT+B-CHI 
174: SUMT=SUMT/FLOATIJS1EP+1) 
175: 40 SUMR=SUMR+R*SUMT 
176: SUMR=SUMRJFLOATCKSTEP) 
177: 50 SUMF=SUMF+SUMR*ANUMI!)*IIRADII)tRMAX)**2-RAD(I)*RADII)' 
178: EIl)=SUMF*4./0 
179: WRITE(6,119)SATIL),E(L) 
180: 60 CONTIMUE 
1 B 1: C 

lB3:C PRINTOUT OF RESULTS 
184:C 
IS5iC 
186: WRITEI6,106) (SAMPLE(I),1=1~10) 
187: 106 FGRMATI///,lX,10A4,//} 
188: POROS=POROSJ10.**12 
189: DENS=DENS*10.**12 
190: SN=SN*10.**8 
191: WRANGE=RANGE/AR 
192: URITE(6,107) PORDS 
193: 107 FORMAT(6X,'TOTAL POROSITY=',FB.4,' CUBIC CENTIMETERS PER GRAM.') 
194: YRITE(6,10BIDENS 
195: lOB FDRMAT(6X,'SAMPLE DENSITY=',F8.4,' GRAMS PER CUBIC CEN1IMETER.J) 
196~ WRITEC6,109)RAMGE 
197: 109 FORMAT(3X,'RN RECOIL RANGE=',FB.4,' MICROMETERS IN ROCK.') 
198: WRITE(6,111iWRHNGE 
199: 111 FDRMAT(5X,'RN RECOIL RANGE~',FB.4,J MICROMETERS XN WATER.') 
200: WRITE(6,110)THRESH 
201: 110 F ORM i'~ T ( 2:\: :: ." THF~E S H!! EGU I~) !l F~A~\!GE:;. ,.' :.1 F ~~~ ~ /;, :~... H I C~-~:f)~~iE'Ti:: f{::; F Dh' F~DC 1< I ~.,"; ;'';/ ~~"J 

2u2; CIDN!t"") 
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203: WRITE (6,112)TM 
204: 112 FDRMAT(3X,'MINERAL THICKNESS=',FS.4,' MICROMETERS') 
205: WRITE(6,122) G 
206: 122 FORMAT(2X,'MINERAL/CEMENT FR.=',F8.4,' cM3/CM3') 
207: WRITE(6,126)RAIR 
208: 126 FDRMATI5X,'RN RECOIL RANGE=',FS.4,' MICROMETERS IN AIR.') 
209: WRITE(6,124)FR 
210: 124 FDRMAT(1X,'INERT ROCK FRAC1ION=',FB.4) 
211: WRITE (6,113) DIAV 
212~ 113 FDRMAT(2X,'HEAN PORE DIAMETER=',FS.4,' MICROMETERS (NUMBER WEIGHTE 
213: CD)") 
214; WRITE(6,114)UCElL 
215: 114 FORMAT(IX,'UNIT CELL DIMENSION=',FB.4,' MICROMETERS (ON A SIDE)') 
216: WRITE(6,11S)DIP 
217: 115 FDRHAT'lX,'AUG,INr~RPORE DIST.=',FB.4,' MICROMETERS MINIMUM BETWEE 
21B~ eN CENTERS~) 

219: WRITE(6,116}DMAXP 
220: 116 FORMATC3X,'MAXIMUM ROCK PATH=',F8.4,' MICROMETERS TO AVERAGE PORE/ 
221: C) 

222: WRITE(6,123}SN 
223: 123 FDRMAT(8X,'PORE DENSITY=',F13.0,' PORES/SQUARE CEN1IME1ER/) 
224: WRITE!6,117) JSTEP+l,KSTEP 
225~ 117 FORMAT (1X,'NUMERICAL INTEGRATION INCREMENTS=',I3,' FOR THETA AND~ 
226: C,I3,' FOR R',I!) 
227: URITE(6,118) 
228: lIS FDRKATIIX,'SATURATION WATER FILM CUM' EH~NATION/,/,jX, 

229: c/---------- --------------- ---------') 
230: WRITEC6,119)(SAT(I),W(II,ECI),1=1,13) 
231: 119 FORMAT(3X,F6.4,BX,F7.4,6X,F9.5) 
232: WRITE(6,120) 
233: 120 FORMATI1X,III!,lX,'PORE DIAH.CUM) PORES/CM**2 CM**3/GRAM',2X, 
234: C'HINERAL',I,lX,'-------------- ----------- ---------- -------') 
235: no 71 I=l,IP 
236: ANUMCI)=ANUHII)'10.**B 
237: 71 VDLCI)=UDLCI)/l0.**12 
238: W~IT~ (6,121)(DIACI),ANU"CI},VDL(I},AM(1),I=1,IP) 
239: 121 FORMAT(4X,F8.4,3X,FI3.0,3X,F7.4,2X,F9.6) 
240: GOTO 99 
241: 999 STOP 
242: END 
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