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installed at calibration sites in Denmark and Greece. The con

crete mixes were prepared from aggregates of quartz sand and 

crushed uranium-thorium ore. Hater-reducing agents and silica 

dust added to the cement paste produced concretes of acceptable 

porosity and pore structure. The content of ore was adjusted to 

provide block grades of approximately 2, 140, and 540 units of 

radioelement concentration (Ur). Thorium was estimated to con
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1. INTRODUCTION 

The portable scintillation counter began to replace the less 

sensitive Geiger-Nuller counter around 1950 and has since become 

tne most widely used field instrument in uranium exploration. It 

detects the gamma radiation from 214pb and 214gi in the 238u de

cay ' dries and is also sensitive to the gamma-ray emissions as

sociated with the radioactivities of 235uf 232<rh, and *°K. For 

many years exploration geologists were not concerned about a 

unit of measurement that might be used for reporting the total 

content of radioelements in the ground. Host readings were taken 

on pure uranium mineralization and could be reported directly in 

terms of equivalent U3O9. In the nineteen-seventies exploration 

of low-grade uranium resources became intensified in several 

parts of the world, for instance in Greenland (Nielsen, 1981). 

This additional exploration made it necessary to allow for con

tributions to the instrument readings from 232Th with daughters 

and, to a less extent, *0R. 

In 1976 the International Atomic Energy Agency issued the report 

"Radiometric reporting methods and calibration in uranium ex

ploration" (IAEA, 1976). It established a unit of radioelement 

concentration which is based on the total-count response from an 

exploration target with 1 ppm U in radioactive equilibrium. This 

new totai-count unit is becoming increasingly acknowledged as an 

adequate remedy for expressing scintillometer readings recc ied 

on Lock with mixed radioelement contents. The unit is generally 

known as ti.e "Ur", a final abbreviation suggested by the OECD 

Nuclear Energy Agency (OECD, 1981). Converting a field reading 

into Ur is primarily a question of having access to sources of 

known total radioelement content. In effect, the success of the 

improved reporting standard will largely depend on the future 

availability of calibration sources at reasonable distances 

from the exploration sites. 

The concrete blocks described here are transportable and have 

been developed as a p jsible starting point for a central supply 
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of reliable and inexpensive calibration sources which can be de

livered to any desired destination. Scintillometer calibration 

blocks manufactured in this pilot study are similar to those de

veloped by Bendix Field Engineering Corporation for the U.S. De

partment of Energy (Mathews and Kosanke, 1978). Furthermore, 

sources penetrated by a central hole have been manufactured for 

demonstrating the use of stacked concrete blocks for the cali

bration of borehole logging equipment. The main text of this re

port describes the materials used for the blocks and the tests 

and assays executed for establishing the radiometric block grades 

in an outdoor environment. It has been attempted to highlight 

the advantages of using water-reducing agents for decreasing the 

porosity of hardened cement paste. Another interesting aspect is 

represented by the use of a radioactive aggregate material con

taining both uranium and thorium. For convenience the more subtle 

details of the work done are presented in three short appendices. 

2. DESCRIPTION OF THE BLOCKS 

2.1. Dimensions and Radiometric Grades 

The basic modules for establishing a surface calibration facility 

and a borehole model are shown in Fig. 1. An A-block is designed 

for mounting a scintillometer centrally on the top surface and 

consists of a 145 cm * 50 cm concrete well ring filled with more 

or less radioactive concrete. A B-block is 100 cm thick and 

equipped with a prefabricated hole from top to bottom. B-blocks 

manufactured for the pilot study have a hole diameter of 82 mm. 

By joining a series of differently loaded B-blocks together, a 

borehole model producing a stepwise-varying gamma-ray log can be 

constructed. 

All blocks manufactured are based on three concrete types called 

L, M, and H. The radiometric in-situ grades of these source ma

terials are presented in Table 1. L-concrete has an aggregate of 



- 7 -

A-BLOCK 

B-BLOCK 

82 mm 

Fig, 1. Block nodules for the calibration of field 

scintillometers and gamma loggers. 

almost non-radioactive eocene quartz sand for obtaining a low 

background level in the instrument calibrations. H- and M-con-

crete is loaded with a radioactive aggregate containing uranium 

and thorium in a natural proportion of 1:2. Since 1 ppm Th is 

equivalent to approximately 0.4 ppm U (subsection 4.3), thorium 

contributes around 45% of the total grades. The latter are there

fore less sensitive to radon emanation than the grades of pure 

uranium sources. Pure thorium sources without long-lived radon 
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Table 1. Radio«etric in-situ grades for the concretes 

of the calibration blocks. 

Concrete Content of Grade in 
type radioactive Ur 

Material 

L Low 2.4 i 0.2 

H Medium 139 i 4 

H High 538 * 15 

gas have not been envisaged because of a 5% uncertainty on the 

uranium equivalent of thorium. Reference grades of 139 and 538 

Ur accommodate exploration of uranium ore with grades of up to 

about 1000 Ur, but are insufficient for calibration of readings 

recorded with several thousand ppm U or Th. 

2.2. Aggregate Materials 

The radioactive aggregate for M- and H-concrete consists of 

crushed ore from the Kvanefjeld uranium deposit in Greenland. 

This deposit is situated at 61°N and 46°W in the Ilimaussaq al

kaline complex and belongs to the category of disseminated, 

magmatic low-grade resources (Nielsen, 1981). Most of the uranium 

(and thorium) is contained in fine-grained lujavrites which are 

rocks consisting of microcline, albite, nepheline, arfvedsonite, 

aegirine, and a number of rare accessory minerals (Sørensen et 

al., 1974). The most abundant radioactive mineral is steenstru-

pine, a rare-earth phospho-silicate of mainly primary origin 

(Makovicky et al., 1980). Ore material for the blocks derives 

from a 960 m long adit driven into the centre of the deposit in 

1979-80. The ore selected for crushing was so-called naujakasite 

lujavrite estimated to contain 369 ppm O and 809 ppm Th from 538 

chip samples cut in the adit (Clausen, 1982). 

Pigure 2 shows the size distributions for quartz sand and ore 

particles which occur intermixed with each other in the M-con-
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Fig. 2. Grading curves for the aggregate materials. Shaded 

area shows grading limits required by ASTM specification C33. 

crete. The shaded area added in the figure represents the grading 

limits for fine aggregate required by ASTM specification C33 

(Troxell et al., 1968). The quartz sand satisfies these grading 

limits, whereas the ore material is characterized by an undue 

contribution of crushing dust and other fine material. The many 

small ore particles are undesirable since they may be shaken out 

of the voids between the larger particles. They should be removed 

by screening in a possible future production of similar cali

bration blocks. It should be noted that the ore has been crushed 

to a maximum particle size of around 6 mm to suppress radioactive 

heterogeneity due to coarse particles. 

Radioelement concentrations determined for dried samples of the 

aggregates and the cement type used are presented in Tablr 2. 
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Concentrations in % K, ppm eU, and ppm Th were assayed using 
sealed-can gamma-ray counting in three energy windows. As de
scribed in Appendix B, several reference materials were included 
for obtaining a confident eU and Th ca l ibrat ion of the counting 
equipment. Results in ppm U are based on neutron i rrad ia t ions of 
1-g s p l i t s followed by the counting of delayed f i s s i o n neutrons 
from 2^5U (Kunzendorf et a l . , 1980). These d irec t uranium d e t e r 
minations agree well with the measured eU contents , indicat ing 
that the 2^8U in the ore and the other mix ingredients i s in 
radioact ive equilibrium. The resul t ing ident i ty between eU and U 
i s e s s e n t i a l for the manufacture of tota l -count ca l ibrat ion 
blocks s ince 2 " U de l ivers a count rate in excess of that pro
duced by 2 1 4 Pb and 2 1 4 B i in the decay s e r i e s of 2 3 8 U . 

Table 2. Radioelement contents ol the major constituents 
of the blocks. 

Material % K ppm i, ppm eU ppm Th 

Radioactive ore 1.9*0.6 399*8 419*8 851*13 
Quartz sand 0.45*0.01 0.58*0.02 0.46*0.07 1.2M).2 
Portland cement 0.50*0.01 2.52*0.05 2.7*0.1 6.3*?.2 

2.3. Mix Design and Manufacturing Process 

Concrete mixes required to harden into material of good mechan

ical strength and low permeability must be amenable to compaction 

and contain as little water as possible per sack of cement. 

Adding surplus water to a mix for improving its workability 

renders the aggregate particles more liable to segregation and 

increases the porosity and permeability of the cement paste 

(Troxell et al., 1968; Neville, 1977; Pulton, 1964). Mixes of 

low water-cement ratios can be vibrated into uniform and coherent 

concretes through the use of various chemical admixtures which 

are finding increasing application in modern concrete manufac

turing practice (Rixom, 1978). The mixes for the blocks have 
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water-cement ratios smaller than 0.55 by virtue of air-entrain-

ment and the addition of a superplasticizer. Furthermore, they 

contain a quantity of silica dust for reducing the porosity of 

the cement paste. 

The proportioning of the mixes, based on workability tests with 

10-1 trial batches, is presented in Table 3. L-mix required the 

least amount of water because the quartz sand was moist and con

sisted of rounded particles. A greater quantity of water per m3 

Table 3. The proportioning of the concrete mixes 

Mix ingredient 

Crushed ore 

Quartz sand 

Portland cement 

Silica dust 

Air-entraining agent 

Superplasticizer 

Tap water, ca. 

Total 

H 

1785 

-

300 

24 

0. 

4. 

160 

2274 

16 

9 

kg/m* 

M 

402 

1324 

300 

24 

0.16 

4.9 

160 

2215 

L 

1767 

32S 

26 

0.18 

5.0 

90 

2213 

of mix was necessary to wet the surfaces of the irregular ore 

particles in H- and M-mix. The action of an air-entraining agent 

is that of reducing the surface tension of the water whilst in

troducing a number of tiny air bubbles in the mix. This entrained 

air, supplied in amounts of about 80 1/m3 to mixes prepared from 

fine aggregate, is different from the air unintentionally entrap

ped as large bubbles during mixing and batching operations. The 

microscopic voids left in air-entrained, hardened concrete are 

shown on photographs in subsection 3.1. They increase the frost 

resistance of the calibration blocks by acting as a reservoir 

for ice expansion (Rixom, 1978). 
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The mixes were prepared by means of a non-tilting drum mixer de

signed for a batch volume of 100 1. A uniform blending of the 

mix ingredients was obtained by rotating the batches for at 

least three minutes before they were discharged. The use of a 

superplasticizer as an admixture made the mixes very suited for 

compaction with a poker vibrator in their circular containments. 

All blocks manufactured were dressed with insulating material for 

preventing the development of cracks during the setting times. 

2.4. Calibration Facilities 

A- and B-hlocks weigh around 1900 and 3800 kg, respectively. 

They are supplied with eye bolts and can rather easily be moved 

and positioned with a crane truck. A scintillometer calibration 

station is based on the block series AL-AM-AH from which the 

count rate per Ur can be determined by plotting the block read

ings against the grades in Table 1. A suitable borehole model is 

obtained by stacking the series BH-BL-BM-BL in that succession. 

This configuration produces two symmetrical logging peaks with 

flat plateaus and steep flanks. By coating the joinin- faces of 

the B-blocks with a layer of plastic padding, the calibration 

hole can be made watertight for the determination of calibration 

factors in a water-filled hole. 

Complete calibration facilities like these have been established 

at Risø National Laboratory and the Nuclear Research Centre 

Demokritos at Aghia Paraskevi in Athens, Greece. As shown in Pig. 

3, the blocks AH-1, AL-2, and AM-3 installed at Risø are close to 

an array of six larger sources, UT-1 to U-1. These larger sources 

are primarily intended for the calibration of gamma-ray spectro

meters and were described by Løvborg et al. (1981). Figure 4 

shows the execution of a counter calibration on the A-blocks 

which are placed in the ground both at Risø and Demokritos. The 

borehole model at Risø is presented in Fig. 5. It is kept on the 

surface, which implies that the probes must be immersed from a 

narrow working space 4 m above the ground. At Demokritos the 

similar model is installed in a pit providing a calibration hole 

in flush with thp ground {Fig. 6). 
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Fig. 3. Siting of scintillometer calibration blocks AH-1, 

AL-2, and AN-3 at Risø National Laboratory. The larger 

sources UT-1 to U-1 are used for spectrometer calibrations 

and were described by Løvborg et al. (1981). 
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> 

Fig. 4. Calibration reading with field scintillometer on 

A 'lock. 
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Fig. 5. Borehole calibration model errected at Risa 

by stacking blocks BH-1, BL-2, BM-3, and BL-4. Logging 

probe ready for immersion is seen on the top platform. 

Water supplied to the calibration hole can be emptied 

through a tube in the ground. 
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Fig. 6. Calibration of portable gamma logger in borehole 
model insta l led at the Nuclear Research Centre Demokritos 
in Athens. The model i s contained in a concrete-lined pit 
and has the same configuration as the model at Risø. 

3. CONCRETE TESTING RESULTS 

Concrete stored in a natural environment absorbs water vapour 
that may condense or freeze in the porespaces depending on the 
temperature and humidity of the surroundings. The moisture sup
pl ied to a ca l ibrat ion block lowers i t s radiometric grade and 
a f f ec t s the internal emanation and migration of radon gas . This 
complicating factor has been assessed from various t e s t s on d r i l l 
core from the blocks and samples of tne mixes. A freeze-thaw t e s t 
for estimating the durabi l i ty of the concretes has a l so been 
performed. 
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3.1. Porosity and Air-Pcre Structure 

Figures 7 to 10 are pictures from a microscopic examination of 

drill-core thin-sections that have Seen impregnated with a 

fluorescent substance for obtaining an enhanced image of the 

concrete porosities. Figures 9 and 10 (H-concrete) are fluore

scence recordings, while Figs, 7 and 8 (L- and M-concrete) were 

recorded with parallel nicols and without fluorescence for set

ting the best impression of the shape of the aggregate particles. 

The circular inclusions seen on all the pictures are entrained 

air. As a rule, the porosity of the cement paste is quite low and 

similar to that of a paste without embedded silica dust and a 

water-cement ratio of about 0.40. H-concrete is the most porous 

source material, as estimated from the density of the paste and 

the total number of microscopic cracks. This is substantiated by 

the fissured ore particles in Fig. 9 and the cracks seen in Fig. 

10. In general, it is difficult to make a highly impermeable 

concrete from crushed aggregate due to the fissures produced by 

the crusher mill and the thinning of the cement paste along the 

surface of angular particles. The cracks in Fig. 10 are ascribed 

to plastic initial setting of the mix. Signs of internal bleeding 

in H-concrete have also been observed. 

Table 4 provides an impression of the air-pore structure of the 

blocks. These data were recorded using computerized image scan

ning of cut and contrast-impregnated core sections (Christensen 

et al., 1979). The blocks contain very little entrapped air, as 

seen from the small number of pores greater than 2 mm. Most of 

the smaller pores were supplied through the air entrainment of 

the mixes and are characterized by a satisfactorily low spacing 

factor of 0.10 to 0.13 mm. The rather small pore content of 

H-concrete indicates an ineffective action of the air-entraininn 

agent in a mix prepared from crushed ore without quartz sand. 



- 18 -

$* •' 

Fia, L-ccncrete (x 63, parallel nicols). Cenent paste 

with quartz grains and circular inclusions of entrained air. 

Pig. 8. H-concrete (x 63, parallel nicols). Lerger 

irregular ore parLicle in cement paste with grains of 

quartz and ore. 



- 19 -

• « « . 

Fia. 9. H-concrete (x 63, fluorescence). Dense 

cement paste with accentuated porosities. Micro-

fissures are seen in the large ore particles. 

Pig- JJ>« H-concrete (x 63, fluorescence). Cement 

paste with irregular cracks due to plastic initial 

setting of the mix. 
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T_____4. tanunt and distribution of air pores in th* concretes 
(determined according to ASTH specif icat ion C457). 

Pore content (%) Specif ic Spacing 
Concrete surface factor 

>?.5 vm >2 • • ( M 2 / M 3 ) (MI) 

L 11 1 23 0 . 1 2 

H 10-11 1-2 21 0 .13 

H 4 -9 0 . 2 - 1 43 0 . 1 0 

3.2. Moisture Absorption and Total Porosity 

The penetration of moisture into the blocks was estimated by im

mersing a set of core samples in water and following the result

ing weight increases with time. Saturation was invoked after 30 

days by first drying the samples and then soaking them in vac

uum. Table 5 shows the result of this simple test. The water ab

sorption was fast on the first day and slowly reached 75 to 80% 

of the saturation limit. The inability of a small sample to satu

rate over a prolonged period of time suggests that the blocks 

never become saturated with water in their natural surroundings. 

The saturation densities in Table 5 were measured by weighing the 

saturated samples in air and water. The weights of the samples 

Table 5. Hater absorption, saturation density, and total 

porosity for concrete core sanples. 

Percent saturation Saturation Saturation Total 
__________________ absorption density porosity 

Concrete 
1 day 30 days (%} (g/c»3) (%) 

L 60 75 6.0 - 6.'. 2.17 12 - 13 

N 70 80 6.2 - 6.9 2.23 13 - 14 

H 70 75 8.6 - 11 2.34 19 - 23 
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when they were dry furthermore provided the total porosities of 

the concretes. L- and M-concrete is only slightly »ore porous 

than expected from the content of air pores (Table 4). For H-con-

crete the porosity is much greater than that contributed by en

trained and entrapped air, an additional indication of cracks 

and weak areas in the cement paste. 

3.3. Freeze-Thaw Test 

A freeze-thaw test was performed with sawn concrete prisms 

alternatively kept in a saturated salt solution at -15°C and 

flushed with running water at 20°C. No length alternations were 

detected after 250 of these temperature cycles. The test indi

cates that the blocks are durable and suited for installation in 

places with a severe climate. 

3.4. Radon Emanation 

Radon (222Rn) emanated by an ore particle in concrete migrates 

through the capillaries and voids in the cement paste and may 

deposit its decay products at a distance from the particle. In 

this way the concentrations of 214pb and 21*Bi in a calibration 

block may become progressively diminished in the direction of 

the block surface which forms an exit for the migrating radon 

atoms. The net result is a smaller radiometric grade and an as

sociated calibration error. 

The amount and mobility of the radon in a calibration block is 

controlled by the emanation power of the aggregate particles and 

the pore structure and moisture content of the concrete. The 

steenstrupine carrying the uranium of the ore selected for this 

study is metamict or altered (Makovicky et al., 1980), a feature 

that increases the escape probability for the interstitial radon 

atoms in the crystals (Barretto, 1975). Also, the ore-crushing 

produced particles with cracks plus many small particles of 

large specific surface. As a result the block contents of radon 

outside the ore aggregate might be prominent. The mobility of 
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unbound radon in concrete is a combined result of migration by 

diffusion and movements invoked by atmospheric pressure drops. 

Culot et al. (1976) determined a relaxation distance of about 

10 cm for radon diffusing from mill tailings through a concrete 

wall with assumed porosities of 5 and 25%. Pore moisture 

shortens the diffusion distance very significantly (Tanner, 

1964; Tanner, 1980). A coherent air-pore structure provides space 

for collective radon movements towards the surface of a concrete 

structure. In the air-entrained concrete used for the blocks radon 

cannot flow easily since the pores are not connected with each 

other. 

To test the emanation power of M- and H-concrete, samples of the 

mixes were ground to -100 mesh and dissipated in 20-cm glass 

dishes for obtaining a large emanating surface. The fractional 

radon losses after a prolonged storage of the sample material in 

a dry place were determined by enclosing 250 g of material in 

metal cans and recording the 21*Bi activity of the samples as a 

function of time. This assay method is described in Appendix C. 

Similar surfaces for the testing of emanation were produced from 

uranium-loaded materials 0-1, OT-1, and UT-2 of the spectrometer 

calibration sources at Risø National Laboratory (Pig. 3). These 

latter materials, especially the U-1, have been suspect of radon 

emanation for a long time because their eU in-situ concentrations 

are more or less anomalous (Appendix A). 

The result of this extended assay is shown in Table 6, third 

column. Radon losses were detected only for samples U-1 and UT-I. 

It was thereafter attempted to enhance the emanation by exposing 

the materials to a humid atmosphere for one month. Moisture in

creases the emanation power by preventing the escaping radon 

atoms from becoming attached to the emanating particles (Tanner, 

1980). Table 6 shows that the effect of moistening and drying 

the materials was quite distinct. Prom this repeated trial, ma

terial U-1 is identified as the strongest emanator. The ema

nation from OT-1 and UT-2 is smaller, though significant, while 

moisture supplied to H-concrete produces a barely detectable 

emanation. The suggested contents of loosely :>cund radon in the 

spectrometer calibration sources can be explained by an exclus-
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Table 6. Radon emanation fro* powder samples of uranium-loaded 

source Materials. 

Source 
material 

0-1 

UT-1 

UT-2 

N concrete 

H concrete 

PP" U 

230 

57 

20 

80 

350 

Emanation power (1) 

Material with 3 to 7% 
Dry material moisture before drying 

5 18 

4 5 

n.d. 11 

n.d. n.d. 

n.d. 3 

ive use of very f ine ore p a r t i c l e s for the mixes. The l a t t e r 
were sand-cement mortars, which are materials that cannot be 
compacted properly due to the absence of a stony aggregate. 
Figure 11 shows the microscopic structure of one of the sources, 
0 - 1 , a notorious radon emitter that may lose up to forty percent 
of i t s gamma radiation (Løvborg et a l . , 1978). The pore s truc
ture i s extremely open and e a s i l y permits a re l ease of outflow
ing radon gas . 

Pig. 11. Source material 0-1 {» 63, f luorescence) . 
Sand-cement mortar with embedded tiny part ic les of 
pitchblende. The large inclusions of entrapped air 
are more or l e s s coherent and form an ex i t passage 
for radon emanated by the or" par t i c l e s . 
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4. GRADE ASSIGNMENT 

The radiometric block grades in Table 1 have been determined by 

adding the grades supplied separately by uranium, thorium, and 

potassium. For obtaining the grade contributions from Th and K, 

it was necessary to assess the Ur correspondents of 1 ppm Th and 

1% K. This has been done from the combined use of detector re

sponse calculations and total-count calibration of small detec

tors with the sources UT-1 to U-1. Improved eU concentrations 

for these sources were evaluated before the present study (Ap

pendix A); the new reference contents make it possible to record 

the count rate from 1 Ur in spite of the radon emanating from 

the sources. A further complication in the assignment of block 

grades arose from the need to estimate the grade diminuation due 

to pore moisture and iron contained in the ore aggregate. 

4.1. The Outset; Radioelement Concentrations per Dry Weight of 

Concrete 

A block absorbing w| moisture gets its radioactive concen

trations diminished by a factor of T/(l+w/100). If w can be 

estimated, the in-situ concentrations are derivable from an 

assay of the radioelement contents per dry weight of concrete. 

The assay results for dry concrete presented in Table 7 are 

based on L, M, and H composite samples prepared from hardened 

and finely ground mixture lumps. Five 250-g splits of each 

composite sample were dried for 24 h at I10°C and sealed in 

metal cans. They were counted twice after a normally observed 

radon build-up period of one month. Individually assayed radio-

element contents were very uniform; for H- and M-concrete it 

was possible to estimate the mean concentrations of eU and Th 

with a precision of 1%. The overall uncertainties stated in 

Table 7 include the random assay error as well as the accuracy 

obtainable with the counting standards (Appendix B). 



- 25 -

Since practically all the uranium-thorium content of H- and 

M-concrete is contributed by ore aggregate, the assay suggests 

a value of between 4.30 and 4.33 for the ratio between the ore 

contents of these materials. The mixes were actually loaded 

with ore in a proportion of 4.33:1 by weight (derivable from 

Table 3). This excellent correspondence may be taken as evi

dence that the composite samples were fully representative of 

the mixes. 

Table 7 . Radioe le«ent c o n t e n t s per dry weight of c o n c r e t e . 

Concrete % X ppa eU pp» Th 

L 0 . 4 ) ! 0 .02 1.00 *- 0 .08 2 .4 * 0 .2 

N 0 .79 ! 0 .04 8 0 . 0 ± 1.5 164 I 3 

H 2 .0 * 0 .1 346 * 6 706 i 11 

4.2. Assay of Pore Moisture 

Moisture absorbed by the blocks in their natural surroundings 

might have been determined with a neutron moisture gauge. The 

use of such a device was not recommended because of the risk of 

getting the blocks activated for a period of time. Instead it 

was attempted to assay the pore moisture by monitoring the A-

blocks at Risø and Demokritos with a portable gamma-ray spec

trometer. The philosophy of this approach is explained by the 

following procedure and results: 

A Geometries model GR-410 spectrometer was calibrated on the 

sources OT-1 to U-1 using 2 x 2 and 3 x 3 in. Nal(Tl) scintil

lation ietectors. This was done with and without a thick lead 

shield serving as a collimator for the detectors. Each of the 

calibration runs provided a set of stripping ratios and sensi

tivity factors for measuring the approximate in-situ radio-

element contents of an A-block. Monitoring with a shielded 

detector required no modification of the experimental procedure. 
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When the detectors were unshielded, the sensitivity factors 

were reduced in a proportion of (1-2h/dj)/(1-2h/d2) with di = 

125 cm (the effective diameter of an A-block) and d2 = 300 cm 

(the diameter ot the calibration sources); h is the distance 

from the surface to the centre of the detector crystal. This 

reduction factor is based on a simple geometric consideration 

(Løvborg, 1982). 

The recorded eU and Th contends in AH- and AM-blocks are listed 

in Table 8. These determinations are differential with respect 

to the AL-blocks of the two calibration facilities. It is not 

possible to see any significant difference between the results 

for blocks at Risø and Demokritos. The variability shown by the 

Table 8. Monitored in - s i tu radioelement concentrations in AH- and AM-blocks. 

Month/year 

07/82 

09/82 

11/82 

11/92 

11/82 

1 V82 

02/83 

0,/83 

04/83 

04/83 

04/83 

04/83 

04/83 

04/83 

Mean value 

Coefficient 

R • Risø 

Place 

R 

R 

R 

R 

R 

R 

R 

R 

D 

R 

D 

R 

D 

R 

Detector 
(inches) 

3 

2 

2 

2 

3 

3 

3 

2 

2 

3 

i 

3 

3 

3 

of variation 

D = Demokritos 

x 3 

x 2 

x 2 

X 2 

x 3 

x 3 

x 3 

x 2 

x 2 

x 3 

x 3 

x 3 

x 3 

x 3 

Shielding 

+ 

-

-

+ 

-

+ 

-

-

-

-

-

+ 

+ 

-

AH less 

ppm eU 

335 

306 

309 

332 

318 

319 

318 

334 

339 

319 

330 

326 

321 

318 

323 

3.0% 

AL 

r^m Th 

654 

672 

l'51 

653 

621 

647 

613 

632 

666 

663 

697 

635 

648 

614 

648 

3.6« 

AM less 

ppm eU 

78.7 

71.9 

72.0 

80.3 

75.0 

75.0 

74.8 

77.2 

81.4 

75.6 

75.7 

76.0 

76.6 

75.6 

76.1 

3.5% 

AL 

ppm Th 

150 

160 

158 

155 

151 

155 

150 

154 

160 

157 

156 

153 

156 

149 

155 

2.3« 
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observations appears to be random and about the same for uranium 

and thorium. Since there is no detectable correlation between 

the readings and the time of the year, the moisture contents of 

the blocks cannot vary much with season. 

A first attempt to assess the block moisture, w, is presented in 

Figs. 12 and 13. Here the laboratory assays from Table 7 are 

plotted against the concentration differences determined by 

monitoring. If w were the same for H- and M-concreter both 

plots should furnish a straight line with a slope of 1+w/100. 

Actually, the large uncertainties of the estimated regression 

slopes do not support an assumption of identical moisture con

tents in the concretes. The interesting feature of Pigs. 12 and 

T3 is their similarity. Th and eU regression slopes deviating by 

less than two percent from each other confirm the validity of 

the calibration of the portable spectrometer and suggest that no 

radon is escaping from the blocks. 

400 

URANIUM 

>r 

< 
if) l/> 
< 

CO 
< 
-J 

1 

3 
0> 

E 
CL 
a. 

300 

200 

100 

400 

A ppm eU - MONITORING 

Fig. 12. Plot of eU laboratory assays and eU concentration 

differences determined by radiation monitoring of A-blocks. 
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800 

A ppnr. Th - MONITORING 

Fig. 13. Th plot similar to Pig. 12. 

Table 9 shows the result of processing the experimental data for 

H- and M-concrete separately. From this comparison of laboratory 

assay and monitoring it is quite clear that AH-blocks contain 

more moisture than AM-blocks. Since the saturation absorption of 

the concretes is known with reasonable accuracy (Table 5), it is 

possible to convert the separately calculated moisture contents 

into a corresponding degree of saturation. A saturation factor 

of 0.7 was adopted and used for assigning pore moisture to all 

blocks manufactured; these inferred moisture contents are shown 

in Table 13 in subsection 4.4. The corresponding in-situ radio-

element concentration are presented in Table 10. Since the 238u 

in the blocks appears to be in equilibrium with its gamma-ray 

emitting daughters, ppm U is a relevant unit for reporting the 

radiometric uranium contents of the blocks. 
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Table 9. Moisture contents in A-blocks suggested by the 

radioelement concentrations in Tables 7 and 8. 

Radioelement 
Lab. assay cone./monitored cone. 

AH AM 

u 
Th 

Average 

Moisture content (I) 

Corresponding degree 

of saturation 

1.068 
1.086 

1.077 ± 0.009 

7.7 * 0.9 

0.79 ± 0.13 

1.038 
1.049 

1.044 t 0.005 

4.4 i 0.5 

0.67 t 0.08 

Table 10. Estimated in-situ radioelement concentrations 

for the blocks. 

ppm U 
Concrete % K ppm Th 

in equilibrium 

L 0.41 * 0.02 0.96 t 0.08 2.3 ± 0.2 

M 0.76 * 0.04 76.5 * 1.5 157 * 3 

H 1.9 * 0.1 324 * 6 660 * 11 

4.3. Uranium Equivalents of Thorium and Potassium 

In principle the concentration of uranium that produces the same 

count rate as 1 ppm Th or 1% K can be calculated from the 

emission rate of gamma rays per gram of radioelement, potassium 

is easy to deal with since *nK is a monoenergetic emitter with a 

specific yield of 3.30 photons/s per g K. Por uranium and tho

rium the calculation of detector count rates is rendered diffi

cult by the complex line spectra of 238u, 235u, and 232>rh with 

respective daughters. The computational result presented here is 

based on the gamma- and X-ray energies and intensities contained 
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in the last updated version of the Evaluated Nuclear Structure 

Data File of the Oak Ridge Nuclear Data Project (see, for 

example, NCRP, 1978). Another complexity that must be coped with 

is the large number of scattered gamma rays contributed by an 

extended source medium. The computer orograms GAMH and GPX 

developed by Kirkegaard and Løvborg (1979) made it possible to 

calculate the detailed flux energy distribution over an infinite 

source. By incorporating the decreasing efficiency of a small 

Nal(Tl) detector with increasing gamma-ray energies, the count 

rates from 1 ppm U, 1 ppm Th, and 1% K could be predicted and 

their ratios formed. It was even possible to include the effect 

of the uncertainties of the gamma-ray intensities used in the 

calculation. This was done by perturbing the single emissions and 

recording the resulting standard deviation from a number of 

repeat runs. 

The result stated in the first line of Table 11 was calculated 

for a source medium of granite. Calculations for other source 

medic have shown that the chemical compositions of these vir

tually have no effect on the recorded uranium equivalents. Also, 

it does not matter that the source dimensions are infinite. The 

adjoint Monte-Carlo code GAHO mentioned by Løvborg et al. (1981) 

furnishes almost identical results for source diameters of 

between 1 m and infinity. The estimate of 0.41 + 0.01 Ur per 

ppm Th is considerably smaller than that derived from the older 

emission data of Beck (1972) and reported by Løvborg et al. 

(1976). A value of 1.000 Ur per ppm U follows from the defi

nition of 1 Ur and is merely included to show the contributions 

from 238u and 235u. 

The experimental uranium equivalents in Table 11 are from cali

bration resulcs for 1 1/2 x 1 and 2 x 2 in. detector crystals. 

The calibration, performed with the sources UT-1 to U-1, was re

peated for various energy thresholds in the range fron. 30 to 200 

keV. Individual results from this trial are shown in Appendix A. 

The measured Ur correspondents of 1 ppm Th were all fairly close 

to the computational value and justified the adoption of a final 

estimate based on calculation plus experiment. For potassium the 

experiment demonstrated a distinct increase in the number of Ur 
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Table 11. Evaluation of uranium equivalents for the assign

ment of block grades. 

Uranium equivalent (Ur) 

1 ppm V 

1 ppm Th 1% K 2380 235u Total 

Calculated 0.47 ± 0.01 1.22 i 0.02 0.965 0.035 1.000 

Experimental 0.37 * 0.01 1.10 * 0.20 

Adopted 0.39 * 0.02 1.10 * 0.20 1.000 

recorded with increasing detector dimensions and threshold set

tings. This effect was not derived from the calculation which 

was executed for a 1 1/2 x 1 in. detector and an energy cut-off 

of 30 keV. The adopted Ur correspondent of II K matches typically 

used counter threshold? of 30 to 100 keV and has an associated 

relative uncertainty of about 20 percent. This low precision is 

unimportant because of the small potassium contents of the 

blocks. Conversely, the difficulty of specifying an exact trans

lation of K concentrations into Or seems to prohibit the use of 

potassium for the construction of total-count calibration 

sources. 

4.4. Correction for Z-effect 

The large ore content in H-concrete makes the gamma-ray attenu

ation of this material slightly greater than the attenuation of 

L- and M-concrete. The effect primarily consists in the absorp

tion of low-energy gamma rays by iron f.n the ore and can be 

described by an erhanced effective atomic number (Kogan et al., 

1969). It is therefore necessary to use separate grade conver

sion factors for each concrete type. For M-concrete the uranium 

equivalents in Table 11 have been used as they are, while the 

corresponding conversion factors for L- and H-concrete have been 

adapted to a Zeff equal to that of M-concrete. The corrected 
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conversion factors are based on detector response calculations 

for A-blocks with the G&MO code which accommodates cylindrical 

detector-source geometries. 

Chemical compositions ascribed to the blocks in the response 

calculations are shown in Table 12. The chemical data originate 

from an XRF assay of the composite samples of the mixes. To get 

the content of H2O, the total percentage of oxides exclusive of 

H2O was equated to the percentage of dry mix ingredients. The 

Table 12. Chemical compositions of the concretes. 

Percent abundance 

Oxide 
L N H 

S i 0 2 

TiC>2 

A 1 2 0 3 

Pe2C>3 

MnO 

HgO 

CaO 

Na20 

K20 

H20 * ) 

P 2 0 5 

76 .7 

0 .2 

1.9 

0.6 

0 .0 

0 .1 

8 .6 

0 .1 

0 .5 

11 .2 

0 .1 

6 9 . 9 

0 .2 

4 .0 

2 .9 

0 .1 

0 .1 

8 .3 

2 . 2 

0 .8 

11 .3 

0 .2 

4 4 . 7 

0 . 2 

11 .0 

10.2 

0 .6 

0 . 2 

9 .5 

9.S 
2 .1 

11.4 

0 .6 

1C0.0 100.0 100.0 

*) Consumed mix water plus pore moisture. 

mix water (including the moisture in the quartz sand) plus the 

pore moisture could then be incorporated in the series of block 

constituents. Resulting effective atomic numbers are added in 

Table 13 which summarizes the important physical characteristics 

of the blocks. The in-situ densities are required in response 

calculations applied to sources of finite dimensions. They fol

low from the saturation densities in Table 5 and the assumed 

saturation factor of 0.7. Table 14 contains the corrected grade 
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Tab!« 13. Estimated pore Moistures, in-situ densities, 

and effective atoMic nuabers. 

Pore Moisture Density 
Concrete (•) (g/cM3) Z.ff 

L 4.4 2.13 12.5 

n 4.6 2.19 13.0 

H 6.9 2.28 14.6 

Table M . Factors for converting the in-situ radioeleiaent 

concentrations into block grades. 

Or 
Concrete 

1% K 1 ppM U 1 pp« Th 

L 1.13 i 0.21 1.03 i 0.01 0.40 '- 0.02 
M 1.10 t 0.20 1.00 t 0.00 0.39 '- 0.02 
H 1.01 t 0.20 0.92 '- 0.01 0.36 *- 0.02 

conversion factors for L- and H-concrete. Adopting the M-con-

crete as a base of reference corresponds to a normalization of 

all the block grades to a common effective number of 13.0. 

This last step finishes the procedure needed for estimating the 

radiometric grades of total-count calibration blocks that are 

loaded with uranium and thorium and contain different amounts of 

pore moisture. The final block grades, derived by combining the 

data in Tables 10 and 14, were introduced at the beginning of 

this report (Table 1) in order to stress their character of a 

final result. 
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5. GRADE CONTROL 

The Monitoring trials and response calculations reported in the 

preceding section were exclusively performed with A-blocks as 

targets. B-blocks have been incorporated in two additional ex

periments set up for demonstrating the reliability of the esti

mated grades. 

In the first experiment, the borehole model at Ris« was logged 

with a Mount Sopris model-1000 gamma logger with an attached 

scaler. The probe of this logger houses a 1/2 x 1 1/2 in. 

Nal(Tl) detector. A log recorded in steps of 10 cm with water in 

the hole is presented in Fig. 14. Five single readings on the 

plateaus of the logging peaks from BH-1 and BH-3 were averaged 

for use in a plot of count rate versus grade. The background was 

read from the log of BL-4; use of BL-2 was not attempted since 

the log of this block contains a small radiation contribution 

from the adjoining blocks, BH-1 and BM-3. Figure 15 shows the 

resulting calibration plot. The three data points are essen

tially positioned on a straight line, indicating that the ratio 

of grade H- to M-concrete is reliable. If the Z-correction of 

the grade conversion factors for H-concrete had not been ap

plied, the data point for BH-1 would have moved 45 Ur to the 

right with a resulting loss of experimental linearity. The Mount 

Sopris gamma logger was previously calibrated in boreholes 

drilled in the rocks of the Kvanefjeld uranium deposit from 

where the ore for the blocks was supplied. This old calibration 

was based on the radioelement contents in dry drill core and re

sulted in a calibration factor of 2.24 * 0.15 counts/s per ppm U 

(Løvborg et al., 1972). The greater factor of 2.57 ± 0.05 

counts/s per Ur recorded with the borehole model may partly be 

explained by the use of moisture-corrected reference grades for 

the blocks. 

In the seocnd experiment, the borehole models at Risø and 

Demokritos were logged with a 2 x 2 in. detector connected to a 

GR-410 portable spectrometer. Plateau count rates recorded in 
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the total-count window are shown in Table 15. The two borehole 

•odels produce identical count rates within the limits set by 

counting statistics. This result plus that of Monitoring the A-

blocks (Table 8) suggest that blocks manufactured from identical 

mixes have identical grades. 

500 

COUNTS/S 

1000 1500 

Pig. 14. Gamma-ray log recorded in the borehole »odel at Ris« 

with water in the hole. 
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Table T5. plateau count rates Measured in borehole aodels 

with 2 i 

Block 

BL-4 

BN-3 

BL-2 

BH-1 

2 in. detector 

Ris« 

Counts/s 

43 '• 4 

444 '- S 

(3 '- 20 

1735 '- 22 

(0. 5 -- 0.« NcV). 

Deookritos 

Block 

BL-8 

BH-7 

BL-S 

FH-5 

Counts/s 

43 '- 5 

447 * 3 

71 * 30 

1722 s 13 

1500 

1250 

WOO 

BH-1 

750 

CALIBRATION FACTOR: 

2.57 • 005 counts/s per Ur 

500 

250 

BM-3 

BL-4 
100 

_L J -
200 300 400 

BLOCK GRADE - Vr 

500 600 

fig. IS. Calibration line obtained from the log in Pig. 14. 
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\ 

6. CONCLUSION 

This study has demonstrated that concrete calibration blocks of 

uniform grades can be manufactured centrally for distribution 

among users in various countries. The transportation cost in

volved in setting up a scintillometer calibration facility or a 

borehole model far away from the production site is offset by a 

great saving of time and effort for the user who might consider 

a manufacture of sources from locally available ore material. 

The ore used for the blocks described here may not be the best 

choice because of the limited calibration grade obtainable with 

it. Actually, the blocks having Kvanefjeld lujavrite as the only 

aggregate are rather inadequate due to their increased moisture 

absorption and enhanced effective atomic number. An aggregate of 

ore particles intermixed with quartz sand produced an acceptable 

source material at the expense of grade. If an ore of greater 

radioelement content and similar small emanation power could be 

provided, much of the experience obtained in this study could be 

used for starting a production of calibration blocks of elevated 

grades. 
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APPENDIX A 

REVISED RADIOELEMENT CONTENTS FOR THE SPECTROMETER CALIBRATION 

SOURCES UT-1 TO U-1 

The in-situ radioelement contents of the six sources UT-1 to 

U-1 in Fig. 3 were originally estimated by gamma-ray counting 

of sealed sample material and the use of a moisture-correction 

factor of 1.06 (Løvborg et al., 1981). Since 1980 the sources 

have been repeatedly monitored with a GR-410 spectrometer as 

part of an IAEA-sponsored intercomparison of spectrometer cali

bration facilities in a number of countries (Løvborg, 1982). 

Calibration data for the GR-410 recorded with facilities in 

Canada, Finland, Sweden, and USA provided the new estimate for 

the Risø sources shown in Table 16. The most significant change 

with respect to the original estimate is a 14% reduction of the 

eU contents of the sources UT-1 and UT-2. This result suggests a 

fractional radon loss of the same order of magnitude; it is sup

ported by the detection of emanation from samples of the source 

materials (Table 6). The large amount of monitoring dats avail-

Table 16. Estimated in-situ radioelement concentrations 

for the spectrometer calibration sources at Ris«. 

Source % K ppm eU ppm Th 

UT-1 

UT-2 

K-1 

K-2 

T -1 

U-1 

1.33 i 0.05 

1.24 * 0.02 

1.03 * 0.01 

6.73 * 0.08 

0.73 i 0.C6 

0.91 *- 0.05 

48.7 i 1.6 

16.7 t 0.5 

0.29 * 0.04 

4.19 i 0.09 

8.0 * 0.5 

148 * 24 

144 

50.4 

2.3 

1.8 

150 

1.9 

* 4 

i 1.1 

* 0.1 

* 0.1 

i 2 

i 0.5 



- 42 -

able for the sources shows that the diminished radon contents 

of UT-1 and UT-2 are permanent. U-1, on the other hand has a 

seasonal emanation pattern (Løvborg, et al. 1978) and recovers 

its equilibrium content of radon in the winter when the supply 

of pore water is greatest. 

Table 16 has been adopted as a list of most probable in-situ 

radioelement concentrations. This revision changes the uranium 

equivalents recorded in previous total-count experiments with 

the sources. (Løvborg et al. 1981). The experimental Ur cor

respondents of 1 ppm Th and 1% K reported in Table 11 are based 

on the revised reference concentrations and the single determi

nations presented in Tables 17 and 18. 

Table 17. Experimental uranium equivalents recorded with 

1 1/2x1 in. 

Threshold 
energy 
(keV) 

30 

60 

90 

120 

150 

scintillation detector. 

Uranium 

1 ppm 

0.36 i 

0.36 * 

0.37 * 

0.37 * 

0.37 * 

Th 

0.01 

0.01 

0.01 

0.01 

0.01 

equivalent (Ur) 

1% K 

0.92 * 0.04 

0.95 t 0.04 

1.03 ± 0.04 

1.10 * 0.05 

1.16 ± 0.05 

Table 18. Experimental uranium equivalents recorded with 

2 x 2 in. scintillation detector. 

Threshold 
energy 
(kev) 

SO 

100 

150 

200 

Uranium equivalent 

1 ppm Th 

0.36 * 0.0' 

0.37 * 0.01 

0.37 * 0.01 

0.36 t 0.01 

(Ur) 

1% K 

1.16 * 0.05 

1.33 t 0.05 

1.44 i 0.05 

1.59 * 0.06 
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APPENDIX B 

ACCURACY PROVIDED BY THE LABORATORY COUNTING STANDARDS 

The e s t i m a t e d block grades i n d i r e c t l y depend on U and Th r e f e r 

ence m a t e r i a l s o r i g i n a t i n g from the New Brunswick Laboratory of 

the U .S . Department of Energy. C a l i b r a t i o n r e s u l t s ob ta ined with 

s i x thorium and f i v e uranium NBL count ing s tandards are shown in 

Tables 19 and 2 0 . The eU c o n t e n t s of the uranium s tandards are 

based on the c e r t i f i e d U c o n c e n t r a t i o n s p l u s a s t a t e d contf.pt 

of 3 .44 x 10~ 7 g Ra per g U. This radium content i s s l i g h t l y 

g r e a t e r than t h a t produced by one gram of uranium in e q u i l i b r i u m 

and corresponds t o a r a d i o m e t r i c f a c t o r of 1.019 ppm eU per ppm 

U. The use of such a f a c t o r i s perhaps not r e l e v a n t s i n c e the 

u n c e r t a i n t y o f the Ra/U r a t i o i s not s p e c i f i e d in the NBL c e r 

t i f i c a t e s (Dickson e t a l . , 1982) . Tables 19 and 20 s u g g e s t that 

Table 19. Laboratory thorium counting s e n s i t i v i t i e s 
recorded with NBL reference materials . 

NBL Thorium Counts/s 
reference concentration per g Th 
material (ppm Th) (2.41-2.81 MeV) 

80 1010 i 15 61 .4 ± 1.0 

80A 1005 * 5 61 .5 * 0 .6 

83A 101 * 1.5 6 1 . 6 i 1.0 

107 1000 t 20 6 4 . 1 * 1.3 

108 520 t 5 61 .6 * 0 . 8 

109 104 * 1.5 63 .6 * 1.1 

Weighted mean 61.9 
Coefficient of variation 1.6% 

http://contf.pt
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Table 20. Laboratory uranium counting sensitivities recorded 

with NBL reference materials. 

NBL Equivalent Counts/s 
reference uranium per g eU 
material concentration (1.66-1.86 HeV) 

(ppm eU) 

74 1019 * 20 166.5 * 3 .4 

74A 1060 * 10 164.7 ± 1.9 

7bB 103 * 1 172.9 * 2 .1 

1C2 1029 * 5 170.3 ± 2.1 

104 105 * 2 162.8 i 3 .4 

Weighted mean 168.2 

C o e f f i c i e n t of v a r i a t i o n 2.4% 

the systematic assay error associated with ca l ibra t ions against 
NBL standards amounts to about 1.5% for Th and 2% for eU. These 
accuracies were assumed in assigning uncer ta in t ies to the assay 
r e su l t s in Tables 2 and 7. Improved radiometric accuracies may 
be obtained with counting standards prepared from an old thorium 
sa l t and radium chloride (Grasty et a l . r 1982). 
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APPENDIX C 

ASSAY OF RADON EMANATION USING REPEATED GAMMA-RAY COUNTING 

Emanation power can be estimated by sealing the material and 

executing an initial and a final count of the gamma-rays 

emitted from the sample (Austin, 1975). The method used for 

recording the emanation data in Table 6 is a slightly refined 

version of the technique and is based on repetitive activity 

measurements over a four-week period. 

Figure 16 shows the time dependence of 222Rn an(-j 214gi for 

material with an induced radon loss of 100% just before sealing 

a sample. Over the first few hours 21^Bi decays to less than 3% 

of its previous equilibrium concentration. Six hours after the 

sealing 214Bi is in transient equilibrium with freshly formed 
222Rn and follows the exponential growth of the latter with a 

time lag of 1.20 hours. The time lag is a consequence of the 

decay constants in the system 

222Rn > 218Po > 214Pb > 214Bi * 214po 

3.82d 3.05m 26.8m 19.5m 

By using the sealing time plus 1.20 hours as a new time refer

ence, radon contained in unsealed material can be measured by 

extrapolating the 214Bi growth curve to zero time. An additional 

extrapolation to infinite time furnishes the final equilibrium 

content of radon. The difference between the two levels is the 

initial radon loss. 

Figure 17 shows the result of fitting exponential curves with 

the decay constant of 222Rn (0.1813 d~1) to five determinations 

of the eU content in sealed samples of source material U-1. 

Curve A is for dry material and indicates an emanation power of 

5%. Curve B provides the radon loss invoked by heating a 
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moistened sample to 60°C (11%, Table 6). Repeat trials have 

demonstrated that emanation down to a few percent can be de

tected with the method. 

3 
tr 
CD 

a 
LU 

LU 

CC 
LU 

a. 

20 -

10 12 14 16 18 20 22 24 

HOURS SINCE SEALING TIME 

Fiq. 16. Time dependence of 222Rn and
 21<Bi in sealed sample 

depleted of its 222Rn at t»0. 
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DAYS SINCE CORRECTED SEALING TIME 

Pig. 17. Experimental determination of radon emanation from 

the exponential growth of 2,*Bi in sealed samples of source 

material U-1. A: Dry material. B: Moistened material heated 

to 60°C for two days. 
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