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1 INTRODUCTION

Industrial Concentration Processes

A fraction of the radionuclides released to the forest ecosystem will be incorporated into
different parts of the trees and the wood. Wood is in industrial use the main raw
material for pulp mills, saw mills and biofuel powered electric and heat plants. The
pulp mill process, which produces power and recycles the main digesting agents, will
concentrate and retain radionuclides. The biofuels in use are wood chips, bark, peat,
wood waste, wood pellets, wood powder, straw and rape oil. Wood is the major
source of energy from biofuels and only a minor fraction of the total energy produced in
Sweden originates from peat combustion. At burning of wood, radionuclides will be
concentrated in the ash. The wood ash is usually disposed in a landfill close to the
power plant or at the municipal refuse dump. The large scale of industrial use of
biofuels, creates sufficiently large waste deposits which might cause at least a potential
health hazard to man by contributing significantly to the total absorbed dose caused by
external radiation. However, at present a rather limited number of workers are
occupational ly exposed to radiation from such deposits. We must also consider that an
area receiving industrial waste products containing radioactive elements could later
become populated. It is of general interest to return such waste products containing
mineral nutrients, K, Ca, Mg, to the forest.

A common factor for both biofueied power plants and pulp mills is that they concentrate
the radionuclides initially present in the biofuel or wood in ashes or other products. The
enrichment of radioactive elements is due to the combustion process or in a pulp mill,
the combustion of bark and liquors, and also the processes in the pulp mill recycling
system. The ash is collected by cyclones, textile filters and electrostatic precipitators
and also, at pulp mills, by scrubbers. The collected ash can be separated into bottom
ash and fly ash. Bottom ash usually consists of bigger and heavier particles, while fly
ash consists of smaller and lighter particlesI1)|2).

The radiological impact to man from forest industry arises from radiation emitted from
the radionuclides present in ash and pulp mill liquors and liquor sludge. The
quantification and calculation of past, present and future activity concentrations in
biofuels, ash and pulp mill waste products are all important when assessments of the
radiation dose is done. In order to assess the resulting dose to staff working close to
radionuclide containing recycling systems and waste dumps, it is necessary to know the
dynamics (inflow rate and residence time) of the radionuclides in that system.

The aims of the present study were to: a) Investigate thepresent activity
concentrations and concentration of i34Cs, J37Cs, *TC and Sr in biofuel ash, pulp mill
liquors and liquor sludges, b) Compare the alkaline based pulp process with an acidic
pulp process, c) Study the vertical distribution of radionuclides present in a ash deposit
, d̂  Study the time dependency of the concentration of radionuclides in pulp mill liquors
, e) Assess, by measurement and calculation, the present absorbed dose rate and the
integral absorbed dose (50 a) to superficial* tissue on ash- and sludge deposits and f)
Estimate the maximum dose and the accumulated dose to superficial' tissue in persons
working close to those parts of the recycling system that will contain significant
concentrations of radionuclides. 'Superficial tissue refers to soft tissue at a depth of
0.2-0.7 cm below skin surface.



2 TECHNICAL DESCRIPTION

Biofueled Power Plants

The main task of the biofueled power plants i Sweden is to generate electric power and
hot water. At present, the fraction of electric power produced at the biofueled power
plants is relatively small compared to that produced by nuclear power and hydroelectric
industry. However, the fraction of electric power produced by biofuel combustion is
expected to increase in the near future because of the increasing demand for electric
power and because of that the Swedish nuclear power plants are expected to be shut
down by the year of 2010. The pulp industry in Sweden both produces and consumes
almost half of the total bio energy produced. About one quarter of the total bio energy
production originates from the wood industries, which burns wood waste. The
remaining quarter of bio energy originates from wood burning in home wood stoves.
Table 1 lists the 16 Swedish biofuel powered plants studied from which ash has been
collected and subsequently analysed, also the individual burner types and fuels in use
are listed. The heat and steam produced when burning biofuel is converted to hot water
by heat exchangers and to electric power by steam generators.

Burner types in use:

Roaster: The most common burner type in use is various types of roasters (Figure 1)
which are planar or tilted being either configured in steps, fixed or moving. The roaster
type of burner is used for bark and wood (chips, pellets, powder, waste). In the roaster
type of burner, fuel is fed into the combustion chamber in a pace so that as fuel moves
across the burning area it first becomes dryer and releases burnable gases which are
ignited, then follows a slower burning of the remaining solid part of the fuel. Air is fed
from beneath trough slits in order to supply the burning fuel with oxygen and also a
s. v'ondary air inlet provides the released burnable gases with oxygen. At completion of
1 /•ning the ash exits the burner.

/ it bling fluidized bed, BFB: If the airflow is made stronger and fuel fragments are
' i to big, turbulent mixing of fuel fragments at all stages of burning occurs, creating a
i.t bling fluidized bed of fuel elements in the burner (Figure 2). The turbulent mixing
r ivides the fuel fragments with a better contact with oxygen.

Continuous fluidized bed, CFB: If the airflow is made so strong that a significant part
of the fuel fragments leaves the main mixing/burning area together with exhausts they
can be returned by separation from exhausts by particle collectors and cyclones (Figure
3). The mixing and oxygenating process is very efficient in this type of burner.

The Alkaline Pulp Mill Recycling System

Huge quantities of digesting agents (NaOH and Na^) are used in the pulp extraction
process to dissolve the ligneous part in wood and thereby set free the fibres within the
wood structure. In order to improve economy at the process the digesting agents are
recycled. In the recycling system for the primary digesting agents, the members of the
alkali group in the periodic system of elements, are retained in the process. This means
that the radiocesium which enters the process, either by wood or fresh water, will also
be retained with a characteristic residence time of that specific element in the recycling
process. Since the studied pulp mill (alkaline process type) annually uses about 30 000
000 m3 of fresh water the intake of water will be the first pathway for radionuclides to
enter the process in the event of a nuclear reactor accident or nuclear detonation with
subsequent radionudide contamination of the environment. However, shortly after a
release of radioactive elements to the environment the activity concentration in fresh
water can decrease rather rapidly'31, and from radiation protection point of view the
retention of radionuclides which have entered the process within the first few months or
first years after the release will be of prime concern. In the long term, say more than
several months to years, the radionuclide content on and within trees will successively
become the major pathway for radionuclides entering the process. Superficial
radionuclide contamination of the bark of the trees will bring in substantial amounts of
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radionuclides to the pulp mill, but since the bark is peeled from the timber, most of the
radionuclides associated with the bark will not enter the recycling process, but will be
disposed at the waste deposit after burning.

A brief summary of the major processes in the recycling systeml4)'51 of a pulp
production unit is outlined below:

To the digester: Wood chips mixed with the digesting agent (white liquor) are set under
both high temperature and high pressure in the digester in order to dissolve the wood.

From the digester: Black liquor, which consists of the used digesting agents and the
dissolved wood components.

The Washing plant: The purpose with the washing process is to effectively separate the
fibres from the remaining black liquor using as little water as possible. The sequential
steps of the washing procedure dilutes the black liquor. The separated fibres are
transferred to the bleaching plant

The Evaporation plant: The diluted black liquor contains about IS % dry matter and has
to be separated from excess water in order to make it combustible (60 % dry matter).

The Recovery Boiler: In the recovery boiler, the dissolved ligneous part in wood is
combusted in order to generate steam to some of the other processes and in order to
recover one of the digesting agents, NajS, by reduction processes under conditions of
high temperature and oxygen deficiency. The reactions and combustion in the recovery
boiler generate a molten mixture of chemical compounds which is drained from the
bottom of the recovery boiler and lead to the smelt dissolver in which the smelt is
dissolved in a weak liquor which gives the formed solution, green liquor, a
characteristic green colour.

The Causticizing plant: The sodium carbonate in the green liquor shall be processed to
form sodium hydroxide NaOH by mixing with CaO; the reaction can be written:

Na£03 + CaO-^ NaOH + CaCO3

The green liquor has after the reaction formed what is called, white liquor, which now
contains both of the chemically active digesting agents Na^ and NaOH.

The lime sludge which was formed in the reaction is insoluble and will be washed with
water, thickened by filtration and eventually restored to CaO by high temperature
treatment, trough the reaction:

CflCOj - - • CaO + CO2

Figure 4 shows the principal compartments of the pulp extraction process and the main
stream of the alkali group members in the pulp mill recycling process for the digesting
agents. Radiocesium enters to the process with wood chips and fresh water. The circular
arrow shows the path in which the radiocesium is retained.

Figure 5 shows where radiostrontium, radium and other members of the second group
of the periodic system are retained.

The Acidic Pulp Mill Recycling System

The acidic pulp process (Figure 6) is in many respects similar to the alkaline pulp
process and no large differences can be expected with regard to concentration processes
of radiocesium. In the acidic process, wood is dissolved by sulphuric acid under
conditions of high temperature and high pressure. The acid solution makes the harts to
stick to the fibres. The washing plant separates the dissolved wood and spent digesting
agents from the compound of fibres and harts. The major part of harts is separated from
the fibres before the fibres can enter the bleaching plant. The sequential steps in the
bleaching plant are in many respects similar to the bleaching process for the alkaline
pulp process, both process types using essentially the same type of reagents (NaOH,
oxygen, H2O2) the studied acidic pulp process does however not use chlorines to
dissolve remnants of wood components from the fibres. The recycling process for the
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digesting agents starts with an evaporation plant where excess water is removed. Next
step is a fermentation process from which ethanol is extracted. A final evaporation step
makes the resulting black liquor combustible. The recovery boiler processes produce
Na^CVcontaining ash which is directly collected by electrostatic precipitators from
dust and gases generated in the burning of black liquor. Na^C^ from the recovery
boiler is further treated to obtain Na^ which is separated by a special scrubber and then
blended into the digesting agent. The melt formed at the bottom of the recovery boiler is
dissolved in a carbonizer in which NajSC^ and HjS are produced. A causticizing
process followed by a sulphur oven creates gaseous Sj which is dissolved in water in
which hydrolytic processes creates sulphuric acid.

The two pulp mill sites with respective wood collection areas represents two different
chemical processes, two different climatic zones with differences in both soil acidity
(pH) and soil type. The sites also reflect two different ground deposition activities of
radiocesium released from the destroyed nuclear power plant in Chernobyl.

3 EXPERIMENTAL

Sampling:

Ashes were collected from 16 different biofuel powered plants in Sweden with two
weeks intervals during almost half a year (late 1990 to the spring of 1991) and wa?
provided to us by Vattenfall Utveckling AB. These, dry, ash samples were
homogenised and weighted before they were packed into either plastic or steel cans
prior to gamma spectrometric measurements.

During the year of 1990 a large number of randomly selected samples (SO g to 250 g) of
bark and chips were collected at the alkaline pulp mills transport belt just next after the
bark drum and after the chipper until a total of 25 kg bark and 25 kg chips were
gathered. Pulp mill liquors, liquor sludges and bark ash were collected in plastic tubs
and plastic cans.

A technical visit was done to a pulp mill in central Sweden using the acidic type of
process. After instructions samples were collected in the beginning of 1992 by
personnel at the pulp mill. Those samples were then sent to us by mail.

Table 2 lists the raw materials used in a typical alkaline pulp mill process producing 315
000 tons of bleached pulp in a year. The pulp mill process yields about 1 m3 bark ash
for each hundred ton pulp produced which amounts to about 3100 m3 bark ash in a year.
The pulp mill process also generates, in a year, approximately about 1500 m3 green
liquor sludge and about 1100 m3 lime sludge.

Table 3 lists the corresponding, yearly amount of raw materials used in the acidic pulp
process and produced amount of pulp and by-products.

Black liquor samples for the study of the activity concentration and the time
dependency of it have been collected at most of our visits to the alkaline pulp mill and
some of the later black liquor samples have been collected by staff at the mill and then
sent to us by mail.

Sample treatment:

The bark and chips were dried at 65°C for 48 hours and then weighted, the quoted
activity concentrations for chips, bark and ash refer to dry matter. The quoted activity
concentrations for pulp mill liquors refer to fresh or wet weight. In order to improve
detection limits, ashing of chips and bark was performed in a laboratory oven at 450 CC
for 48 h.



Measurements of radionuclide concentration in samples:

The activity concentration of radiocesium and potassium were determined by using
gamma radiation detectors of semiconductor type. The radiostrontium content in the
samples was determined by applying standard radiochemical separation procedures and
a subsequent beta counting technique which utilises an anticoincidence-shielded,
gas-flow multi GM-counter, (Counting gas: Argon with 1 % Isobutan as quenching
agent).

Measurements of doserate on a waste deposit was carried out by using termoluminiscent
(LiF) dosimeters of the type TL-100 manufactured by Canberra. Prior to dose
measurements the dosimeters were calibrated in the radiation field from a *°Co therapy
source.

The Source Term Of Radiocesium

The origin of 137Cs; Chernobyl or nuclear test fallout can be determined from the
known quotient of lMCs to 137Cs in the Chernobyl fallout. The activity ratio 134Cs to 137Cs
, fo = A(l34Cs)/A(137Cs) was 0.57+0.05 on the 28 th April 1986 (according to SGAB[6)).
The quotient decreases with time as shown in Diagram 1.

The relatively short physical half-life of 2.06 years has reduced the amount of mCs
liberated to the atmosphere by testing of nuclear weapons during the years of 1950 -
1960 and is no longer detectable since 15 to 20 half times have passed. The 134Cs to
137Cs ratio in forest moss (Tleurozium Schreberi), collected in south Sweden was about
0.01 in the year of 1963 [1].

Calculations:

Parts of the dosimetric calculations were performed by using a computer for numerical
solutions of the involved mathematical expressions of primary photon flux181. Secondary
photons was accounted for byusing the build up factors'9' presented in Table 4.
Computer software: MathCad20.

Dosimetry

In 1991 TL-dosimeters , in clusters of four were used in the measurements of the dose
rate at 1 m altitude above the depository from pulp mill wastes (Figure 7). The dump is
used for bark ash , green liquor sludge and lime sludge. Bark ash is supplied to the
dump with a rate of about 10 m3 ash in a day. The TL-dosimeters were placed with a
lateral separation such as each measuring point roughly represented the ash and sludge
production of a year. The actual dimensions of the dump was approximately 120 m x 30
m x 4 m. The dosimeters were exposured during a period of six weeks and the obtained
TL-signal was corrected for fading and the contribution from natural background
radiation.

The TLD measurements made in the summer of 1991 was repeated one year later. In
order to obtain the vertical distribution of radiocesium and radiostrontium in the ash
deposit a v-shaped pit with two vertical walls was digged from the surface of the deposit
and down to 1.2 m depth. Ash were then collected by making horizontal slices from the
vertical walls of the pit.

In the calculations concerning the dosimetry close to liquor holding tanks, it has been
assumed that the Chernobyl related 137Cs initially has been transferred to the pulp mill
recycling process trough the fresh water supply and, later on , by the wood. Even
though data at present are rather sparse, they indicate that the residence time in the pulp
mill recycling process is in the order of 1.3±0.1 years. This residence time has been
used in the calculations of both the dose rate and the accumulated dose as a function of
time.

The dose rate (900702) and the accumulated dose during a period of 10 years from 1986
from radioactive elements in black liquor were obtained from calculations. It has been
assumed that the occupation factor, OF, is 0.23 which corresponds to a normal 2000 h
working period in a year.
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Potassium-40 and nuclear weapons related l3'Cs are assumed to be in dynamic
equilibrium in the forest ecosystem (soil/forest/recycling process) and the activity
concentration of these radionuclides approximately decreases with their respective
physical half lives.

4 RESULTS

Radioactive Elements In Biofucl Ash

Table 5 shows the average activity concentration of 134Cs, 137Cs, and *°K in biofuel ash
from the 16 different burning plants. The abbreviations in Table 5 , n.m. and n.d. refer
to not measured respectively not detected.

The average activity concentration of '"Sr in samples from the plants of Karskär,
Knivsta and Värö is presented in Table 6.

The average specific density of 134 different samples of ash from the 16 different
burning plants was 800±400 kg/m3.

Concentration Of Radioactive Elements In Pulp Mill Produce

The alkaline pulp process: The activity concentration of radiocesium (900702) in the
liquors and sludges of them are listed in Table 7 , the abbreviation n.d. refers to not
detected and ESP ash refers to the ash collected by electrostatic precipitators.
Corresponding concentrations of radioactive elements in the acidic pulp process are
listed in Table 8.

The time dependency of 137Cs concentration in black liquor from the alkaline process is
presented in Table 9.

Enrichment Of U7Cs Relative To That In Wood.

The enrichment factor in Table 10 has been calculated as the quotient between the
activity concentration of listed substances in the alkaline process and that of dry
softwood (8.4 Bq 137Cs/kg) chips. The quoted errors refer only to the , assumed ,
Poisson distributed errors in counting statistics. The indexes 1 and 2 in Table 10 and in
Diagram 3 (LI and L2) refer to pulp extracted from softwood respectively hardwood.
From Diagram 3 and Table 10 follows that the bleached pulp extracted from softwood
contains less than 1 % of the activity concentration of 137Cs in dry softwood. Pulp,
extracted from hardwood has an activity concentration of ^Cs that is approximately 3
% of that in dry hardwood. The highest concentration factor 195±4 was found in the ash
(Na2SO4) that is collected on electrostatic precipitators (ESP) from gases and dust
generated in the combustion processes in the recovery boiler. The acidic process shows
in general a lower enrichment in liquors and other produce when compared to the
alkaline process (Diagram 4). The bleached pulp from the acidic process contains about
0.4 % of the 137Cs concentration present in softwood.

Activity Ratios and Origin of U7Cs

Table 11 presents activity ratios for both process types, alkaline and within parenthesis
acidic process. Table 12 shows the 137Cs concentration in pulp mill produce by origin
for alkaline pulp mill produce in the south part of Sweden. Table 12 shows that about
half of the lt!Cs present in the samples from the south part of Sweden originates from
the Chernobyl accident. In the samples from a pulp mill in the central part of Sweden
about 72 % to 95 % of the 137Cs originates from Chernobyl accident.



Dosimetry, Waste Deposits

Table 13 shows the calculated Dose Factors (DF) for the total dose rate (1990-1991)
both on the surface of a ash deposit and at 1m altitude above it and an Integral Absorbed
Dose Factor during 50 years (1990-2040). The calculations refer to soft tissue at a depth
of 0.2-0.7 cm below the skin surface and is refered to as superficial dose. It has been
assumed that there is no other loss mechanism than physical decay of the radioactive

elements in the deposit. The dose factors are expressed in units of ^-^- respectively

£L^L and the dose rate or integral dose on or above the surface of the deposit is

subsequently obtained by multiplying the dose rate factor with the activity concentration
expressed as Bq/m3 of respective radionuclide.

The calculated dose factors have been used to calculate the present (1991-1992)
absorbed dose rate and accumulated absorbed dose (1990 to 2040) to superficial tissue
(at 0.2-0.7 cm depth) at 1 m altitude in air on hypothetical deposits made up of ash such
as the measured ones in this study (Table 14). The listed activity concentrations are
representing the average of the measured activity concentration of all samples (50 % fly
ash and 50% bottom ash) from respective biofuel burning plant.

Measured absorbed dose rate at 1 m above a waste deposit is presented in Diagram 8.
The results are corrected for fading and the contribution from natural background
radiation. The measured activity concentration of 134Cs , 137Cs and*°K in dry ash was
900702 about 37.6 kBq/m3 , 459 kBq/m3 and 1.1 MBq/m3 respectively.

The theoretical calculations of the dose rate, at 1 m altitude above the deposit,
presented in the previous section, yield a dose rate of 0.17 [\iSv/h] calculated with
regard to dry ash and 0.085 [\xSv/h] if the ash contains 76 % water. In the theoretical
calculations it has been assumed that the deposit has a radius of 30 m and a thickness of
4 m and that the ash has a specific density of 800 kg/m3.

The given periods on time of disposal of ash in Diagram 8 are rough presentations but
indicate an increase of the dose rate with the time of disposal. The maximum measured
dose rate, 0.07 [\tSv/h] (or 0.14 mSv/2000h) (to superficial tissue at 0.2-0.7 cm depth),
at 1 m altitude above the ash deposit, is related to the ash produced during the year of
1990. This result is in the same order as that calculated.

The average measured dosrate during a period of 64 days after 920625 was (310+20)
nSv/h. Table 15 presents the results from the measured vertical distribution of water (in
% of dry ash weight) and the concentration of 134Cs, I37Cs, 40K and ""Sr in Bq/kg.
Diagram 9 shows the results from dose rate measurement performed 1992 and 1991.

The calculated dose rate at 1 m altitude above the pulp mill waste deposit is 26 nSv/h
with regard to concentrations of water and radioactive elements as measured on the
1992 deposit (Table 15) and 44 nSv/h if the ash deposit would be completely dry and 20
nSv/h if the water weight to dry ash weight ratio would be equal (=100% H2O). (The
specific density of the 1992 ash deposit was 400±100 kg/m3 or about half of that
assumed for the deposit of 1990).

Dosimetry, Calculated Dose Rate at a Liquor Holding Tank.

Table 16 presents the results of the theoretical calculations of dose rate factors, dose
rate (900702) and the accumulated dose (1986 to 1996)D(10 a) from 134Cs, 137Cs and
*°K present at a black liquor holding tank. It has been assumed that the residence time of
radiocesium in the recycling system is 1.3 years. The total calculated dose (900702) rate
from 134Cs, 137Cs and'°K is 37 n S ^ and the total calculated accumulated dose 0(10 a)
H986 to 1996) is 1.6 mSv. 36% of the dose originates from 134Cs, 30% from 137Cs with
Chernobyl origin and 9% from 137Cs in weapons fallout. 24% of the calculated
accumulated dose is due to natural *°K present in black liquor.
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5 DISCUSSION
Activity concentrations in biofutl ash

From the results on the average activity concentration in ash it can be concluded that fly
ash generally has a higher activity concentration than bottom ash. This particle size
associated phenomenon has been pointed out and described by investigations performed
by Hedvall m and Jantunen'2' et. al. The condensation of volatilized substances are
believed to be more efficient on smaller particles than it is on bigger particles due to the
inverse radius relationship of the area to volume ratio which favours association of
volatilized radionuclides to smaller particles since they will cool faster.

The bottom ash from the wood chips burning plant at Knivsta has a higher activity
concentration than the fly ash which is due to some production disturbances since the
fraction of unburnt fuel from this facility has been unusually high.'11'

The activity concentration of radiocesium from the geographically separated plants
roughly reflects ground deposition differences of radiocesium released from the
damaged nuclear reactor at Chernobyl. By using the known activity ratio of I34Cs/I37Cs
which was 0.57±0.05 in fresh fallout from the Chernobyl accident. It can be shown that
in bark ash from the central part of Sweden 85-90 % of the total 137Cs activity
concentration in ash is related to the Chernobyl accident, which can be compared to
bark ash from the Värö plant in the south Sweden where the Chernobyl fraction of the
total 137Cs activity concentration in ash is between 0-50 %. Corresponding Chernobyl
fractions of the total 137Cs activity concentration in ash are: Knivsta 90 % , Mjölby
70-80 %, Tranås 65-80 % and Växjö 50-60%.

Measurements of the total activity of radiocesium in samples before and after ashing in
a laboratory oven at 450°Cfor 48 h indicated that losses , if any , due to volatilazion of
radiocesium must be rather small. The boiling point for Cs is 669.3 °C, Sr boils at 1384
°C l l2J and the boiling point for CsCI is reported to be 1290 °C [13l The losses of
radioactive elements by aerial emissions at industrial burning of bio fuel is not due to
volatilizing of cesium but to loss of small soot particles on which volatilized Cs has
condensated. The small particles can escape cyclones, electrostatic precipitators and
mechanical filters.

From radiation protection point of view the measured activity concentration of ""Sr is
insignificant but the activity concentration of ^Sr is sufficiently high to use it as a tracer
for Ca in nature when ash is distributed in forest areas.

Activity concentrations in pulp mill produce;
Alkaline Process vs. Acidic Process

Since there exists large differences in deposited amount of radiocesium from Chernobyl
at the surroundings of the two geographically separate pulp mills it is convenient to
relate the activity concentration of pulp mill produce to that of wood on each location
when comparing the two different pulp processes. The average ground deposition of
137Cs in the area of the acidic pulp mill (in the central part of Sweden) is about 60
KBq/m2 to 120 KBq/m2 which is 10 to 60 times the deposition 2 KBq/m2 to 6 KBq/m2

at area of the pulp mill with the alkaline process (in the south part of Sweden). From
diagram 9 it can be seen that in general the alkaline pulp process shows a higher degree
of enrichment.

The Flux Of U7Cs In The Alkaline Pulp Mill Recycling System.

The activity concentration of I37Cs in the wood from the south of Sweden is rather low,
less than 10 Bq/kg in dry wood and the concentration of radioactive substances in the
product, bleached pulp, is under all circumstances low. It is the bleaching process
which removes almost all of the residuals of radic cesium remaining in the pulp after
both the initial dissolving of wood and the subsequent treatment in the washing plant.
The ligneous residuals and the radioactive substances are usually returned to the
recycling process after most of the steps in the bleaching process, but leaves the
process after the bleaching steps where chlorine or chlorates are deployed. The
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radiocesium detected in pulp is believed to originate from the water which the pulp is
rinsed with in order to remove traces of the bleaching agents: The fresh water is
mechanically filtered from organic matter and occasionally chemically purified by
precipitation and sedimentation. The activity concentration of 137Cs in the fresh water
(1990) supplied to the pulp mill is in the range 15 mBq/kg to 25 mBq/kg. The water
with a total activity of 440 MBq a7Cs to 730 MBq 137Cs is fed into the bleaching plant
and subsequently into the washing plant exposing each kilogram pulp to 1.4 Bq Cs to
2.3 Bq B7Cs or about 10 to 33 times higher than the measured activity concentration in
bleached pulp (about 0.14 Bq/kg to 0.07 Bq/kg).

In order to calculate the total activity of 137Cs supplied by wood chips to the alkaline
process it was assumed that the dry matter density of wood, bark excluded , is 415
kg/m3 for softwood and 505 kg/m for hardwood which yields that the softwood
contributes with about 2.12 GBq137Cs/year ( = 616 000 m3/year x 415 kg/m3 x 8.3+0.1
Bq137Cs/kg ) and that the hardwood contributes with about (769 000 m3/year x 505
kg/m3 x 4.9±0.1 Bq137Cs/kg =) 1.9 GBq 137Cs/year. The total amount of m C s supplied
to the process in a year trough the intake of wood, bark excluded, is about 4 GBq of
137Cs.

The radionuclides enter the process together with the raw materials, almost exclusively
with wood and fresh water, while other listed raw materials (Table 2) do not contain
any significant or detectable amount of 137Cs. The wood, bark excluded , contributes to
the pulp process with 4.0 GBq 137Cs in a year and the fresh water contributes with 0.5
GBq 13 Cs. The yearly flow of 137Cs from the process is approximately 2.5 GBq 137Cs
with the drainage, 0.04 GBq 137Cs with the bleached pulp, 0.02 GBq with ash passing
cyclones, textile filters and electrostatic precipitators exiting trough smoke stacks and
about 0.1 GBq 137Cs to 0.3 GBq I37Cs is transported to the waste dumps as liquor sludge.
The balance between inflow and outflow yields that about 2 GBq 137Cs was added to the
recycling system in 1990.

The residence time in the recycling process and the rate at which radiocesium is
transferred to the process determines the total amount of radiocesium temporarily stored
in the process (Figure 9).

The residence time in the recycling process was estimated to be 1.3 years, which
implies that in the long term perspective (a few years) the equilibrium activity of 157Cs
is about 5.2 GBq if 4 GBq Cs is added to the process each year. However, the fact
that the intake of 137Cs to the process exceeds the outflow indicates that the equilibrium
condition was not yet reached in the mid of 1990.

Activity Ratios (AR), Interpretations Of Changes In The AR

Alkaline process: The activity ratios (Table 11 and Diagram 5) can give information on
different behaviour of radionuclides when they undergo different stages in the pulp mill
process. The activity ratio 134Cs/I37Cs in Table 11 is rather constant with little variation
until the bleaching process is entered which is also the case when considering the
aiCsf°K activity ratio. The reason for the observed increase of the activity ratios
(134Cs/137Cs and '^Cs/^K) is believed to depend on both the fact that fresh water, fed
into the bleaching plant contains mainly Chernobyl related 137Cs but not any detectable
amounts of *°K and only minor amounts of nuclear test related 137Cs. Furthermore, the
retention of radiocesium in pulp is probably more efficient than it is for *°K. At the
bleaching sequence, most of the radiocesium (both Chernobyl related and nuclear test
related ) and toK will be washed out.

Diagram 6 shows the activity concentration of 137Cs related to origin. It can be
concluded that 137Cs from nuclear tests and 137Cs from Chernobyl are of almost same
magnitude in wood and pulp mill components in the south part of Sweden.

Diagram 7 shows the fraction 137Cs of the total amount l37Cs in the samples. With regard
to the statistical errors (Table 12) in the measurements, it is only in the bark , saw mill
waste and green liquor samples where nuclear weapons related Cs is significantly
more abundant.
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In the acidic pulp process, the Chernobyl related part of the total 137Cs concentration is
ranging from about 72 % (fresh water) to 95 % (green liquor sludge). The activity
concentration of l37Cs (69.6+0.5 Bq/Kg) in dry chips of softwood from the northern part
of Sweden is about 8 times higher than in the softwood from south Sweden (8.4*0.1
Bq/Kg).

The concentration of 137Cs in the acidic process type is most pronounced in ESP ash i.e.
43 times the 137Cs concentration in wood and in black liquor or 2 times the I37Cs
concentration in wood. The product, bleached pulp, has a I37Cs concentration which is
about 0.4 % that of wood. The dry bark ash has a Cs concentration of about 6 times
that of dry bark (Diagram 4) and the dry bark has a 137Cs concentration about 9 times
that of dry softwood. No specific change of the ^Cs/^K activity ratio pattern could be
seen at different steps of the acidic process since the *°K activity usually was below the
detection limit.

Time Dependency of The *37Cs Concentration In Black Liquor.

From the three first results on the time dependency of the 137Cs concentration in black
liquor from the alkaline process (Table 9) it was initially assumed, for purposes of
estimating and calculation of future radiocesium concentrations, that the residence time
for radiocesium entering the recycling process is about 1.3*0.1 years ( day 0 in Table 9
refer to 900702). However the last and following three results shows that the 137Cs
activity concentration has stabilized around (120-130) Bq/Kg. Considering all collected
data would suggest that the residence time is about four years. It is assumed that the
initial and rather steep decrease (from 220 Bq/Kg to 100 Bq/Kg) in activity
concentration depends on the decrease of radiocesium in fresh water fed into the process
and that the stabilization of the radiocesium concentration in black liquor reflects the
time dependency of radiocesium concentration in wood which enters the process. No
definite conclusions about the residence time in the pulp mill process can be drawn at
present on basis of data for black liquor since data are still rather sparse.

Measured and Calculated Dose Rate 1991 and 1992

The calculated increase of the dose rate to superficial tissue at 0.2 - 0.7 cm depth and 1
m above the dump when comparing a completely dry ash deposit with a a fresh ash
deposit (70 % to 80 % water content) under identical distribution of the radioactive
elements is about 170 %. The TLD measurements of dose rate on the same locations
1992 as were used 1991 shows an increase of the dose rate in the range of 300 % to 400
%(Diagram 9). No correlation of dose rate to the date of deposition of ash can be made
in the manner as it were done 1991. During the summer of 1991 the deposit was
exposed to several heavy rains which would then for a period of time have decreased
the dose rate at the deposit from what it would be if humidity were about 70% to 80%.
However, the 1992 summer period under which this years TLD measurement was
performed was very dry , the vertical distribution of water refers to the beginning of the
64 day long TLD measuring period. Redistribution of radiocesium and releases of radon
from ground beneath and surrounding the deposit area could also have contributed to
the measured and unexpected increase of the dose rate.

Liquor Holding Tanks.

The total accumulated dose to workers or to superficial tissue (during the period from
1986 to 1996) received from radiocesium and K in liquor holding tanks is rather small
(1.6 mSv) due to the rather limited deposition of the Chernobyl fallout in the area of
south Sweden where the 137Cs ground deposition'61 was in the range (2 to 6) kBq/m2.
The corresponding doserate and total accumulated dose to superficial tissue from black
liquor holding tanks at the acidic pulp process in the northern part of Sweden are
believed to be in the same order due to higher ground deposition and a lower

10
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enrichment of radiotesium in black liquor. The assumed residence time implies that any
protective countermeasures to radiation effects at severe contamination shall be carried
out relatively soon after a major pulse of l37Cs to the fresh water used at the plant.

11
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SUMMARY

Wood Industries , like pulp mills and biofueled power and heat plants, consuming large
quantities of wood and fresh water, concentrate radioactive elements in their waste
products, ashes , liquors and sludge. The produced ashes and liquor sludges are
deposited in a waste dump or in a land fill. The vast dimensions of such a dump
together with present activity concentrations in ash and liquor sludge constitutes a
source for increased radiation dose by external radiation (0.06 \tSv/h to 0.95 \tSv/h to
superficial tissue at 0.2-0.7 cm depth).

Calculations showed that the drying of deposited material can increase the dose rate by
225% when the water to dry ash weight ratio goes from 100% to 0%. Actual
measurements performed with one years separation and using TL dosimeters showed
increases ranging from about 250% to about 700% which was attributed to very dry
weather conditions.

Even though, at present, there is no need to take any specific action regarding radiation
protection from radioactive elements in ash, liquors or sludge this investigation has
shown that the wood and water consuming industries must in several perspectives be
considered and studied at large scale due to the industries enrichment of radionuclides
present in the raw materials.

Countermeasures, in order to limit the dose to personnel working at the deposit or close
to it are only necessary at higher deposition levels such as the Chernobyl area or at
similar contamination levels.

The study can also be used for the evaluation of consequences at foresting contaminated
land.

The limiting of the dose to 1 mSv during a normal year of work (2000 h) on a ash
deposit, can be expressed as a maximum permissible activity of Cs in the raw
material, which would mean that the maximum activity concentration of I37Cs in dry
wood is limited to the range 12 Bq/kg to 90 Bq/kg (assuming that the concentration
factor Ash/wood is between 25 to 200).

Even though the wood which enters the studied pulp mill contains about equal fractions
of Chernobyl- and nuclear weapons related 137Cs the product, the bleached pulp,
contains almost only Chernobyl related 137Cs. The fresh water. fed into the process is
believed to be the source of that observed Chernobyl related Cs.

The alkaline pulp process and the acidic pulp process shows many similarities and the
concentration processes of radioactive elements are most pronounced in processes
involving burning of liquors and bark and also in the process of collecting gases and
dust with scrubbers and electrostatic precipitators.

The accumulated dose to superficial tissue at 0.2 - 0.7 cm depth during a period of 50
years from 1991 was calculated to range between about 3 mSv to 50 mSv at a point of
measurement at 1 m altitude above 16 different ash deposits. The initial, calculated,
dose rates ranges between 0.06 \xSv/h to 0.95 ySv/h can be compared with the
ubiquitous natural background dose rate from external radiation which is about 0.11

The radiation from radioactive elements in a holding tank for black liquor was
calculated to cause a dose rate of 38 nSv/h to superficial tissue at 0.2 - 0.7 cm depth at 1
m altitude above the tank and an accumulated dose of 1.6 mSv in a period of 10 years
from 1986.

12



Aaro Kaviia iyyz

6 ACKNOWLEDGEMENT

We wish to , sincerely, thank the Swedish Radiation Protection Institute, the
Vattenfall AB and the Nordic Liaison Committee for Nuclear Safety for their
financial support to this study.

13



Aaro Ravila 1992

7 REFERENCES

[I] R. Hedvall och B. Erlandsson , "Radioaktivitetskoncentrationer Vid Förbränning Av
Biobränslen", 5:e Nordiska Radioekologiseminariet 1988, Rättvik.

[2] Matti J. Jantunen , Auvo Reponen et Al. "Behaviour Of The Chernobyl
Radionuclides In Peat Combustion", 5:e Nordic Radioecology seminar 1988, Rättvik,
Sweden.

[3] Johan Hammar et. Al. "Information från Sötvattens laboratoriet Drottningholm"
(Information from the Drottningholm limnicological laboratory), Nr 3,1991. (In
Swedish)

[4] "Papper och Pappersmassa Grundbok" (Basics of Paper and Pulp Production),
Sveriges skogsindustriförbund. (In Swedish)

[5] Ved, Flis och Bark, en Yrkesbok (Wood, Chips and Bark), Sveriges
skogsindustriförbund. (In Swedish).

[6] SGAB, SSI-rapport 86-12 "Chernobyl - its impact on Sweden" 1986.

[7] R.Bertil R Persson, "55Fe, ""Sr, 134Cs, 137Cs, and 210Pb in the Biosphere,
Radiological Health Aspects of the Environmental Contamination from Radioactive
Materials in Northern Sweden". Thesis, Lund 1970.

[8] Concepts uf Radiation Dosimetry, Kenneth R. Kase and Walter R. Nelson.

[9] R. Finck, "High Resolution Field Gamma Spectrometry and its Application to
Problems in Environmental Radiology", Page 1-71 fig 3:3, Doctoral dissertation,
Malmö 1992.

[10] H.L. Beck, G. de Planque," The Radiation Field in Air due to Distributed Gamma
Ray Sources in the Ground", HASL-195, USAEC; 1968.

II1] J. H. Hubbell, "Photon Cross Sections, Attenuation Coefficients, and Energy
Absorption Coefficients From 10 KeV to 100 GeV.

[12] S. Holmros, "Karakterisering av Vedaska" (Chemical Characterisation of
Woodash), Vattenfall Utveckling AB Västerås 1992. (In Swedish).

[13] E. Browne , R.B. Firestone "Table of Radioactive Isotopes", John Wiley & Sons,
Inc., New York, 1986.

[14] Perel'man F.M. 1965 , "Rubidium and Cesium", translated by R.G.P Towndrow,
New York; Pergamon Press Book, The MacMillan Co., International series of
monographs on Nuclear Energy, Vol. 2.

14



Aaro Ravila 1992

8 Tables, Diagrams and Figures.

TABLE 1

BIOFUEL POWERED PLANTS IN THIS STUDY

Plant

Karskär
Värö

Knivsta
Tranås
Västervik
Växjö
Mjölby
Alvesta
Hultsfred

Uppsala
Örebro
Nässjö

Linköping
Vimmerby
Marconi.C

Fuel

Bark

Chips

Peat

Wood waste
Wood pellets
Wood powder

Burner type

Roast (tilted)
Roast (tilted)

Roast
Roast (tilted, fixed)
BFB
Axon cyclon furnace
Roast (tilted)
Johnson Bio Comb.
Jefferson

Powder burner
CFB
CFB

Roast (step)
Roast (planar)
Rebuilt Oil burner
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TABLE2

RAW MATERIALS IN THE ALKALINE PULP MILL PROCESS

Raw material

Softwood
Hardwood
Water
Chlorine
NaOH
Sodiumchlorate
Oxygen
HA
Oil
H2SO4

Consumed amount of basic raw materials
(1989), (b.e. = bark excluded).

616 000 m3 b.e. (=256 000 tons of dry wood)
769 000 mJ b.e. (=388 000 tons of dry wood)

29 200000 m3

3 760 tons
15 000 tons
10 700 tons
3 620 tons
1 700 tons
7 430 m3

8 290 m3
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TABLE3

RAW MATERIALS IN THE ACIDIC PULP MILL PROCESS

Raw material

Spruce and
10% pine
Water

Consumed amount of basic raw materials
(1991), (b.e. = bark excluded).

1000 000 m3 b.e.
15 000 000 m3

PRODUCTION

Produce

Pulp
Ethanol
Carbon dioxide
SO2
Green liquor
Other liquors

Amount

231 000 tons
11 000 tons
4 400 tons
3 000 tons
9 000 tons
1 000 tons

BY-PRODUCTS

Produce

Bark ash
Green liquor sludge
Wood waste
Sulphur
Bio degradable sludge

Amount

4000 m3

5000 m3

15 000 m3

60 tons
16 000 m3
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T A B L E 4

Absorbed dose rate quotientsI5] >l61 for total to

primary radiation where B F ^ J , "** refer*

to a uniformly distributed volume source.

Nuclide

1J4Cs

137Cs
> 4 0 K

E,
[keV]

475.357
563.237
569.321
604.710
795.867
801.951
1038.592
1167.944
1365.184

661.660

1460.832

2.80
2.61
2.61
2.54
2.32
2.32
2.20
2.12
2.05

2.5

2.0
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TABLE 5

ACTIVITY CONCENTRATION IN ASH

Biofuel Powe-
Plant
(No of Samples)

Karskär
Värö

Knivsta
Tranås
Västervik
Väsjö
Mjölby
Hultsfred

Uppsala
Örebro
Nässjö

Linköp.
Vimmerby
Marconi.C

No.

15
14

12
12
4
11
11
4

10
4
2

12
14
9

134Cs [Bq/kg]

Fly ash

910±ll
10±l

244±36
164±21
102*11
27±7
185±24
130±10

27*3
84±6
12±1

46±5
29±5
63±7

Bottom
ash
150±20
5±1

359±54
80*9
n.m.
110±13
144±16
n.d.

14±2
35±2
n.d.

57±6
n.d.
n.d.

137Cs [Bq/kg]

Fly ash

7600±900
410±50

1953*239
163O±18O
1010*90
1370±140
186O±18O
1350±l00

370±30
920±70
445±15

445±41
360±40
920±80

Bottom
ash
1300*130
15O±2O

2885*154
810±80
n.m.
300±20
1240±110
350±20

210±20
310*20
26*1

540*50
210*20
300*20

(1990)

"K [Bq/kg]

Fly ash

1900*280
830*120

785*156
2060*270
1900*210
2160*260
2630*320
2230*210

130*20
320*30
533*21

950*130
580*80
2130*190

Bottom
ash
1060*130
840*100

2886*381
1490*190
n.m.
520*90
1940*220
1790*80

250*30
340*30
438*21

1220*140
1040*130
2270*160

19



Aaro Ravila 1992

Table 6

THE^SrACTCVIT

Plant

Karskär
Knivsta
Värö

No.

6
5
2

Y CONCENTRATION IN ASH
[Bq/kg]

Fly ash

2750±530
980*160
1870±210

No.

6
6
2

Bottom ash

106G+200
1540+480
780±90
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TABLE7

ACTIVITY CONCENTRATION IN THE
ALKALINE PULP MILL LIQUORS AND

Sample

Black liquor
ESPAsh(Na2SO4)
Green liquor
Liquor sludge
Lime sludge
CaO
White liquor

PRODUCE
137Cs [Bq/kg]

220±2
1640+20
56±1

222±2
n.d.
n.d.

83 ±1

134Cs [Bq/kg]

17.6±0.9
131±2
3.1±0.6
7.1 ±0.4
n.d.
n.d.

6.4±0.4
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TABLE8

THE CONCENTRATION OF RADIOACTIVE ELEMENTS IN PULP MILL
PRODUCE FROM THE ACIDIC PULP PROCESS (1992)

The abbreviations L3 and H.rt
respectively the
plant, recover]

refers to liquid wastes from the bark drum
biological treatment of waste products from the evaporation
f boiler and the fermentation/ethanol process. 'Radiocesium

activity concentrations for wood waste

Sample

Softwood chips
Softwood bark
Wood waste*
Bark ash
Black liquor
ESP ash
Biosludge
Harts
Freshwater
Bleached pulp
Green liquor
Green liq.sludge
Acidic liquor
Liquid wastes
H*
L3

134Cs
[Bq/Kg]

5.7+0.1
55.1±0.5
19.6±1.0
352*17
10.6+1.4
260+10
3.1±0.3
3.3±0.3

(5.9±0.1)*103

N.S.
5.8±0.3
3.2±0.2

N.D.
E.S

N.D.
N.D.

137Cs
[Bq/Kg]

69.6±0.5
634±2
227±3

4100+60
130+5

3113+34
34±1

39.2+0.8
(82±2)*103

0.29±0.03
66.2+0.9
33.8+0.5

N.D.
0.8±0.2

N.D.
N.D.

refers to fresh weight

[Bq/Kg]

11.1+0.8
69.2+2.4

N.S.
420+80

N.S.
490+54

N.S.
N.S.
N.S.
N.S.
13±2
N.S.
N.D.
N.S.
N.D.
N.D.

"Sr
[Bq/Kg]

27.7±0.1

23.7±0.8
N.S.

59±4
N.S.
N.S.

0.72+0.03
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TABLE9

MEASURED TIME DEPENDENCY OF
THE 137Cs CONCENTRATION IN

BLACK UQUOR FROM THE
ALKALINE PROCESS.

(Day number 0 refer to 920702)

TIME
(Days)

0
59
358
690
723
804

Concentration of
137Cs[Bq/Kg]

220±2
193±1
100±l
126±1
121±1
129±1
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TABLE 10

RELATIVE ENRICHMENT OF ^Cs IN DRY
SOFTWOOD TO THAT OF VARIOUS PULP MILL
LIQUORS AND PRODUCE, ALKALINE PROCESS.

Sample

Dilute Black liquor
Black liquor
Green liquor
White liquor
Lime sludge
CaO
Acidic drain
Alkaline drain
Total drain
Bleached pulp 2
Unbleached pulp 2
Bleached pulp 1
Unbleached pulp 1
Soap
Pine Oil (TO)2
Bark ash
ESP Ash (NaJOJ

Enrichment-
factor (137Cs)
4.8±0.1

26.2±0.5
6.7±0.2
9.9*0.2
n.s
n.s
0.029±0.001
0.008±0.001
0.010±0.000
0.017±0.001
0.71±0.02
0.008±0.001
not measured
2.0±0.2
0.18±0.04
68±1
195±4
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TABLE 11

ACTIVITY RATIOS FOR ALKALINE AND
ACIDIC PULP MILL LIQUORS, PRODUCE AND
RAW MATERIAL (Values for the acidic process in

bold).

Sample

Hard wood bark
Soft wood bark

Soft wood chips

Saw mill waste
(Wood waste)
Hard wood chips

Black liquor

Dilute Bl.liquor
Green liquor

White liquor
Green liq. Sludge

Unbleached pulp 2
Bleached pulp 2
Bleached pulp 1

Acidic drain
Alkaline drain
Total drain
Bark ash

O.O52±O.OO5
0.052*0.002
0.0S7±0.001

0.081 ±0.002
0.082±0.002
0.053±0.005
0.086±0.005
0.062+0.008

0.071±0.004
0.08±0.01

0.07±0.02
0.050±0.009
0.088*0.005
0.069+0.005
0.072±0.005
0.0095±0.006

0.05*0.02
0.14*0.04
0.3±0.2

N.S.
0.09±0.03

N.S.
0.08±0.02
0.082±0.004
0.086±0.004

I37O/°K

0.52+0.01
0.43+0.01
9.2+03

0.43±0.02
6.3±0.5
0.43+0.01
no value
0.22+0.01

0.265+0.007
no value
0.25*0.01
0.22±0.03
5.1 ±0.8
0.209±0.005
0.251+0.006
no value

0.72+0.01
0.7+0.2
0.8±0.1
no value
N.S.

0.09+0.03
0.93*0.03
0.42*0.01

10±2
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TABLE 12

ORIGIN OF L17Cs IN DIFFERENT MATRIXES
FROM THE ALKALINE PULP PROCESS

INDUSTRY IN SOUTH SWEDEN

Sample
(900702)

Black liquor
Dilute Black liquor
Green liquor
White liquor
Green liquor Sludge
Total Drain
Ashes of:
Hard wood bark
Soft wood bark
Soft wood chips
Saw mill waste
Hard wood chips

Chernobyl
related

137Cs
[Bq/kg]

111*11
20±2
20±4
40±4
45±5

0.04±0.01

328±40
479±47
1270*241
847±108
740±113

Nuclear
weapons
related

137Cs
[Bq/kg]

109±ll
20±4
36±8
43±5
43±5

0.04±0.01

562±70
830±82
940±180
1415±180
965±147

26



Aaro Ravila 1992

TABLE 13
CALCULATED DOSE FACTORS FOR THE TOTAL DOSE RATE AND

CALCULATED INTEGRAL ABSORBED DOSE FACTORS (50 a) TO
SUPERFICIAL TISSUE (at 0.2-0.7 cm depth) FROM RESPECTIVE SPECDXS

OF RADIONUCLIDE IN ASH.

Source,
uniformly
distributed in
the matrix

material (ash)

134Cs
137Cs
4 0 K

Dose rate factor
at the surface of
the volume
source
r*vi
\.Bq M J

1.51*1016

5.53* 1 0 "

1.56*10"

Dose rate factor
at 1 m altitude
above the
volume source

1.43*1016

5.25*10"

1.50*10"

Accumulated dose factor during a
period of 50 years from 1991 as
calculated to a point at 1 m altitude
above the volume source.

1 B, J
3.08*10'

1.13*10*

5.45* 10 '
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TABLE 14

AT

Biofuel

CALCULATED DOSE RATE (1990-1991)
AND CALCULATED INTEGRAL DOSE (1990-2040)

TO SUPERFICIAL TISSUE (at 0.2-0.7 cm depth)
1 m ALTITUDE ABOVE DIFFERENT CYLINDRICALLY

SHAPED ASH 1

Powered Plant
and the number
of samples
measured

Karskär
Värö

Knivsta
Tranås
Västervik
Väjyö
Mjölby
Hultsfred

Uppsala
Örebro
Nässjö

Linköp.
Vimmerby
Marconi.C

15
14

12
12
4
11
11
4

10
4
2

12
14
9

A(1J4Cs)

[kBq/m3]

424
6

241
98
82
55
132
52

16
48
5

41
12
25

DEPOSITS (RADIUS = 100

A(137Cs)

[MBq/m3]

3.6
0.2

1.9
1.0
0.8
0.7
1.2
0.7

0.2
0.5
0.2

0.4
0.2
0.5

ACK)

[MBq/m3]

1.2
0.7

1.5
1.4
1.5
1.1
1.8
1.6

0.2
0.3
0.4

0.9
0.6
1.8

m).
Total dose rate and
within parenthesis
the accumulated
dose to superficial
tissue.
[vSv/h]

0.95 (
0.08 (

0.57
0.31
0.28
0.21
0.40
0.24

0.06 <
0.13 I
0.06 |

0.14 |
0.08 {
0.20 |

[mSv]

'48.0)
!*2)

30.7)
19.1)
17.7)
13.5)
24.1)
16.6)

'3.5)
7.1)

I93}
6.1)15.2)
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TABLE 15

DEPTH DISTRIBUTION OF H20,'̂ Cs.^Cs,4*KAND*°SrIN,DRY,
DEPOSITED MATTER EXPRESSED L\ %H20 RESPECTIVELY

DEPTH
[cm]
0-5
5-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

%H20

57.1
70.2
28.5
70.2
69.5
61.8
87.8
78.9
93.3
91.9
88.2

[Bq/kg].
^Cs

25±2
21±1
10±l
13±1
18±1
21±1
16±1
23±1
26±2
22±2
11±2

U7Cs

578±5
396±3
175±1
474±4
537±4
600±4
540±4
603±5
664±6
648±6
459±5

1261±50
858±37
627±19

1113±43
1363±51
1649±29
1394±54
1542±58
1736±73

1734*152
892±24

"Sr

1430±10
1640-10

698±7
1254±8
1470±10
1320±10
1520*10
1209±9
1004±6
1182±6
1125±6
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TABLE 16

DOSE FACTOR, DOSE RATE AND ACCUMULATED DOSE
TO SUPERFICIAL TISSUE AT 0.2 - 0.7 CM DEPTH FROM

RADIONUCLIDES PRESENT IN BLACK LIQUOR,
CYLINDRICAL TANK GEOMETRY.

(Index CH represents the Chernobyl fraction of 137Cs and NW
represents the fraction of B7Cs from nuclear weapons testing)

Nuclide

134Cs
:37Cs

<°K

Dose factor, dose
rate to tissue

[ S v m ' B q V ]

4.25*10"

1.48*1017

4.94*10 u

Dose rate
(900702)

[nSv/h]

3

15

19

Accumulated dose

D(l0a)
[mSv]

0.58

0.49CM+0.15NW

0.39
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DIAGRAM 1

THE TIME DEPENDENCY OF THE

ACTIVITY RATIO ^ ! ^ .

\

\
\

\

1965 1W6 1987 198» 1989. 1990 1991 1992 1993 1994
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DIAGRAM 2

THE TIME DEPENDENCY OF U7Cs CONCENTRATION
IN BLACK LIQUOR.

Day 0 = 900702

ALKALINE PULP PROCESS
250

200

ISO

100

SO

BO

59 358 690

TIME (DAYS]
804
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DIAGRAM 3

The activity concentration of U7Cs in the alkaline process relative to
that of wood in various pulp mill liquors

and produce.

Enrichment factor (EF)
26.19

Activity Concentration Relative
To That Of Wood

Unbleached
Pulp L2

0.13 0 0 ° • 0 7 1 0.02 ° 0 1 0.03 ° 0 1 0.01

\

t\udge
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DIAGRAM 4

Th» Alkaline process compared with the Acidic process

Cs-137 CONCENTRATION RELATIVE TO THAT OF SOFTWOOD
•ALKALINE VS. ACIDIC PROCESS!
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DIAGRAM 5

ACTIVITY RATIOS IN THE ALKALINE PROCESS

ratio
A(Cs-134)/A(Cs-137) & A(Cs-137)/A(K-40)

A(Cs-137)/A(K-40)
Liquid Wastes ra

and bark ash
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DIAGRAM 6

ACTIVITY CONCENTRATION OFCs-137 ORIGINATING FROM NUCLEAR
TEST AND CHERNOBYL FALLOUT IN DIFFERENT MATRIXES FROM

THE PULP MILL INDUSTRY. (ALKALINE PROCESS).

Source related activity concentration of 137Cs

Bark Bark
of of
hard soft
wood wood
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DIAGRAM 7

Partition of Cs-137 in different matrixes with respect to the source term (alkaline
process).

Fraction of total activity concentration of Cs-137
Cs-137 Nuclear weapons
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Aaro Ravila 1992

DIAGRAM 8

Measured (1991) absorbed dose rates to superficial tissue at 0.2 - 0.7 cm depth at
different locations on the studied

dump for bark ash and pulp mill sludges.
The different locations corresponds to different years of deposition.
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Aaro Ravila 1992

DIAGRAM 9

Measured (1992) absorbed dose rates at to superficial tissue at 0.2 - 0.7 cm depth at
different locations on the studied

dump for bark ash and pulp mill sludges.
The different locations corresponds to different years of deposition.
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Aaro Kavna

FIGURE 1
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FIGURE 2
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FIGURE 3

CIRCULATING FLUIDIZED BED
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CHIPS

FIGURE 4

The major pathway for radiocesium in
the alkaline pulp process
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CHIPS

Water

FIGURES

The major pathway for radiostrontium in
the alkaline pulp process
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FIGURE 6

THE ACIDIC PULP PROCESS
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Figure 7

TL-dosimeters placed at different locations
on the studied ash and sludge dump.
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Figure 8

LIQUOR HOLDING TANK
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/\aro ivavna

FIGURE 9

Flow of Cs-137 in the alkaline pulp process.
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