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Forty elements were determined by instrumental neutron activation analysis in a wide
range of Australian coals and fly ash to update and extend earlier measurements. The
natural radioactivity content of selected samples were analysed by high resolution
gamma-ray spectrometry and low level radiochemistry. The results indicated a marked
disequilibrium of the >2?Th decay series in some samples while a general enrichment of

219ph in most fly ash samples disrupted the >® U equilibrium.

Introduction

The combustion and liquefaction of coal produce a variety of emissions and
effluents ranging from particulates in flue gases to solid and liquid wastes. Included
in these wastes are traces of the natural occuring radionuclides, *°K, 87 Rb and the
radioactive daughters from the decay series of 238U and 232 Th. During the last
decade, increased interest in the concentration and fate of these inorganic elements
has been reflected in the large number of analyses performed at these laboratories on

a wide range of Australian coals and fly ashes, both independently and in collaborative

research projects with industry and other government departments. The aim of these
studies was to verify, update and extend earlier measurements of trace elements in
Australian black' ~° and brown coals” and to assess the leyels of natural radioactivity
in these coals.®»? Trace elements in coal and fly ash samples were determined by
instrumental neutron activation analysis (INAA); selected samples were analysed for
natural radioactivity using high resolution gamma-ray spectrometry with lithium-
drifted germanium, hyperpure germanium and low energy photon detectors and the
ultra-sensitive technique of Jow level radiochemistry.
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Experimental

The trace element profiles of coal and fly ash were measured by INAA techniques
involving two irradiation periods and four counting intervals. All irradiations were per-
formed in the self-service facilities of the X-176 tube (short period irradiation, 1 to 3
min.) and the X-6 tube (long-period irradiation, 5 to 24 hrs.) of HIFAR, a 10-MW
DIDO-type reactor system located at the Lucas Heights Research Laboratories, at
thermal neutron fluxes of 5:10%3 and 5-10"2 n+ cm™2 - 57!, respectively.

For short irradiations, samples and NBS standard coal (SRM1623) and/or NBS
fly ash (SRM1633) were weighed (70—100 mg) into pre-washed (nitric acid, demin-
eralised water, A. R. ethanol, air-dried) polythene vials (0.13 ml) and individually
irradiated. After the irradiation, samples were transferred to inactive polystyrene con-
tainers (6 ml). Samples were then allowed to decay for 20 minutes before counting at
an appropriate geometry to limit the dead time to less than 20% on a Ge(Li) detector
coupled to a 4096-channel analyser fitted with a pileup rejector amplifier. The detector
has a resolution of 2.1 keV for the 1332 keV peak of ¢°Co, and a relative efficiency
of 15%. Each sample was countéd for 10 minutes. Gamma-ray analysis was repeated
after 24 hours, .

Long irradiations were performed simultaneously for samples and standards
(100—200 mg) in similar containers as described above, but only transferred to the
polystyrene vials after 3—4 days cooling period to allow the major >*Na to decay
51gn1f1cantly High resolution gamma-ray spectrometry measurements were made after
7 and 28 days cooling intervals on a hyperpure germanium detector having a resolu-'
tion of 1.8 keV for the 1332 keV peak and a relative efficiency of 20%.

The gamma-ray spectra for samples and standards were stored on a floppy disc
or disc cartridge and were processed on an IBM 370 computer via a series of
FORTRAN programs for NAA comparative analysis. Where a sample prodﬁced a
gamma peak for a element not present in the standard, elemental concentrations were
determined directly from the peak, using a computer program based on the nuclear
parameters of HEFT'? and the mathematical approach of HEFT and MARTIN!! for
element determination by absolute NAA.

Naturally occurring radionuclides were measured by a number of techniques in-
cluding NAA, high resolution gamma-ray spectrometry and low level radiochemistry.
For gamma-ray spectrometry, a low energy photon detector (resolution of 378 eV at
6.4 keV and 568 eV at 122 keV) was used in addition to those described above. The
concentrations of 22¢Ra, 21°Ph and 4°K in coals and fly ash were determined by
high resolution gamma spectrometry, the samples being sealed in plastic Petri dishes
(60 X 15 mm) for 21 days and then counted for 24 hours. Quantitative determina-
tions were made by comparing these results with data obtained on uranium ore stand-
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ards whose daughters were in equilibrium (New Brunswick Laboratories reference
materials 42—1 to 42—4) and which were mixed with either high purity graphite to
approximate the composition of coals or high purity silica to duplicate the composition
of fly ash.

Low level radiochemistry was also used to determine the concentration of 23°Th,
226Ra, 22%Ra, 21°Pb and %' °Po in coals and fly ash. Solids were dissolved by diges-
tion with HNO;/H, O, . If undissolved silica remained, the solutions were transferred
to platinum dishes and evaporated to dryness with HNO;/HF. Measurements of
230Th were performed by alpha spectrometry after successive separation and copre-

“cipitation with BaSOj, solvent extraction with Aliquat 336, then electrodeposition from
sulphate medium onto stainless steel planchets.!? The emanation technique of
BLANCHARD?? was used to determine 22Ra. The 228 Ac daughter of 228 Ra was
used for the measurement of this radium isotope on a low level beta counter after its
separation by solvent extraction with di(2-ethylhexyl) phosphoric acid followed by
Aliquat 336.'* Low levels of 2! °Pb were analysed by measuring the beta emission
from the 2!°Bi daughter after solvent extraction with Aliquat 336, adding bismuth
carrier, then precipitating from H, SO,/HNO;.'5 Alpha gas-flow proportional count-
ing was used to determine the 2!°Po after spontaneous deposition on a silver disc.'®

Results and discussion

Fifty samples of bituminous coals from Queensland and New South Wales, ten
sub-bituminous coals from South Australia, thirty-five brown coals from Victoria and
twenty fly ash samples from New South Wales and Queensland were analysed for trace
elements.

Black coals

The range and mean of the concentration of 37 elements found in bituminous coals
and 36 elements in sub-bituminous coals are listed in Table 1. Results show that the
average figures for Sc, V, Cr, Co, As, Se, Sr, Cs, Ba, La, Ce and Th in bituminous
coals are up to 50% greater than previously published values,! ~% whereas concentra-
tions of the other 25 elements did not differ significantly.

Based on the results and recommendations of earlier studies and recommendations
on the ecological and health aspects of trace elements in combustion,’ 7118 the elements
were classified into four categories: (a) of greatest concern — As, Se; (b) of moderate
concern — V, Cr, Zn; (¢) of minor concern — Na, Cl, Co, Br, Sr, Sb, Ba; and (d) radio-
active elements — U, Th.
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Table 1

Trace element concentration ranges and means in Australian bituminous

and sub-bituminous coals (ug * g~ )

Bituminous coals

Sub-bituminous coals

Element

Range Mean Range Mean
Na 110 -3600 570 3600 -8100 5900
Al (%) 079 - 5.5 2.8 0.6 — 3.76 2.6
Cl 24 —-1900 360 2600 —4900 3800
K 110 -6900 1800 750 -4000 2400
Ca (%) 0.04 - 1.8 0.4 0.81 — 1.63 1.09
Sc 24 - 139 5.1 1 - 7 4.9
Ti 480 —4200 1700 650 -3700 2600
A\ 13 - 90 32 43 — 49 28
Cr 2 - 56 125 54 — 41 29
Mn <54 - 410 120 31 — 240 150
Fe (%) 0.09 - 3 0.83 049 — 188 1.4
Co 1.6 - 20 5.9 29 - 71 4.8
Zn 15 - 45 27 15 - 40 28
Ga 22 - 12 6.5 9.9 - 124 11.2
As 0.19 - 16 24 21—~ 3.7 2.8
Se 0.19 - 2.6 0.8 < 0.3
Br 0.34 - 30 3.6 1.0 - 8.9 5.3
Sr 34 - 270 140 400 - 700 510
Sb 0.1 — 4.7 0.84 0.08 — 09 0.5
Cs 0.16 — 4.9 1.2 <07 - 28 1.8
Ba 33 - 980 210 220 — 440 315
La 42 - 24 12 63 - 30 19
Ce 9 - 46 23 128 —~ 56 34
Nd <35 - 23 11 43 - 21 15
Sm 0.8 - 4.6 2.3 08 - 3.2 2.2
Eu 0.17 — 0.80 0.4 0.12 - 048 0.24
Tb 0.11 — 0.78 0.34 0.09 — 043 0.3
Dy <l6 - 35 2.2 057 —  2.63 1.8
Yb 042 - 25 1.2 037 - 1.6 1.1
Lu 0.07 - 0.5 0.23 0.06 — 0.29 0.21
Hf 063 — 5.6 2.2 0.62 — 5.2 2.9
Ta 0.05 - 0.8 0.27 0.18 — 2.1 1.1
W 08 -~ 13 J 2.5 1.1 — 8.1 3.8
Au <0.001- 0.01 0.005 <0.001-  0.008 0.003
Th 0.57 - 1.9 3.7 2.1 - 174 9.2
U 029 — 2.5 1.3 04 — 38 2.1

The average level of As in these coals (2.4 ug - g~') is markedly lower than the
average values of 15 ug = g=! for US coals'® and 18 ug + g~* for British coals.'®
Similarly, Australian bituminous coals are lower (0.8 ug * g') in Se than US (4.1
pg * g~ ') and British (2.8 ug + g~1) coals.
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For those elements of moderate concern, both Cr and Zn contents are lower than
overseas coals whereas the concentrations of V are higher than for US but lower than
the published values for British coals.

Only one element of minor concern, Sb, is present in Australian coals at concen-
trations lower than overseas coals. Although CI and Ba concentrations are higher than
for US coals, they are less then published data for the average world coal.'® Australian
black coals contain similar concentrations of Co and Br to overseas coals whereas Sr is
similar to US coals but lower than the average world coal. Uranium concentrations in
Australian coals are similar to overseas coals but the thorium values are higher than
published data for either US coals'® or British coals.?®

Fly ash from bituminous coals

Table 2 summarises the trace element data for twenty fly ash samples obtained
from NSW and Queensland bituminous coals. The average composition of the earth’s
crust?! is included for cdmparison. Half of the 33 elements measured are concentrated
with respect to the elemental composition of the earth’s crust; these are Al, Ti, Zn,
As, Se, Sb, Ba, La, Ce, Sm, Eu, Tb, Yb, Hf, W, Th and U. Of these, the largest enrich-
ment fators are obtained for As, Se, Sb, Th and U; two being classified as those of
greatest concern and two being radioactive’.

Brown coals

Data for 35 brown coals samples from Victoria are given n ‘fable 3. Une ily ash
sample from Victoria has been analysed for trace elements and is included in this
table. Most brown coals are low in ash and this is reflected in the low concentrations
of trace elements detected in these samples, Only Na and the halogens, Cl and Bz,
exceed the levels in bituminous coals. These data are in excellent agreement with
earlier published data of BONE and SCHAAP.”

Although the trace element levels in brown coals are low, there are high concen-
trations of these elements in their fly ash. This is indicated by the data for the single
fly ash sample which produced higher concentrations of Na, Cr, Mn, Co, Zn, As, St
and Ba than the mean values for fly ash from the black coals listed in Table 2.

Activity in black coals and their fly ash

Sixteen samples of coal and fly ash from a number of coal-fueled power plants
in Australia were analysed for their natural radioactivity. The results of these measure-
ments are summarised in Table 4.
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Table 2
Trace element concentration ranges and means in Australian
fly ash from bituminous coals (ug * g~')

Element Range Mean Crystal average®!
Na 580 -1500 4000 28300
Al (%) 7.5 — 16.5 12.7 8.1
K (%) 055 - 2 1.3 2.6
Ca (%) 0.2 - 2 1.1 3.6
Se 13 - 27 19 22
Ti (%) 0.31 — 096 0.64 0.44
v 82 — 180 130 135
Cr 32 - 61 50 100
Mn 55 -2000 630 930
Fe (%) 045 - 10 3.1 5
Co 73 — 28 16 25
Zn 45 - 180 110 70
Ga 22 - 50 35
As 27 - 8 5.1 1.8
Se 075 — 2.2 1.5 0.05
Sr 140 — 818 280 375
Sb 12 - 64 34 0.2
Cs 24 -~ 7.6 4.8 3
Ba 340 - 730 520 425
La 51 - 74 62 30
Ce 71 - 150 110 60
Nd 28 - 50 45
Sm 89 - 14 11 6
Eu 15 - 3 2.2 1.2
Tb 07 - 23 1.7 0.9
Yb 42 - 9.8 7.8 3.4
Lu 0.62 — 1.3 1.1
Hf 54 - 18 12 3
Ta 04 - 24 1.5 2
w 2.7 - 9.4 5.5 1.5
Au 0.003- 0.04 0.01
Th 14 - 29 24 7.2
U 52 - 93 7.3 1

Of the coal and fly ash samples subjected to radiochemical analysis (from three
NSW power stations), two coals indicated some degree of disequilibrium between
238y and ?3°Th. However, the lower members of this decay series were in secular
equilibrium with the 238U parent, This contrasted with the significant disequilibrium
in fly ash samples. Measurement of the 232 Th and 22® Ra contents from the thorium
chain revealed a marked disequilibrium for all three coal samples and a single fly ash
sample.
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Table 3
Trace element concentration ranges and means in Australian
brown coals and fly ash (ug *+ g™*)

Brown coals

Llement Fly ash
Range Mean

Na 370 — 2200 950 16400
Mg <700 - 4700 1900 52900
Al 70 -13100 3000 109000
Cl 380 - 1300 780
K 20 — 120 15 5750
Se 0.01 — 5.5 0.4 12
Ti 45 ~ 2000 400 4760
\Y <1 - 25 3.5 120
Cr 0.08 — 19 2.2 96
Mn 045 — 55 21 870
‘l-"c 55 — 4900 1750 97000
Co 0.05 - 2 0.6 224
Zn 0.5 -~ 13 3.5 600
As <01 - 1.3 0.2 80
Se 0.3 - L5 0.6
Br 6.2 - 19 13
Sr 2 ~ 250 82 740
Sb <0.02 - 0.5 0.1 2.2
Cs < 0.02 - 0.06 0.04 6.3
Ba. 17 - 170 63 2240
la 0.03 ~ 14 1.3 77
Ce 0.06 — 50 10 140
Nd <03 - 13 1.8 35
Sm 0.004 - 2.9 0.3 11
Eu 0.002— 0.6 0.06 2.4
Tb <0.002- 0.4 0.08 1.6
Dy < 0.02 - 2.1 0.2 11
Yb 0.005~ 1.3 0.2 5.7
Lu 0.001- 0.3 0.03 0.7
Hf 0.006— 1.1 0.3 5
Ta <0.03 - 0.7 0.1 1.2
W <0.1 - 1.2 0.5 3.5
Th < 0,008~ 3.5 0.3 9.9
8] <0.06 — 1.2 04 3.6

These results are not consistent with the assumption that there is always secular
equilibrium between the radioactive daughters of each decay series. Therefore, the
source terms used in most assessments of radioacitve exposures to the general public
from coal-fired stations are not applicable.
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Table 4
Concentrations of naturai radionuclides in Australian
coals and fly ash (mBq » g™*)

Sample 238U 230-I'h 226Ra 210Pb ZIOPO 232Th 228Ra 40K

Vales Point

Coal 28 68 24 30 28 27 64 72

Fly ash 114 130 110 150 85 130 78 434
Liddel

Coal 26 21 21 33 18 29 11 112

Fly ash 78 70 68 85 58 85 67 170
Tallawarra

Coal 22 39 19 20 16 17 48 81

Fly ash 64 77 59 60 33 57 58 263
Munmoorah

Coal 21 23 67

Fly ash 107 126 430
Wallerawang

Coal 25 27 140

Fly ash 89 113 615
Wongawilli

Coal 21 20 63

Fly ash 81 77 220
Leigh Creek

Coal 47 69 23

Fly ash 102 138 430
Blackwater

Coal 9 11 43

Fly ash 76 57 350
Earth’s Crust 22 29 803

Although controversy still surrounds these source terms and the models used for
dispersion, inhalation and ingestion,22/%3 most researchers agree that dose rates from
power plants are much lower than recommended guidelines, However, more accurate
measurements of the individual radionuclides are necessary if the long-term environ-
mental effect of radioactive emissions are to be determined.
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Conclusion

Trace element data for a wide range of Australian coals and fly ash gathered over
the last eight years both independently and in collaborative research projects have
been summarised. Results show that average figures for Sc, V, Cr, Co, As, Se, Sr, Cs,
Ba, La, Ce and Th in bituminous coals are up to 50% higher than previously published.
However, the data for brown coals are in close agreement with literature values. For
those elements of greatest concern in power station emissions, As and Se, their levels
in Australian coals are markedly lower than for US and British coals.

Although the trace element content of brown coals is significantly lower than
levels found in bituminous coals, fly ash concentrates elements to similar or higher
levels than found in fly ash derived from black coals.

Radiochemical and instrumental analyses of selected radionuclides in the uranium
and thorium decay chains for some coals and fly ash samples from Australian coal-
fired stations indicates marked disequilibrium for some sections of the decay chain.
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