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Knapp, 1980; Roy and Griffin, 1984) have predicted the presence of these
secondary stable products in weathered ash.

The concentration of Al in the eluates from the batch leaching tests was
strongly pH-dependent, as shown in Figure 8.4. This follows the typical
solubility relationship of Al with pH, which is controlled by various Al
hydroxides (Parks, 1972). This relationship seems to suggest Al is controlled

by dissolution/precipitation processes involving solid phases.
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Fiqure 8.4 Variation of Al concentration in the eluate from the batch leaching test as a
function of pH

Measured A3+ activities from the batch leaching tests were plotted
against pH, along with the calculated activities in equilibrium with two
different forms of AI(OH)s, as shown in Figure 8.5. Ainsworth and Rai (1987)
reported that Al in PFA was controlled by AI(OH)SO, under conditions of pH
< 6, by amorphous Al(OH); zlt'pPl values between 6 and 9, and by crystalline
Al(OH); (gibbsite) at pH greater than 9. In the batch leaching tests, the range
of pH values was between 4.0 and 10.0, so amorphous or crystalline AI(OH),
would appear to be the solid phase controlling the solubility of Al. The
measured AI3* activities show a similar trend to that of the calculated activity

of AI(OH)3 (am) at pH values up to 9, whereas at pH values above 9 the A+
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activities fall closer to the line calculated for A3+ activities in equilibrium with

crystalline AI(OH); (gibbsite).
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Fiqure 8.5 pAl3+ vs. pH for the eluates from batch leaching tests, along with the
calculated activities of Al3+(solid lines) in equilibrium with crystalline and amorphous

Al(OH)3 (Symbols are the same as those in Figure 8.2)
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Fiqure 8.6 Plot of measured activity of Al3+ against pH for the eluates from column

leaching tests. along with the calculated activities of Al3+(solid lines) in equilibrium
llin morph Al(OH

In Figure 8.6, the measured activities of A3+ of eluates from the column
leaching tests are plotted against pH, along with lines of calculated activities in
equilibrium with amorphous and crystalline AI(OH);. The eluates obtained

from the columns treated with deionised water showed similar results to those
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of the batch leaching tests. However, data from the column leaching tests fall
mainly on the crystalline AI(OH)3 line rather than on the amorphous AI(OH);
line, in contrast to the data from the batch leaching tests.

Geochemical simulations using data from both the batch and column
leaching tests indicate that solid AI(OH); controlled the solubility of Al in PFA
eluate. This also agrees with the results of previous workers, such as Talbot

and Anderson et al. (1978), Henry and Knapp (1980), Roy and Griffin (1984).

8.2.3 Calcium

Calcium has been observed or predicted by several authors to occur in many
different minerals in fresh and weathered ashes. Solid phases that have been
observed in weathered ash are: calcite and gypsum (Warren and Dudas, 1985),
and ettringite (Simons and Jeffery, 1960). Apart from the observed solid
phases, solubility-controlling phases have been predicted from the results of
laboratory batch leaching experiments. Talbot and Anderson et al. (1978)
reported that carbonate or hydroxide solid phases controlled the Ca solubility.
Roy and Griffin (1984) also concluded that in highly alkaline solutions, in
contact with atmospheric CO,, calcium should be controlled by -calcite
solubility. In arecent study of Ca solubility in PFA leachate, Fruchter and Rai
(1988) concluded that Ca solubility was controlled by gypsum.

The porewater depth variation of CaZ* and SO42- in the field, and the
geochemical calculations using the field data, demonstrated that Ca in the PFA
porewater achieved equilibrium concentration with respect to gypsum (Chapter
3). Therefore it can be stated that gypsum controls the solubility of Ca in PFA
leachate.

The above conclusion is not confirmed by the experimental data. The
measured activity of CaZ+ from the batch leaching tests was plotted against pH,
along with the calculated activities of possible solubility-controlling phases,

including gypsum and calcite (Figure 8.7). The measured activities of Ca2+ in
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the eluates were undersaturated with respect to CaCOs, except for some eluates
of fresh PFA (Figure 8.7). This is also demonstrated by the saturation indices
given in Table 8.1, which indicate that the eluates were undersaturated with
respect to all four Ca-minerals, except for some eluates from fresh PFA, which
were oversaturated with respect to calcite. As pH increased all of the eluates
became oversaturated with respect to calcite but undersaturated with respect to
gypsum. This diagram suggests that neither calcite nor gypsum are suitable
concentration-controlling solid phases. When alkaline solution in PFA is in
equilibrium with atmospheric CO,, the concentration of Ca in the solution
should be controlled by calcite solubility (Roy and Griffin, 1984), therefore it
follows that the present results suggest that the eluates from the batch leaching

tests were not at equilibrium with atmospheric CO,.
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Fiqure 8.7 Plot of measured Ca2+ activity in eluates from batch leaching tests vs. pH,

along _with the calculated activities in equilibrium with gypsum and calcite (The
is th m in Figure 8.1

The measured activities of Ca2* and SO,42- were plotted, along with the
calculated activities in equilibrium with gypsum and anhydrite, in Figure 8.8.
The concentrations of Ca and SO42- in the batch leaching tests decreased as
leaching  progressed, with the measured activities becoming  more

undersaturated with respect to gypsum as leaching progressed. Figure 8.8
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indicates that the Ca and SO42- in the eluates did not achieve equilibrium

concentration with respect to gypsum in the batch leaching tests.

mwsl mws2 mws4 dwsl dws2  dws4 dfs1 dfs2 dis4
Aragonite | -0.225 -1232 -2498 -0.632 -2.065 -3.363 -0.584 -1.913 -3.602
Calcite -0.082 -1.088 -2355 -0.448 -1921 -3219 -0.440 -1.769 -3.458
Anhydrite | -0.888 -2323 -3.679 -0.980 -2565 -4476 -0.621 -2271 -4.106
Gypsum -0.686 -2.105 -3.459 -0.811 -2.347 -4256  -0.440 -2.052 -3.886

mwdl mwd2 mwd4 dwd1 dwd2 dwd4  dfd1 dfd2 dfd4
Aragonite | -1.371 -1556 -1420 -1125 -1.183 -0896 1233 0.722 -0.083
Calcite -1.227 -1422 -1276 -0981 -1309 -0.752 1.388 0.866 0.061
Anhydrite | -2.081 -3.672 -4264 -2803 -3.763 -4323 -0950 -2644 -3.977
Gypsum -2.581 -3.452 -4.044 -2583 -3.543 -4.103  -0.830 -2.444 -3.757

Table 8.1 Saturation

Indices

with respect to Ca-bearing mineral phases possibly

fecting th

%1
CaSO4(Anhydiite)
% +8
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3 L%
i . ? CaS04.2H20(Gypsum)
4 2 9
pCa(ll+)

Fiqure 8.8 Plot of calculated activities of SO4 (lI-) vs. Ca2+ in eluate from batch

leaching tests, along with predicted activities of aypsum and anhydrite (solid lines)

The column leaching tests gave similar results to the batch leaching

tests. The measured activities of Ca and SO, in all of the eluates are plotted in

Figure 8.9, together with the line of activities in equilibrium with gypsum. The

eluate samples from fresh Drax PFA fall on the equilibrium line for gypsum,




Chapter 8 Geochemical modelling of water/PFA interaction 194

but the activities of the eluates from weathered ash are greatly undersaturated
with respect to the gypsum. As was the case for the batch leaching tests, the
concentrations of Ca and SO42- decreased as leaching progressed, and the
lowest activity values are from eluates obtained at a late stage of leaching.
Therefore, the Ca concentrations of the eluates from weathered ash did not
achieve equilibrium concentration during the column leaching tests. The
solubility of Ca in the eluate from fresh Drax ash was initially controlled by
gypsum, but as the Ca concentration in the eluate decreased, as leaching
progressed, the eluate from the fresh ash also became undersaturated with

respect to gypsum.
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Fiqure 8.9 Plot of measured activity of Ca2+ and SOA(ll-) in eluates from column

leaching tests, along with calculated activities of Ca in equilibrium with gypsum

In the column leaching tests all of the eluates obtained by treating PFA
with deionised water had pH values greater than 8, and were oversaturated with
respect to calcite (pCO2=3.52), as shown in Figure 8.10. This suggests that
there was enough time for the atmospheric CO, to have an influence on the
eluates during the column leaching tests. In an alkaline environment, Ca is
thought to be controlled by the solubility of calcite, whereas gypsum is the

solubility-controlling phase in a neutral to acidic environment. Ca(OH), was
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reported to exist in an extremely alkaline environment, with pH > 12 (Fruchter

and Rai et al., 1988).
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Fiaure 8.10 Plot of Ca activities against pH for el ined f | .
tests using distilled water, along with lines representing activities in equilibrium with
i vari 2 condition
8.2.4 Iron

The measured activity of Fe3* in the eluates from the batch leaching test
decreased with increasing pH, showing the same trend as the Fe3+ activity line
representing  solution in equilibrium  with  Fe(OH)3(am), but = slightly
oversaturated with respect to it, as shown in Figure 8.11. Such a discrepancy is
thought to be due to the presence of some colloidal Fe(OH)3, which are not
retained by 0.45 um filter. Colloidal metal ion precipitates such as Fe(OH)5(s)
or FeOOH(s) may often have particle size smaller than 0.01 pm (Stumm and
Morgan, 1981).  This result agrees well with the previous research of
Ainsworth and Rai ez al. (1987), Fruchter and Rai et al. (1988, 1990), implying
that Fe concentrations in the PFA eluates were controlled by amorphous iron
hydroxide precipitates.

In Figure 8.12, the activity of Fe3* is plotted against pH for the eluates

from the column leaching tests, along with the activity line of Fe3+ in
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equilibrium with amorphous Fe(OH);. The results obtained from the column
leaching tests provide confirmation of the results of the batch leaching tests.
The reactions of Fe-oxides and hydroxides in the reaction of PFA with water
have been suggested by Roy and Griffin (1984) as:

Fe,O3+6H+ —— 2Fe3++3H,0

2Fe3+6H,0 — 2Fe(OH);+6H+

10 4

pFe3+

20 +

30

Fiaure 8.11 Plot of measured Fe3+ activity vs. pH, along with calculated Fe3+ activity

i ilibrium with Fe(OH m lid lin | hin
i
10 +
- Lk " did
e
Q20+ O dwd
25 + A mwd
30 .
6 12
Pl f r iviti i i

|leaching tests. along with calculated Fe3+ activity in_equilibrium with amorphous

Fe(QH)3, column leaching tests
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All of the data shown in the diagram show slight oversaturation with

respect to Fe(OH)3. This is probably due to suspended colloidal Fe hydroxides

that passed through the 0.45 pm filter used in both types of experiment.

8.3 Trace elements

8.3.1 Copper

The measured activities of Cu from the batch leaching test were plotted against
pH, along with the calculated activities of possible concentration-controlling
solid phases, including CuO (Tenorite), Cuy(OH),CO3 (Malachite), and Soil-
Cu,

Tenorite

Soil-Cu

2 BntlicpHa: 8 11

Fiqure 8.13 Activities of Cu2+ against pH in eluates, along with the calculated Cu2+

activities at various pH in equilibrium with tenorite, malachite and soil-Cu (solid lines),

patch leaching tests

which are in equilibrium with a solution containing Cu, at a given pH (Figure
8.13). Eluates with pH values between 2 and 6 fall on the calculated activity
line for equilibrium with malachite. For pH values above 6, Cu seems to be
partly controlled by tenorite. This result is slightly different from that reported

by Fruchter and Rai et al. (1988), who reported that Cu is controlled
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exclusively by CuO in the pH range 6 to 10. This difference may be the due to
the different chemistries of the two types of leachate used in these experiments,

namely synthetic leachate and distilled water.
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Fiqure 8.14 Plot of calculated Cu2+ activities vs. pH, along with predicted activities of

Cu in equilibrium with tenorite and malachite at given pH values, column leaching
tests

Data from the column leaching tests using deionised water are shown in
Figure 8.14. All of the data lie between the two lines for equilibrium with
tenorite and malachite, and showing the same variation trend against pH as the
tenorite and malachite. The results of both batch and column leaching tests
suggest that it is difficult to attribute the control on Cu activity to a single
solubility-controlling phase. In the case of the eluate of fresh Drax ash treated
with deionised water, it appears that tenorite is initially the solubility-
controlling solid phase for Cu, but malachite takes over this function as the Cu
activity decreases, as leaching progresses. The eluates of the weathered ashes
are all undersaturated with respect to tenorite and oversaturated with respect to
malachite. The results from the batch and column leaching tests would seem to
suggest malachite generally controls the solubility of Cu in the interaction of

PFA with water.
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8.3.2 Zinc

The measured activities of Zn, which were plotted against pH along with the
calculated activities of Zn-bearing solution in equilibrium with soil-Zn and
ZnCOs3, exclusively fall on the line of soil-Zn (Figure 8.15). Geochemical
calculations made for effluent water from fly ash settling ponds have shown
that adsorption onto hydrous iron and manganese oxides is the major solubility
control for Zn (Theis and Richter, 1979). The results from the batch leaching
tests agree with their results.

However, the results from the column leaching tests are different, since
nearly all the data are oversaturated with respect to soil-Zn and ZnCOj (Figure
8.16). Also the pH range of the column leaching tests was much narrower than
that of the batch leaching tests. In Figure 8.16, none of the data sets show a
clear variation with pH. However, the data from the column leaching tests
appear to approach the line of soil-Zn as the activity values decrease.
Considering the results of both leaching tests, it is expected that Zn is
ultimately controlled by soil-Zn, although the PFA eluate is initially

oversaturated with respect to Zn-solids, including ZnO and ZnCOs.

pZn2+

Figure 8.15 Plot of Zn activities with pH. along with calculated activities of Zn in
equilibrium with Soil-Zn and ZnCO3 at given pH values (solid lines), batch leaching

fests
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Fiqure 8.16 Plot of Zn activities with pH, along with calculated activities of Zn in

equilibrium with Soil-Zn, ZnO and ZnCO3 at given pH values(solid lines), column

leaching tests

8.3.3 Lead

The equilibrium relationships of Pb were investigated only for the eluates of the
column leaching tests, due to the low concentrations of Pb in the eluates of the
batch leaching tests. In nearly all of the eluates, Pb was undersaturated with
respect to PbCO3, whereas the eluate from fresh Drax ash is oversaturated with

respect to these minerals in the initial leaching stage (Figure 8.17).
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Fiqure 8.17 Plot of measured Pb activities with pH, along with calculated activities of
i ilibrium with iven n 2 val lid lin
leaching tests
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All of the eluates are much undersaturated with respect to PbSQ,, so
PbSOy is not regarded as a solubility-controlling phase. It seems that PbCO3
may be a solubility-controlling phase, providing that the leachate is in contact

with atmospheric CO,, which was the case for the column leaching tests.

8.4 Conclusion

Several solubility controlling phases were predicted, using water analytical data
from the leaching tests. Gypsum was identified as a concentration limiting
phase for Ca2+ and SO4Z, both in the borehole porewater and the eluates
leaching tests. Other solubility controlling solid phases identified in this study
include quartz and wairakite for SiO,, AI(OH)3 for Al, Fe(OH), (am) for Fe,
tenorite or malachite for Cu and PbCOj5 for Pb. However, it should be noted
that any of the predicted solubility controlling solid phase were not detected by
XRD or SEM, which is crucial evidence for the geochemical modelling to be
feasible in applying the natural weathering reaction of PFA. Although, it might
be explained as the low concentrations for the trace elements, the solid phase
involving major elements such as gypsum should be detected in the weathered
PFA samples.

Precisely known solubility controlling phase, based on a sound
thermodynamic database, from the geochemical calculation would help to
predict the chemical composition of leachate water from the ash mound. The
geochemical modelling undertaken in this study suggests that reactions of many
elements are probably controlled by the solubility controlling phase both in the
fresh and weathered ash, involving secondary reaction products. It is, however,
necessary to identify those minerals by XRD or SEM to make the geochemical
modelling a practical and feasible in understanding the reaction of PFA

quantitatively and in modelling the natural weatheriné reaction of PFA
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Conclusions

The potential influence of long-term PFA weathering on groundwater pollution
was investigated in this study. There have been numerous studies of the
environmental significance of PFA, but these have mainly focused on the leaching
behaviour of fresh PFA, and over a relatively short period. Few previous studies
have paid attention to the long-term leaching behaviour of weathered PFA.

The study began with direct observations of the reactions seen in weathered
ash, in the field. Four boreholes of weathered PFA were taken by hand-auger drill
from the Barlow ash disposal mound, which is adjacent to the Drax Power Station.
The ash from the Barlow mound was up to 17 years old. In addition to the
weathered ash samples from the Barlow mound, additional samples were also
taken from the ash disposal mound at Meaford Power Station, to extend the age
range of sample studied. The age of the oldest sample from this site is thought to
be about 40 years. Porewater was extracted from the weathered PFA borehole
samples, and the depth variation of the individual elements in the extracted
porewater was investigated, along with the corresponding chemical and
mineralogical changes in the solid PFA.

In addition to the field investigation, two different types of leaching test
were conducted in the laboratory, namely batch and column leaching tests. These
tests were performed using fresh and weathered Drax ash and weathered Meaford
ash samples. The aims of these laboratory experiments were twofold: firstly, to
simulate the natural weathering reaction of PFA in the laboratory and confirm the
field work, and secondly, to investigate the ameliorating capability of PFA,
particular_ly with respect to land-fill leachates, by trace elemental retention. The
field investigation and the laboratory experiments are therefore complementary.

The field investigation of the PFA porewater from the Barlow mound

revealed that nearly all of the elements in the poreWater show depth-related trends.
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Three different types of depth trend are generally shown: increasing concentration
with depth, attainment of constant concentrations and decreasing concentration
with depth. Ca and SO42- were the two main ions derived from the weathering
reactions of PFA with porewater. The concentrations of Mg, Na and K were also
relatively high and B was the most mobile trace element, having a highest value of
19.7 mg/l. Li and Mo were also relatively mobile, recording maximum values of
2.2 and 3.1 mg/l respectively. Cl- and NO5- decrease with depth and the origin of
these two elements was attributed to an external source, namely fertiliser.

Calcium concentration attained near constant concentrations with depth in
the borehole porewaters. Ca showed an inverse relationship with SO42- in the
porewater, implying the achievement of an equilibrium concentration with respect
to a solid phase. This possibility was investigated using a geochemical computer
code: WATEQ4F. The measured activities line of Ca2+ and SO,42- were compared
with the calculated activities line of the Ca2* and SO42- in equilibrium with
gypsum and the agreement between the two lines confirmed the gypsum as a
solubility controlling solid phase. The saturation indices of porewater were also
in near equilibrium with respect to gypsum in the depth range investigated,
confirming the result in the above, which was obtained by comparing of single
activities of Ca2* and SO4%.

Other elements with depth trends that imply the achievement of equilibrium
concentration are: Ba, Sr and Si, and possibly Cu and Zn. The concentrations of
Cu and Zn were low, in both cases below 30 pg/l, so the depth trends were less
reliable.

The concentrations of the major elements Na, K and Mg increase with
depth and do not show evidence of having achieved equilibrium concentrations in
the depth range investigated. Among the trace elements, B, Cr, Li, Mo, Pb, Ni, As
and Se increase with depth. These elements do not show clear evidence of having

achieved equilibrium concentration, and therefore their concentrations do not
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appear to be controlled by specific solubility-controlling solids in the depth range
investigated.

Geochemical modelling of the water analytical data, using the WATEQ4F
computer program, yielded information on the solubility-controlling solid phase
for a wide range of elements. The results of a comparison of the measured single
jon activity plotted against pH with the calculated activity in equilibrium with
various possible solid phases at a given pH. This is also able to be checked by an
examination of the saturation indices, which are acquired by a comparison of ion
activity products with the equilibrium constant. The calculation using the
borehole porewater data identified gypsum as a solubility controlling phase for
Ca2* and SO42-. No solubility controlling solid phases were identified for Na, K,
Mg in the borehole porewater. The calculation using the data from the leaching
experiments revealed AI(OH); to be a solubility-controlling phase for Al, and
Fe(OH); for amorphous Fe. S§iO, were indicated to be solubility-controlling
phases for Si in fresh ash, and wairakite (CaAl;Si40,5.2H,0) for Si in weathered
ash. Cu seemed to be controlled by malachite or tenorite. Zn gave varied results,
the batch leaching tests indicated that soil-Zn controlled the solubility of Zn,
whereas the column leaching tests suggested that ZnCO3 was the governing phase.
However, the measured Zn activity in the column leaching tests decreased, as
leaching progressed, towards the line of Zn activities in equilibrium with soil-Zn,
so soil-Zn would seem to be the ultimate solubility-controlling phase for PFA,

The depth trends of the elements in the Drax porewater were only
confirmed by the corrésponding depth trends of solid weathered Drax PFA for a
few elements. This is because the ratio of the amount of elements released from
solid PFA to the total amount of elements in the PFA is very small, whereas the
change with depth of the concentration of an element in porewater was much
greater, and therefore easier to detect. Ca, Mg and S (as SO3) in solid PFA
showed depth trends that corresponded to those of the porewater, thereby

confirming the validity of the depth trends seen in the porewater. The chemical
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changes during weathering could have resulted in the formation of secondary
mineral products, such as clays. However, no evidence of secondary clay
minerals was obtained by using an XRD and an SEM. Some clay peaks in the X-
ray diffractograms obtained are thought to represent clay minerals that have been
translocated from the top soil.

The depth trends of porewater and solid PFA, and the mineralogy of the
Meaford weathered ash, are similar to that of the Barlow mound, at Drax Power
Station. The depth trends of the Meaford porewater and solid PFA, however, are
more distinct than those of the Drax ash. The Meaford ash is much older than the
Drax ash, and so the extent of weathering will be greater in the Meaford ash.
Because of the longer duration of weathering, greater quantities of elements have
been leached from the Meaford ash than from the Drax ash. Also, more distinct
depth variations were obtained for the Meaford ash, especially for the solid PFA.
However, no secondary clay minerals were identified in the Meaford ash.

Leachate water samples from the Barlow ash mound were collected and
analysed. The samples were collected directly collected from the outlet pipes
installed at the base of the ash mound. These pipes feed a dike that surrounds the
Barlow ash mound; the dike is also fed by rainfall and surface run-off. Water
samples were taken from the dike. Elemental concentrations in the leachate water
samples were higher than in the dike water samples, as expected, and vary greatly,
depending on the location of the sampling site. Some samples show high
concentrations for all elements, showing large discrepancies with the levels
recorded in the porewater samples. These high values are similar to the
concentrations of elements obtained in ¢luates from the initial stage of fresh ash
leaching. This was explained as being due either to the delayed saturation of the
mound, or due to lateral flow within the mound, allowing the more soluble,
surface-enriched fractions of the ash particles, which are currently being leached

in the inner-most part of the mound, to appear currently at the outlet pipes.
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The batch and column leaching tests using deionised water revealed a
different leaching behaviour for fresh and weathered ashes. More soluble,
surface-associated inorganic fractions dominate the early stage of fresh PFA
leaching, producing elevated concentration levels for elements such as Ca, Mg,
Na, K, S (as SO42°), B, Li, Mo and Cr. The concentrations decreased rapidly with
subsequent leaching, approaching relatively constant concentrations. When the
weathered ash was leached, instead the concentrations were much lower for the
elements that were readily soluble from the fresh ash were not so readily leached.
Also, there were no dramatic decreases in the concentrations of the elements as
the leaching progressed, unlike as in the fresh ash. The concentration levels were
nearly constant throughout. The column leaching tests indicate that much of the
surface-associated fractions present in fresh ash had been dissolved from the
weathered ash prior to treatment, leaving the leachate to attack the more refractory
aluminosilicate glass. This attack released constant levels of inorganic material,
derived from within the exterior shells of the glass particles. In weathered ash, the
rate of aluminosilicate glass weathering is thought to be a major factor controlling
the release of the elements in PFA to the aquatic environment.

The batch and the column leaching tests of fresh and weathered PFA using
the synthetic leachate demonstrated that some trace elements were removed from
the synthetic leachate. Fe and Cu were the most effectively retained elements in
both leaching tests, whereas Cd, Cr, Ni, Zn and Hg were retained in the column
leaching tests to varying degrees. In addition to the retention reactions, the Drax
and Meaford ashes showed a neutralising capacity. The neutralising capacity of
PFA is attributable to the dissolution of Ca and Mg (Hodgson and Dyer et al.,
1982), and this could explain the results of the leaching tests.

The elemental concentrations in the porewater samples collected from the
field, and the leachate samples from the laboratory experiments, including the
batch and column leaching tests using deionised water, were compared with

several water quality standards. The implication from the comparison is that not
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only fresh ash, but also weathered ash, may yield elemental concentrations that
exceed the water standards. More importantly, the release of elements from the
weathered ash is constant, and decreases very slowly with time or subsequent
leaching. Therefore PFA disposed of in older, less well-engineered sites, unlike
the Barlow mound at Drax Power Station, which is well-engineered and
monitored, may be a potential source of contamination to groundwater, even after

a long period of time after its disposal.
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Appendix A. Additional experimental methods

A.1 Determination of FeO/Fe,03.

Pratt method was used to determine the ferrous oxide in PFA.
Reagent. Indicator - 0.1 g of sodium diphenylamine sulphate plus 500
ml of water plus 500 ml of conc. phosphoric acid added slowly and kept cool.
50 % Sulphuric acid
40 % Hydrofluoric acid
Boric acid (Saturated solution)
Potassium dichromate 2.728 g in 2 1 of water.

Standardisation: Analar potassium dichromate dried for 2 hours is
primary standard. Concentration 1.364 g/1.

Method: Weigh out 0.5 g of finely ground rock powder into a 30 ml
platinum dish with a well fitting lid. Moisten with 2 ml of water followed by 5
ml of 50 % sulphuric acid. Mix well then and add 10 ml of 40 % hydrofluoric
acid. cover and heat cautiously but quickly to boiling point, then keep boiling
for 7 minutes. Plunge the crucible and lid into 300 ml of saturated boric acid.
Stir, add 10 ml of indicator solution then titrate with potassium dichromate
solution until a purple end point persists for 30 seconds.

Calculation: 1 ml of potassium dichromate = 2.0 mg of FeO

(Vol. of titrant x 2 x 100) / (Wt. of sample in g. x 1000) = % FeO

A. 2. Separation of clay size particles from weathered PFA.

Clay size fractionation and separation of PFA was done following the method
of Starkey and Blockman et al. (1984). This methods id using centrifugation to
separate silt and clay size. The centrifugation is essentially an settling

technique and operates according to Stoke's faw.



Procedure. Soak 25 to 30 g of sample overnight in 100 ml of deionised
water in beaker. Place the beaker contain the sample in ultrasonic bath for 5 to
15 minutes. Firstly, remove sand size particles (< 62) using 230 mesh sieve
with brush. Decant the slurry solution into 250 ml bottle and add hexagonal
phosphate for deflocculation. Centrifuge the solution, which sand particles
were removed using the table, which is based on 600 r.p.m to separate silt and
clay. Siltis presumed to have been settled in the bottom of the centrifuge tube
at a depth of 1 cm after centrifuge. The supernatant is then decanted into a
1000 ml Berzelius beaker through 0.45 mm filter, using vacuum, to retain clay
size particles. The last step is conducted repeatedly using the same filter when

necessary.

T(°C) 16 20 21 22 23 24 25 26 27 28
*Time 730 650 642 634 625 617 6.09 6.02 555 548
{min.sec)

Table A.1 Variation of time for separation of clay (>2u) and silt, * including 30
rk nd Block 4

A. 3 Preparation of fused disc for XRF

0.750 g of ground ashed PFA samples (heated at 450°C for 4 hours to calculate
"loss on ignition' ) were mixed with 7.500 g of moisture-free lithium tetraborate
flux (spectroflux 100) and thoroughly mixed in a Pt crucible. The mixed
powder is re-weighed to ensure the loss during the mixing is within 2- mg,
Using Pt-tipped furnace tongs, place the basin in the furnace and heat for 21
minutes, gently swirling at every 7 minutes. Pour the contents of the basin into
the casting mould after complete dissolution of the contents in the basin and
transfer the mould to the air jet cooler and leave until cold, ready for the

analysis on the XRF.
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Appendix B. Geochemical Modelling

B.1 Thermodynamic background

Units. Concentrations of solutes in aqueous solutions are usually expressed as
molality (m), which is moles per Kg of solvents whereas molar units (M)
measure concentrations in moles per litre of solution. The molal unit is
sometimes more convenient because it is not influenced by temperature, which

affects on the volume of solution.

Activities and activity coefficients. Most chemical calculations involve
activities rather than concentrations. Activity is a measure of the effective
concentration of a reactant or product in a chemical reaction. Activity, which is
denoted by 'a' is related with molalities by a factor called activity coefficient
(v)):

=Y my
where, a is the activity of element i, v is the activity coefTicient of ion i and m;

is the molality of i, represented as mole/l.

Ionic strength. lonic strength is useful concept for assessing the combined
effect of the activities of several electrolytes in a solution on a given

electrolyte. The ionic strength, 1, is defined as
lzl—Em,'Z,Q,
where m; the concentration in mole/l of ion i, Zi is the valency of that ion

and X denotes the product of each ion and its valency squared is summed for

all ions in solution.

Debye-HTUckel equation. The activity coetlicient of solutes or individual ions

can be calculated from the theoretical equations of Debye and HUckel:



iog yi= -Az,-zs/-l_
"1+ Ba°J1

up to ionic strength of about 0.1 m. for higher ionic strengths, specific-ion-

interaction parameters may be added to this equation.

Equilibrium constant. Equilibrium constant, ch, in the chemical reaction of
aA+bB=cC+dD, can be derived from the expression for chemical potential and
Gibbs free energy. The Gibbs free energy per mole of reaction, AGg, is the
difference between the Gibbs free energy of the products and that of the
reactants:

AGRszroducLs"Grcucmnu
which can be written, in terms of chemical potential,

AGr=cuC+duD-apA-buBB

Combining the result with chemical potential (1), Hj=m;°+RTIn «; will obtain

¢ d
AGR=AG®+RTIn(2"20_)

az 'anh
AG?® is the standard free energy of the reaction, that is the change in free energy
when a mole of A and b mole of B, both in their standard states , are converted
to ¢ moles of C and d moles of D.
For a system at equilibrium, AG°=0, and therefore can be defined as in

terms of activities as:

[ 4
. de - d -~AG
n(——2-)=-AG® or ——2-=exp( =K,
a b a b RT (]
(lA 'aB a',\ '(l”

Ton activity products and saturation indices.

Saturation indices or ‘degree of saturation' index is a measure of the
thermodynamic state of a solution relative to equilibrium with a specified solid-
phase mineral. It can be obtained by comparing ion activity product (IAP) with

equilibrium constant (K.



Namely, if IAP < K, dissolution will occur.
if IAP < K precipitation will occur.

SI (Saturation index)zlog[llz\—p]

o

SI =0: ion product is eqﬁilibrium with respect to a given mineral phase.

SI < 0: ion product is undersaturated with respect to a given mineral
phase.

SI > 0 ion product is super saturated with respect to a given mineral

phase.

B. 2 WATEQA4F

Data input.

Water analytical data in mg/l, pH and Eh are used in WATEQ4F. WQ4FINPT
is the supplementary file of WATEQA4F for data input.

Output of WATEQ4F

Speciation

WATEQAF uses the input analytical data for a given sample and a set of
equilibrium constants for aqueous complexation reactions within its database to

calculate the concentration of single and complexed ions in mole/l.

Single ion activity coefficients and single ion activities

Thermodynamic activity of a given solute species, which is an effective
concentration, is influenced by the ionic strength of the water sample, which is

calculated by WATEQ4F. WATEQA4F calculates ion activity coefficients value



for each species according to the Debye-Hickel equation and then calculates

the thermodynamic activity for each species.

Ion Activity Products and Saturation indices

WATEQA4F calculates ion activity products using the single ion activities to
assess whether the water sample is in equilibrium with respect to given mineral

solid phases

B. 3 Example result of WATEQA4F calculation using the data from Barlow

porewater (Drax porewater, borehole 4, collected at 4m depth)

Jable B, 1 Input data
TEMP (°C)=25.00
PH=8.00
EH (mv)=0.409
Ca 608.3
Mg 363.2
Na 52.1
K 1374
Cl 86.8
S04 2534.2
Fe Totl 0.09
SiG2 Total 0.36
B Touwl 134
Al 0.03
NO3 380.4
Li 1.59
Sr 2.35
Ba 0.13
Cu 0.01
Zn 0.02
Cd 0.05
Pb 0.59
Ni 0.13
As Total 0.80
Se Total 0.37
har lan

Anal Cond= 0.0 Calc Con =5479.2
Anal EPMCAT=66.5956 Anal EPMA =61.9351 Pcreent dilference in input cation/anion
balance = 7.2560



Calc EPMCAT =44.4280 Calc EPMAN =36.7697 Percent difference in calc  cation/anion
balance = 11.0652

Total Ionic Strength(T.LS.) from input data=0.12104

Effective Ionic Strength (E.I.S.j from specciation=0.07664

Table B. 3 Aquatic speciation
Species  analppm  cale ppm anal Cale molal  activity activity
molal coefticient
Ca 608.33 401.261  1.524E-02  1.005E-02  4.239E-03 0.4216
CaS04 aq 701.581 5.175E-03  5.267E-03 1.0178
CaCO3 aq 0.641 6A428E-06  6.543E-006 1.0178
Al 0.030 0.000  1117E-06  2901E-16  3.750E-17 0.1293
Al(OH)4 0.105 1.114E-06 8.874E-07 0.7976
Pb 0.590 0.054 28G0E-06  2.628E-07 1.059E-07 0.4028
PbCO3 aq (0.443 1.665E-06  1.695E-06 1.0178
PbOH 0.105 4710E-07  3.752E-07 0.7967
| ration indi
Phase Log IAP/KT Log IAP Log KT
Anhydrite -0.218 -4.578 -4.361
Brucite 2,17 14.123 16.840
Cclestite -0.694 -1.326 -6.631
Gypsum 0.002 4,579 4581
Quartz -1.246 -5.227 -3.980
Tenorile -0.740 6.880 7.620
Cerrusite 0.119 -13.440 -12.830
Wairakitle -8.674 -35.382 -26.708
Kaolinite -1.183 6.252 7.435

dolomite -0.300 -16.840 -16.540



Appendix C. Data

C-1 Porewater analyses

C-2 PFA analyses

C-3 Correlation matrix of Drax weathered PFA

C-4 Correlation matrix of batch leaching tests

C-5 Correlation matrix of the column leaching test of fresh Drax ash with

deionised water

C-6 Correlation matrix of the column leaching of weathered Drax ash

with deionised water

C-7 Correlation matrix of the column leaching of weathered Meaford ash

with deionised water



W.

Sample: Porewater, Drax Borehole 1, Barlow mound (Unit: mg/l unless indicated, *: ug/l)
Anglysed by AAS

(m)

Depth| Al Ca Mg Na_ K _Cr* Ni* Pb* Zn* Cd* Cu*
06 0.79 1033 195 445 182 9.4 100 200.0 10.7 05 447
09 0.03 1598 479 544 130 179 100 20040 50.9 06 310
12 0.01 20286 63.1 358 182 2048 40 0.0 143 0.8 0.0
15 002 195.0 54.7 325 166 2539 40 1000 121 09 0.0
18 | 002 4892 933 417 222 3867 80 1000 00 05 00
21 0.01 5638 822 322 226 3425 250 0.0 1.1 0.0 14
24 0.01 4818 1664 488 360 .3191 50 0.0 0.0 0.0 0.0
27 0.02 5009 22t.2 556 49.2 2362 3.0 0.0 a.0 0.2 0.0
3.0 003 5452 3592 454 611 2415 13.0 2000 26.3 0.5 79
33 0.04 5850 4741 671 814 3052 170 1000 206 0.4 24
36 0.12 5388 2724 732 1215 3164 100 1000 259 0.7 197
39 0.12 6013 2247 59.3 1573 2603 40 00 7.0 05 mna3
42 021 5810 293.0 755 1921 266.1 0.0 0.0 0.0 0.1 0.0
45 0.2t 6039 268.0 110.7 1816 2495 3.0 0.0 9.1 0.4 0.0
48 028 5686 336.0 850 1619 2670 140 0.0 173 1.0 195

Sample: Porewater, Drax Borehole 2, Barlow mound (Unit: mg/l unless indicated, *: ug/)
Analysed by AAS/**lon chromatography

(m)

Depth| Al Ca Mg Na K Pb* Ni* Cd* Cu* Zn* Ci** SO04** NO3**
0.6 027 2114 46.0 175.0 268.0 125 10.7 0.2 11.8 225 2472 2338 621.7
09 0.36 203.1 527 859 545 75 9.7 Q.7 0.0 73 1768 2947 450.8
1.2 0.14 2988 1256 32.9 1830 19 6.7 0.0 00 183 1174 2192 185.6
1.5 0.25 5115 1435 33.0 1028 83 126 06 00 320 820 17927 195.0
1.8 033 4965 1075 62.0 163.0 112 147 0.0 1.7 112 982 20214 141.7
2.1 0.33 560.7 1322 66.0 195.0 71 14.0 0.1 158 372 779 16324 257.4
2.4 0.28 5915 1605 888 1710 96 14.2 0.4 85 203 1219 19360 179.2
27 0.34 4929 1143 641 1310 43 107 0.1 39 1.2 1400 1814.1 81.7
3.0 0.30 4950 1304 91.7 1630 17 15.1 0.1 98 183 126.0 18334 85.3
33 0.30 4977 1652 110.0 195.0 75 164 0.0 218 36.7 1450 2276.1 99.7
35 0.22 5182 1379 88.3 247.0 100 134 03 9.3 6.6 109.8 3091.0 103.8
3.8 035 497.4 1606 1040 1620 165 184 02 188 69 1940 2317.4 76.2

Sample: Porewater, Borehole 3, Barlow ash mound (Unit: mg/l unless indicated, * ug/l)

Analysed by AAS/**lon chromatography
(m)

Depth| Al Ca Mg Na K Pb* Ni* Cd* Cu* 2Zn* CI*'* SO4** NO3™
0.6 024 718 239 324 321 1650 56.1 05 §0.5 223 1485 735 39.8
09 033 824 36.9 322 49.2 2530 77 0.0 169 29 710 2114 §7.0
1.2 0.25 4806 1175 377 810 1310 111 0.0 47.2 02 743 1733.2 1220
1.5 0.18 5310 255.1 1400 2810 1370 319 0.0 0.0 03 537 23129 205.7
1.8 0.23 6042 1211 269.0 4290 1770 288 08 380 318 728 21263 461.9
21 0.2t 4675 92.9 1950 2830 760 104 0.0 257 305 615 20405 1333
2.4 0.24 4609 1118 176.0 2280 1170 133 0.0 204 403 888 22838 177.7
27 0.23 4547 1023 149.0 1950 1620 10.2 0.0 16.4 52 548 21504 1031
3.0 0.19 5428 1190 160.0 2420 330 93 00 123 133 527 19984 1349




Sample: Porewater, Borehole 4, Barlow mound (Unit: mg/l uniess indicated)
Analysed by ICP-AES/*AAS-hydride generating system/™lon chromatography

{m) (mV)

Depth| pH Eh Ca Mg Na K Fe Al Sio2 B Ba Cd Co Cr

07 937.5 136.7 821 1445 000 008 111 086 033 0.04 0.08 007

09 7414 1218 732 1253 002 00t 088 128 029 003 007 0.08

14 557.9 106.5 547 657 0068 002 047 142 019 0.03 0.06 0.08

1.5 8.23 397 7687 1378 464 732 o001 0.01 060 253 0.16 0.03 007 0.1%

1.8 767 395 6957 1467 504 915 000 009 058 315 0.5 0.03 007 0.6

20 8.25 395 6665 139.0 450 951  0.06 0.05 039 338 016 0.03 0.07 0.09

22 753 402 7203 149.2 437 849 008 008 099 4.80 017 004 007 007

24 840 400 7614 1851 651 894 008 013 088 417 020 0.04 008 0.08

26 691.7 2196 545 889 005 008 041 530 015 0.04 008 0.09

28 7146 406 6385 2437 474 1128 003 013 028 575 013 004 008 0.18

29 639.7 3052 510 1260 008 007 045 780 014 004 009 0.18

3.0 636.4 2988 §12 1282 002 004 039 798 014 004 008 0.7

32 6138 3331 623 1258 003 001 039 914 013 0.04 008 0.4

a3 8.15 407 6164 3388 526 1263 004 008 049 1057 0.14 0.04 008 0.18

34 775 406 6232 326.7 543 163.2 003 009 043 1041 013 0.04 008 0.14

a5 603.9 3299 546 1783 004 002 015 953 013 004 008 0.18

37 603.0 3529 531 1572 008 007 036 1136 0.13 004 009 0.3

3.8 597.9 3776 6546 1669 007 002 028 1150 0.12 005 009 0.4

3.9 8.26 409 6083 3632 521 1374 009 0.03 036 13.40 013 0.5 010 0.15

40 822 411 6118 4344 627 1866 004 009 047 1965 0.13 004 009 020

(m) (ug)y (ug) (ug/)

Depth| Cu 8] Mn Ni Pb Sr Zn \ As* Se* Mo* Hg* CI* SO4'* NO3*
0.7 002 025 001 017 049 364 002 009 10 " 04 190  380.9 12911 26018
0.9 0.01 041 0.00 013 045 309 003 009 38 16 03 26 366.1 14512 1661.0
1.1 001 039 0.00 011 038 203 0.01 0.08 22 15 08 <50 2968 13638 9863
1.5 001 078  0.00 012 044 268 001 0.2 27 22 07 <50 2125 21109 7969
1.8 001 108 001 0.11 044 268 001 014 22 35 09 <50 1675 24823 5187
20 0.04 110 0.00 011 043 259 001 013 48 30 14 <50 1202 35604 4772
2.2 002 100 0.00 012 046 - 254 002 008 52 22 21 <50 89.5 30089 3484
2.4 001 125 000 013 049 279 002 015 38 29 20 <50 186.7 31128 8134
26 002 151 0.01 012 051 252 002 014 43 35 19 <50 1559 29254 8244
28 001 152  0.01 012 045 236 002 013 52 30 25 <50 2484 31051 5084
29 002 192 0.02 0.12 050 260 0.02 0.14 55 42 24 <50 1241 33615 681.7
3.0 002 191 0.01 0.13 050 261 002 0.13 44 58 31 <50 1790 35248 762.2
3.2 002 208 0.01 0.12 051 257 0.02 0.14 32 35 23 <50 1329 4070.1 6874
3.3 0.01 218 001 013 053 266 002 0.6 22 47 29 <50 1196 40419 6048
3.4 001 178 001 013 053 255 002 013 27 25 29 <50 1255 3687.0 5895
35 002 140 0.01 014 053 227 003 0.10 36 28 3.1 <50 1145 21166 6280
kN4 002 168 0.01 0.14 058 229 003 0.13 33 19 28 <50 1374 37519 8439
3.8 002 159 0.01 0.15 059 227 003 0.12 66 20 25 <50 1673 3911.2 7214
3.9 0.01 159 0.00 013 059 235 0.02 0.14 80 37 25 <50 144.7 42232 8344
4.0 0.02 182 0.00 0.13 053 264 002 0.5 44 29 32 <50 137.4 461668 6814




Sample: Weathered PFA, borehole 1, Barlow mound(Unit: % unless indicated, *: ppm)
Analysed by XRF (Except for L.O.l., Water content , pH, FeO and Fe203)

Depth | 5102 _TIO2 AI203 Total Fe FeO Fe203 MnO MgO CaO Na20 K20 P205 SO3_ L.OI pH
03 | 5333 os87 2236 818 1.17 5858 009 214 151 086 315 026 003 634 7.92
06 | 5073 09 257 912 137 608 006 104 148 089 371 016 002 561 8.2
09 | 5058 080 25.89 89 128 612 006 09 152 090 378 0.6 002 594 7096
12 | 4995 o089 2565 946 146 622 006 104 150 082 376 016 002 541 B8
15 | s059 o089 2579 962 140 650 006 144 151 094 375 015 009 534 7.74
18 | 4963 087 2529 903 131 611 005 148 153 083 369 0186 0.18 824 782
21 | 5032 o088 2566 974 142 658 006 127 156 086 373 0.5 0.14 488 7.66
24 | 4985 087 2547 930 146 606 006 133 151 110 367 015 008 7.07 7.97
27 | 4041 088 2535 1040 158 688 007 165 161 089 351 019 043 550 7.86
20 | 4915 o088 2557 992 148 664 007 137 166 108 363 017 022 527 8.3
33 | 4993 089 2608 984 144 664 007 139 163 105 372 017 025 438 8.1
36 | 4973 089 2610 1004 148 676 007 146 164 101 375 016 024 393 815
39 | 5086 091 2628 994 135 694 007 130 158 082 372 017 021 400 826
42 | 5102 091 2576 980 148 652 007 142 159 085 371 017 026 341 822

45 5065 091 26.04 993 149 661 008 1.49 156 087 365 0.20 023 383 832
m |Water V* Cr* Mn* NI*  Cu* Zn* Rb* Sr* Y*  Zr* Nb* Ba* Pb* Total

0.3 1430 217 136 598 104 143 167 144 223 50 210 20 703 96 994
0.6 11.20 262 137 432 109 149 115 165 215 54 188 17 749 84 897
0.9 12.40 268 139 407 106 137 128 17 220 53 184 17 723 82 999
1.2 9.70 250 138 449 108 133 223 161 221 55 180 19 738 72 1005
1.5 12.60 265 136 435 106 128 121 164 218 53 189 18 738 83 100.1
1.8 11.90 260 135 99 112 159 118 170 225 56 177 17 696 80 993
21 16.10 256 139 467 111 158 114 168 222 51 191 15 739 72 995
24 1270 261 136 414 120 183 120 167 220 55 184 18 708 86 1004
2.7 18.70 254 135 541 124 188 109 160 239 54 197 13 806 84 999
3.0 12.40 243 139 485 121 182 116 166 236 51 202 18 721 81 9893
33 1280 264 143 464 118 178 113 162 239 55 191 15 765 76 997
36 1090 259 137 475 118 178 107 167 241 5§ 190 17 772 76 993
39 1240 257 142 473 119 167 113 165 230 57 173 18 714 78 100.1
42 9.10 255 138 484 123 170 118 171 234 52 198 18 719 82 983

45 790 253 134 531 116 159 108 164 242 56 190 15 727 82 998



Sample: Weathered PFA, Borehole 2, Barlow (Unit: % uniess indicated, *:ppm)
Analysed by XRF (Except for L.O.I. and pH)

m)

Do(bpth SiI02 TiO2 AI203 Total Fe MnO MgO Ca0O Na20 K20 P205 SO3 LO.L pH v*
03 | 51.20 090 2566 952 006 149 115 081 368 021 <02 478 726 287
0.6 5240 090 24.80 929 007 1.50 115 0.84 356 022 <02 4.90 7.92 262
09 | s0.70 091 26.09 961 006 152 105 093 375 019 <02 464 769 273
12 | 5246 087 2552 973 007 144 129 087 361 018 004 405 724 244
1.5 5184 089 25.80 952 0.06 1.51 1.08 0.92 371 0.19 0.03 4.01 7.95 272
1.8 5391 0.84 2435 932 0.07 143 126 094 352 020 0.06 397 7.65 235
2.1 5160 089 26.10 963 0.06 145 125 1.06 375 018 0.2 3.67 7.20 275
24 | 5161 089 26.11 966 006 150 128 104 375 019 012 341 738 275
27 | 5210 089 26.19 1027 007 . 153 140 09 375 018 007 260 753 259
3.0 5238 090 26.58 1034 0.07 154 141 0.94 373 018 0.08 2.1 7.79 257
33 5246 089 26.22 10.27 0.06 153 133 0.93 372 0.18 0.08 2.21 7.68 256
3.6 6272 090 26.78 10.19  0.07 155 135 0.92 379 0.17 0.04 1.69 1.56 256
(m)

Depth| Cr* Mn* Ni* Cu* Zn* Rb* Sr* Y* Zr* Nb* Ba* Pb* Total
03 145 474 114 156 134 160 245 53 195 18 761 82 99.7
0.6 142 501 106 146 135 158 240 54 186 16 733 74 99.9
09 139 446 116 156 121 165 2852 56 181 18 780 70 99.7
1.2 128 514 104 151 66 162 251 50 186 15 766 48 1004
1.5 130 419 115 172 123 162 249 54 180 17 782 85 99.9
1.8 130 487 103 153 89 153 233 50 188 19 1 66 100.1
2.1 132 426 114 165 95 165 258 55 173 19 788 63 100.1
2.4 140 432 119 174 97 164 257 55 199 15 795 72 99.9
2.7 135 491 116 156 68 165 252 55 192 16 743 49 100.3
3.0 132 494 114 162 58 163 254 51 188 17 799 38 100.5
33 147 474 118 146 63 163 254 52 199 15 750 51 100.1
36 131 479 112 152 §7 161 244 52 188 17 772 35 1004

Sample: Weathered PFA, Borehole 3, Barlow (Unit: % unless indicated, *:ppm)

Analysed by XRF (Except for L.O.l. and pH)
(m)

Depth| SI0O2 TiO2 AI203 TotalFe MnO MgO CaO Na20 K20 P205 SO3 L.O. pH v
03 | 5065 088 26.18 979 007 151 101 097 373 0.18 004 448 808 284
06 | 5084 090 2627 966 006 157 102 100 378 0.19 <02 471 809 269
0.9 5067 090 2623 980 0.06 154 t11 0.99 3.78 0.19 0.08 465 765 278
1.2 5096 088 2531 967 0.07 147 142 098 363 0.28 0.13 4.45 766 270
1.5 51,70 080 2559 981 0.07 139 129 0.78 367 026 0.7 427 729 280
1.8 5222 092 26.30 940 0.07 150 1.7 1.09 376 020 0.04 3.23 769 284
23 52,01 089 26.11 10.16 0.08 154 141 0.94 373 018 0.04 285 808 283
24 52.17 0983 2656 9.5t 0.06 148 130 1.00 380 0.18 0.12 2.82 765 2N
27 52.18 090 2647 972 0.06 1.56 127 0.95 377 0.t8 0.3 2.73 795 257

Depth} Cr* Mn* NI Cu* Zn* Rb* Sr* ¥* Zr* Nb* Ba* Pb* Total
03 133 435 115 190 125 165 246 59 182 17 786 72 99.8
0.6 145 425 121 166 120 164 252 57 182 19 785 90 100.3
0.9 150 443 19 199 118 166 255 54 181 15 758 80 1003
1.2 145 479 125 163 129 161 301 55 186 17 811 o7 995
1.5 151 531 114 193 137 171 225 44 192 18 697 87 100.1
18 145 447 116 175 107 175 252 49 182 16 793 84 100.2
21 145 536 113 167 76 162 249 54 179 16 744 54 100.2
2.4 143 475 12 180 88 160 272 58 189 20 732 60  100.2
27 181 477 137 163 79 166 262 58 183 17 759 69  100.2




Sample: Weathered PFA, Borehole 4, Barlow (Unit: % unless indicated, *:ppm)
Analysed by XRF (Except for L.O.I. and Water content)

(m) Water
Depth| SIO2 TiO2 AI203 TotalFe MnO MgO CaO Na20 K20 P205 SO3 L.O. Content V*
0.7 5118 0.89 24.74 800 008 154 168 117 358 024 001 6.20 14.80 278
09 | 5055 o088 2585 938 007 152 142 145 371 022 010 499 1000 293
1.1 | 5015 o089 2580 975 007 153 135 113 368 019 011 548 1190 203
15 4394 089 25.77 987 007 1585 133 120 375 0.19 028 485 11.40 280
18 5054 088 26.14 892 0.07 157 141 1.21 378 017 026 483 11.30 303
20 5005 089 26.10 914 006 152 139 126 378 018 029 514 11.70 29
22 5066 0.89 24.62 904 008 159 176 111 354 023 031 5§72 1710 284
24 50.02 0.90 26.44 896 007 15 141 114 37t 020 0.26 517 11.80 321
26 | 5011 088 2538 931 006 149 150 125 366 021 037 548 1210 295
28 | 4905 089 26.08 959 006 -155 140 1.6 374 019 038 521 1130 305
29 | 4915 o088 26.14 947 006 161 139 120 374 048 034 537 1170 305
3.0 4940 087 26.18 951 007 164 140 119 379 017 039 561 11.80 295
3.2 4942 080 26.30 925 007 157 136 113 374 0.18 042 545 12.80 299
a3 49.18 090 26.43 926 007 15 136 1.10 373 018 038 569 12.00 N
34 4980 089 2659 917 007 160 141 112 373 0.18 042 527 12.40 302
35 4996 088 26.15 908 0.07 161 141 14§ 370 020 038 530 12.40 308
37 | 4949 089 26.06 944 006 160 137 111 371 019 044 513 9.10 288
38 49.74 092 26.38 940 0.07 159 140 1.21 375 018 036 5.14 12.30 305
39 | 5024 o089 2621 931 007 164 137 111 374 019 035 504 1210 296
40 | 5049 088 26.08 926 007 158 137 0988 374 019 041 481 1280 305
Depth| Cr* Mn* Ni* Cu* Zn* Rb* Sr* Y* Zr* Nb* Ba* Pb* Total
0.7 131 518 82 126 150 158 268 54 190 18 821 88 99.6
0.9 140 504 119 195 128 171 258 50 182 17 828 84 1002
1.1 134 511 112 199 125 163 252 55 180 17 781 72 100.4
15 146 481 120 186 125 168 250 54 185 16 802 85 100.0
1.8 138 444 112 190 120 169 261 56 181 13 747 79 100.1
20 145 441 120 199 120 171 263 50 180 18 796 86 1004
22 144 550 107 192 147 161 255 55 189 15 742 91 89.9
24 139 444 117 233 123 168 270 57 178 17 764 86 100.1
26 139 447 120 203 129 166 263 55 180 14 803 84 100.0
28 142 433 123 196 123 173 264 54 176 16 798 94 906
29 141 448 11 203 122 168 2565 57 180 15 753 80 99.8
3.0 126 444 110 200 120 168 249 53 181 17 792 76 100.5
3.2 1386 425 113 197 123 164 252 58 180 14 761 96 100.1
a3 139 415 "7 199 120 m 256 54 178 16 774 84 100.1
3.4 135 433 105 187 109 166 252 56 179 18 75§ 88 1005
35 140 443 109 189 116 168 252 53 176 16 777 77 100.2
37 138 441 21 194 117 174 256 53 182 19 786 a8 998
38 137 457 1M1 195 112 163 250 53 178 17 810 82 100.4
3.9 140 489 113 200 118 167 256 55 182 18 773 85 100.4
40 131 504 115 208 114 168 253 5§ 184 16 766 7 1002




Sample: Fresh PFA, Drax Power Station (Unit: % unless indicated, *: ppm)

Si02 TiO2 AI203 Total Fe FeQO Fe203 MnO MgO CaO Na20 K20 P205 SO3 L.O..
DPFA1] 53.11 094 2568 766 114 512 007 183 210 139 357 0.19 031 3.0
DPFA2| 5416 085 25.29 715 104 484 008 166 173 158 379 021 027 275
DPFA3| 5301 095 26.58 7.39 006 169 186 170 389 024 048 092
vV Cr* Mn* Ni* Cu* 2Zn* Rb* Sr* Y* Zr* Nb* Ba* Pb*  Total
DPFA1| 272 143 481 126 135 122 153 275 51 199 20 1169 88 1003
DPFA2| 245 142 534 104 130 118 162 201 §2 195 20 886 72 899
DPFA3| 249 125 498 109 162 110 180 314 48 190 20 1134 67 991
Sample; Weathered PFA, Meaford ash disposal mound(Unit: % unless indicated, *: ppm)
Analysed by XRF (Except for L.O.l., Water content, pH, FeO and Fe203)
(m) Water
Depth| Si0O2 TiO2 AI203 Total Fe MnO2 MgO CaO Na20 K20 P205 SO3 L.O.. Content V*
0.7 4831 087 2694 1483 0.7 148 334 0.74 240 032 0.9 7.93 18.8 284
09 | 4872 088 2761 1408 015 150 328 073 243 035 015 8.07 245 294
1.2 49.14 091 28.36 13.01 0.14 148 327 0.82 242 035 047 9.25 26.5 301
16 | 4699 092 2838 1460 014 157 346 084 231 050 026 1041 248 310
19 | 4636 090 28.02 1516 015 162 346 073 231 049 027 1084 261 318
24 46.43 090 27.72 1570 0.15 161 3.46 0.72 226 049 025 1054 259 315
36 47.40 089 27.10 1469 0.16 166 3.77 0.66 236 038 040 1179 241 295
4.7 4755 090 2724 1463 0.15 172 379 0.69 236 035 049 1028 2338 303
Depthj Cr* Mn* Ni* Cu* Zn* RbL* S Y Zr* Nb* Ba* Pb* Total
0.7 120 1155 144 202 912 116 349 54 185 15 1187 204 100.1
0.9 119 1077 141 203 993 i1 37 56 184 14 1235 218 100.4
1.2 126 969 138 196 1052 114 387 57 186 18 1272 221 100.6
1.6 137 1029 166 231 1139 109 455 7 189 19 1493 285 100.5
1.9 138 1035 169 222 1086 112 444 66 190 19 1517 284 100.0
2.4 132 1065 173 224 1077 105 456 67 187 19 1924 308 100.3
3.6 127 1146 166 225 1118 106 377 65 186 14 1272 311 100.0
47 123 1127 174 267 1147 112 358 61 185 16 1159 294 100.4




ndix C-3: Correlati ix of from chemi nalysi h h
Si02  Ti02 AI203 2e203(T MnO2 MgO CaD Na20 K20 P205 SO3  LOL v Cr Mn Ni Cu Zn Rb Sr \ Ba

Si02 1.000

TiO2 0.055 1.000

Al203 0.001 0500 1.000
Fe203(T 0.229 0.031 0.313 1.000

MnO2 0.253 -0.003 -0.120 0.127 1.000

MgO -0.0C8 0075 0258 0.067 0216 1.000

CaQ -0.370 -0036 -0.233 -0.089 0304 -0247 1.000

Na20 -0.445 0.085 0.155 -0.397 -0.008 0.462 0.111 1.000

K20 -0.013 0436 0846 0117 -0340 0.005 -0.236 0.168 1.000

P205 0.225 -0.248 -0302 -0.181 0381 0.355 -0.156 0.068 -0.403 1.000

SO3 -0.525 0.020 0.303 -0.173 -0.020 0.440 0.324 0.575 0.209 -0.005 1.000

L.O. 0690 -0.197 -0.389 -0.636 -0.221 -0.149 0.282 0345 -0.221% 0.000 0.298 1.000

v -0.368 0129 0424 -0395 -0054 0519 -0.120 0685 0378 0215 0661 0333  1.000

Cr 0.245 0250 0342 0.120 -0.053 0.125- -0.071 -0.035 0.377 0.189 0.114 -0.140 0.175 1.000

Mn 0389 -0.031 -0.124 0299 0716 0270 0.267 -0.188 -0.304 0440 -0022 -0.255 -0.097 0.293 1.000

NI -0.177 0088 0307 0518 -0.253 0.166 -0.127 0.002 0.212 -0.061 0.161 -0.250 -0.019 0.372 -0.123 1.000

Cu -0.402 -0.021 0.361 -0.054 -0009 0579 -0.022 0.606 0.231 0.138 0.714 0.245 0.766 0.213 0.054 0.351 1.000

n -0.478 -0.091 -0.339 -0.500 -0.119 -0.284 (.152 0.096 -0.095 0.201 0.102 0.693 0.221 0.015 -0.124 -0.184 0.083 1.000

Rb -0.307 0.082 0.435 -0.041 -0251 0.030 0.050 0.239 0549 -0.160 0.413 0.160 0.418 0.321 -0.182 0.356 0.455 0.094 1.000

Sr 0.084 0249 0.269 -0.103 0.131 0673 -0.228 0.518 0.120 0.549 0279 -0.196 0.505 0.227 0.149 0.176 0.407 -0.15¢ 0.013 1.000

Y -0.195 0494 0.287 -0.099 -0.153 0.179 -0.045 0.140 0268 -0.204 0.166 0.118 0.236 0.180 -0.176 0.123 0.165 0.099 -0.086 0270 1.000

Ba -0.087 0249 0.249 -0.037 0090 0.477 -0.187 0538 0.149 0.313 0.164 0.001 0.443 0.032 0.058 0.078 0206 -0.004 0060 0636 0.068 1.000
Pb -0588 -0061 -0.226 -0.517 -0.115 0.000 0.164 0333 -0.119 0.299 0.400 0.722 0.405 0.135 -0.205 0.103 0367 0672 0323 0.060 0.121 0.098



NO3-
SO4

0.985
0.999
0.999
0.980
0.987
0.962
0.595
-0.082
0.993
0.973
0.993
0.971
0.864
0.998 -
0.931
0.997
0.180
0.938
0817
0.960
0.363
0.995
0.837
0.745
0.991
0.949
0.752
0.996
0.797
0.830

1.000
0977
0977
0957
0.947
0.990
0.566
-0.098
0.959
0.962
0.960
0918
0.857
0976
0.956
0.970
0.172
0957
0.899
0.967
0.375
0.964
0.847
0.728
0.957
0.945
0.756
0.987
0.877
0811

1.000
1.000
0.977
0.992
0.950
0.582
-0.074
0.996
0.968
0.996
0979
0.854
1.000
0917
0.999
0.178
0925
0.796
0.949
0.350
0.998
0.823
0.744
0.993
0.943
0.741
0.995
0.776
0.821

1.000
0.977
0.993
0.951
0.581
-0.085
0.997
0.969
0.997
0.979
0.854
1.000
0.916
0.999
0.180
0.926
0.796
0.949
0.350
0.998
0.821
0.747
0.993
0.944
0738
0.995
0.777
0.820

ion matrix of

1.000
0.970
0.942
0.699
-0.089
0.982
0.973
0.980
0.969
0.869
0.973
0.940
0.981
0.190
0.956
0.755
0.962
0.364
0.984
0.839
0.734
0.988
0.929
0.732
0.963
0.744
0.863

1.000
0916
0.596
-0.109
0.998
0.962
0.998
0.935
0.854
0.993
0.870
0.996
0.186
0.889
0.723
0.928
0.363
0.996
0.805
0.758
0.995
0.934
0.737
0.979
0.708
0.825

1.000
0.575
-0.162
0.932
0.951
0.934
0.883
0.851
0.949
0.956
0.944
0.198
0.961
0916
0.963
0.402
0.938
0.838
0.734
0.933
0.940
0.741
0.964
0.906
0.800

1.000
-0.182
0612
0.724
0.609
0.642
0.837
0573
0.584
0.593
0.110
0624
0.300
0.741
0630
0611
0819
0.479
0.647
0650
0.791
0.524
0.279
0.908

1.000
-0.094
-0.149
-0.105
-0.099
-0.251
-0.081

0.037
-0.090
-0.280
-0.043
-0.066
-0.151
-0.462
-0.084
-0.130
-0.331
-0.106
-0.171
-0.242
-0.067
-0.097
-0.203

1.000
0.969
1.000
0.992
0.858
0.996
0.897
0.999
0.187
0912
0.747
0.942
0.357
1.000
0.816
0.753
0.999
0.939
0.736
0.985
0.733
0.832

1.000
0.970
0.954
0.942
0.967
0.905
0.969
0.166
0.920
0.772
0.990
0517
0.970
0.922
0.767
0.975
0.970
0.838
0.956
0.753
0.906

1.000
0.991
0.859
0.99%
0.89%4
0.999
0.188
0.912
0.750
0.942
0.361
0.999
0.816
0.756
0.998
0.941
0.738
0.985
0.736
0.832

1.000
0.856
0.979
0.846
0.986
0.187
0.868
0.658
0916
0.369
0.989
0.802
0.749
0.992
0918
0.736
0.957
0.645
0.842

1.000
0.853
0.774
0.853
0.130
0.803
0.651
0.946
0.717
0.856
0977
0.704
0.871
0.920
0.954
0.828
0614
0.968

U

1.000
0911
0.999
0.178
0919
0.795
0.946
0.352
0.997
0.820
0.746
0.992
0.944
0.741
0.996
0.775
0.817

1.000
0.909
0.155
0.983
0.889
0.929
0.251
0.908
0.795
0.620
0.901
0.869
0.644
0.929
0.868
0.756

Ni

1.000
0.185
0.922
0.775
0.945
0.349
1.000
0.815
0.761
0.997
0.942
0.732
0.992
0.759
0.822

1.000
0.162
0.124
0.153
0.074
0.185
0.090
0.234
0.190
0.125
0.092
0.175
0.129
0.146

Si

1.000
0.867
0.940
0.283
0.921
0.798
0.647
0919
0.892
0.666
0.931
0.851
0.787

Sr

1.000
0.815
0.247
0.759
0.684
0.568
0.738
0.789
0.577
0.843
0.980
0.568

T

1.000
0.535
0.945
0.940
0.744
0.950
0.959
0.854
0.941
0.791
0.913

1.000
0.350
0.715
0.633
0.376
0.554
0.722
0.322
0.234
0.631



Zn
Zr
As
Hg

Cl-
NO3-
SO4

Zn

1.000
0.818
0.748
0.998
0.939
0.734
0.988
0.744
0.831

rrel
Zr

1.000
0.672
0.829
0.897
0.939
0.603
0.639
0.939

As

1.000
0.756
0.781
0.573
0.737
0.612
0.639

Hg

1.000
0.942
0.747
0.979
0.726
0.851

1.000
0.808
0.939
0.776
0.850

1.000
0.714
0518
0.941

Cl- NO3- SO4

1.000
0.825 1.000
0.782 0531 1.000

hin



Ni
Pb
Mo
Sr
v
Zn
As
Si
Cl-
NO3-
S04

ndix C-5;

Ca
1.000
-0.652
-0.739
-0.817
-0.051
-0.477
-0.878
-0.901
-0.707
0.016
-0.819
-0.847
-0.410
0.155
-0.662
-0.258
-0.780
-0.047
-0.594
-0.855
-0.632
-0.796
-0.230

rrel

Mg Na
1.000

0.891 1.000
0892 0.991
0.173 -0.093
0882 0.931
0916 0.952
0808 0.781
0900 0998
0262 0.159
0.888 0.991
0822 0915
0546 0.480
0.144 0224
0896 0.993
0.700 0.828
0846 0988
0230 0.093
0.717 0.909
0850 0975
0901 0.986
0943 0918
0323 0255

K

1.000
-0.056
0.886
0.980
0.843
0.985
0.131
1.000
0.945
0.492
0.158
0972
0.752
0.987
0.090
0.878
0.991
0.961
0.938
0.246

ion_matrix of

Fe

1.000
-0.063
0.055
0.117
-0.087
0.659
-0.059
-0.115
0.447
0.052
-0.104
-0.323
-0.165
0.743
-0.308
-0.068
-0.099
0.028
0.101

fr

Al

1.000
0.818
0.623
0.949
0.243
0.883
0.786
0.504
0.310
0.965
0.920
0.892
0.134
0.856
0.832
0974
0.842
0.283

1.000
0.900
0.940
0.149
0.980
0.941
0515
0.064
0.919
0.637
0.946
0.138
0.791
0.977
0.906
0.959
0.264

1.000
0.770
0.040
0.836
0.849
0.524
-0.070
0.742
0379
0.808
0.089
0.656
0.833
0.730
0.902
0.191

nl

hin

Cr

1.000
0.179
0.983
0.902
0.478
0.235
0.998
0.846
0.981
0.109
0.910
0.960
0.994
0.917
0.254

1.000
0.133
-0.106
0.207
0.070
0.178
0.103
0.058
0.972
0.058
0.088
0.192
0.159
0.000

1.000
0.942
0.490
0.162
0.970
0.752
0.988
0.090
0.879
0.993
0.959
0934
0.252

1.000
0.419
-0.008
0.885
0.646
0.927
-0.105
0.765
0.948
0.871
0.878
0.279

Ni

1.000
0.487
0.472
0271
0.489
0.145
0.341
0.473
0.470
0.563
0.218

1.000
0.262
0.412
0.221
-0.057
0.365
0.152
0.267
0.051
0.015

1.000 -

0.875
0.972
0.100
0914
0.942
0.999
0.903
0.256

1.000
0.797
-0.040
0.842
0.710
0.885
0.641
0.199

1.000
-0.006
0.926
0.981
0.961
0.908
0.251

1.000
-0.038
0.056
0.111
0.126
0.011

As

1.000
0.861
0.908
0.764
0.222

Si

1.000
0.925
0.906
0.265

Cl-

1.000
0.900
0.246

1.000
0.231



NO3-
SO4

1.000
0.999
0.993
0.989
0.565
0.862
0.819
0.130
0.902
0.630
0.859
0.621
0.370
0.728
1.000
0.666
0.979
0.435
0.772
0.993
0.894
0.995

1.000
0.990
0.985
0.573
0.867
0814
0.136
0.898
0.641
0.853
0631
0.382
0.714
1.000
0.660
0.977
0.433
0.756
0.996
0878
0.998

1.000
0.999
0.588
0.869
0.856
0.114
0.914
0.583
0.904
0.632
0.325
0.776
0.991
0.710
0.985
0.472
0.837
0.978
0.923
0.982

1.000
0.594
0.867
0.866
0.109
0.912
0.564
0.913
0.621
0.311
0.793
0.985
0.723
0.985
0.489
0.855
0.970
0.934
0.974

1.000
0.873
0.603
0.492
0.613
0.061
0.672
0.812
-0.014
0.453
0.573
0.778
0.599
0.804
0.570
0.585
0.441
0.591

1.000
0.822
0.417
0.875
0.395
0.841
0.805
0.244
0.662
0.867
0.847
0.891
0.753
0.740
0.874
e.717
0.878

1.000
0.034
0.820
0.374
0.869
0.563
0.189
0811
0313
0.786
0.888
0.699
0.855
0.795
0.802
0.804

1.000
0.168
-0.08§
0.108
0.449
-0.123
0.049
0.135
0.302
0.169
0.406
0.108
0.148
0.087
0.155

1.000
0.371
0.809
0.603
0.186
0.707
0.900
0.790
0.931
0.624
0.831
0.885
0.851
0.891

1.000
0.497
0.276
0.799
0.469
0.636
0.114
0.578
-0.102
0.201
0.658
0.420
0.645

1.000
0.668
0.303
0.875
0.854
0.787
0.892
0.551
0811
0.834
0.864
0.839

1.000
-0.022
0.471
0.631
0.4%0
0.638
0.519
0.533
0.653
0.434
0.649

1.000
0.220
0.377
0.194
0313
-0.150
0.022
0.405
0.180
0.393

1.000
0.714
0658
0.813
0.541
0.863
0671
0.848
0.681

1.000 -

0.661
0.977
0.434
0.759
0.996
0.880
0.997

1.000
0.725
0.813
0.800
0.638
0.704
0.652

1.000
0.559
0.836
0.965
0.906
0.970

As

1.000
0.596
0.422
0.433
0.438

Si

1.000
0.715
0913
0.728

Cl-  NO3-

1.000
0836 1.000
1.000 0.847

SO4



NO3-

0.959
0.975
0.503
0.422
0.799
0.463
0.919
-0.017
0.732
0.704
-0.491
0.742
0.998
0.781
0913
0.076
0.936
0.929
0.643
0.806
0.956

rrelati
Mg Na
1.000
0954 1.000
0494 0.424
0459 0.403
0909 0795
0.407 0379
0873 0.932
0.020 -0.062
0.703 0.704
0702 0.560
-0.441 -0.515
0.702 0695
0.967 0.971
0.739 0.804
0965 0894
0.083 0.005
0852 0874
0944 0910
0551 0636
0766 0.722
0976 0918

1.000
0.575
0.636
0.339
0.415
0.114
-0.086
0.685
-0.130
0.407
0.515
0.140
0.462
-0.304
0.483
0.704
-0.091
0.861
0.604

Fe

1.000
0.505
0.257
0.314
-0.195
0.086
0.577
0.041
0.067
0.413
0.325
0.435
0.175
0.280
0.538
-0.115
0.556
0.423

Al

1.000
0.467
0.689
0.115
0.463
0.662
-0.382
0.559
0.824
0.562
0910
-0.108
0.714
0.932
0.289
0.796
0912

om
B

1.000
0.267
-0.060
0.300
0.468
-0.326
0.272
0.484
0.353
0.560
-0.095
0.595
0.500
0.467
0.503
0.486

lumn |
Ba

1.000
-0.285
0.680
0.552
-0.554
0.849
0.916
0.849
0.824
-0.091
0817
0.850
0.698
0.693
0.847

hin
Cr

1.000
-0.027
-0.005

0.236
-0.273
-0.011
-0.430
-0.071

0.162

0.084

0.022
-0.411

0.133

0.072

Cu

1.000
0.423

-0.286

0.661
0.733
0.680
0.725
0.280
0.702
0.550
0.738
0.382
0.650

Meaf w
Li Mn
1.000

-0.221 1.000
0569 -0.325
0714 -0.494
0.456 -0.759
0.708 -0.405
0.272 0312
0679 -0.495
0.710 -0.475
0.299 -0.417
0.786 -0.399
0779 -0.477

1.000
0.756
0.627
0.732
-0.182
0.702
0.672
0.743
0.586
0.725

1.000
0.778
0.931
0.053
0.937
0.940
0.644
0.815
0.968

1.000 -

0.719
-0.081
0.689
0.693
0.681
0523
0.689

1.000
0.048
0.833
0.915
0.629
0.728
0.951

1.000
0.056
-0.101
0.023
-0.141
0.031

As

1.000
0.859
0.646
0.816
0.895

1.000
0.424
0.908
0.958

Si Cih-

1.000
0219 1.000
0529 0.849

1.000



