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Abstract

The hydraulic modeling of a period of 16 years shioat the bottom ash subbase layer
endure seasonal wet and dry cycles. Dependingeohdtindary conditions along the
shoulders the capillary potential may drive waitrez in or out of the road body. The
results show that the accumulated LS ratio forhitom ash subbase layer reached
about LS:10 in average with a spatial variabilityhe sub base layer ranging from LS:1
to LS:50. Geochemical speciation modelling wasiedrout for major, minor and trace
elements in bottom ash aged 16 years under namditions. The geochemical model
was parameterized with data on HFO, TOC and IC.gdwerning mineral assembly
was selected. Good model fit (compared to pH-s&dtdata) implies that release of
elements could be predicted for a bottom ash uceleain environmental conditions if
available HFO and TOC are measured.
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summary

In a previous projectvandora Q4-241 (report 964junded by Varmeforsk (Swedish
Thermal Engineering Research Institute), the actated effects of leaching and aging
in a subbase layer of bottom ash in a test roae Wwefestigated. The test road were
constructed in 1987 in Link6éping, Sweden, and wasse until the start of théandora
Q4-241study in September 2003. The overall objectivéhefpresent study is to bring
the evaluation of the previous proje@4-241) further by taking advantage of the
existing data, perform complementary laboratory egxpents on four composite
samples reflecting different degree of exposuranoosphere and leaching. The specific
objectives were to investigate: (i) what procesaad mineral phases that govern
leaching of macro- and trace elements and DOCdrbtitom ash after 16 years (1987-
2003) of aging under field conditions. (ii) how thgdrologic conditions, infiltration of
water and leachate production has evolved with .tifilee following tests were
performed on the composite samples: pH-stat tetipm test, Fe/Al oxide extraction
and TOC fractioning. Geochemical and hydrologicaldeiling where performed with
LeachXS/Orchestra and Hydrus 2-D.

Daily precipitation data from the Swedish Meteratadjand Hydrological Institute
(SMHI) from the Malmslatt (Link6ping) measuremetdton was used in the
hydrological modelling of January 1988 to the 1tlseptember 2003. The hydraulic
modeling results show that the bottom ash sublzgse Endure seasonal wet and dry
cycles. The results confirm that, depending orbiliendary conditions along the
shoulders the capillary potential may drive moisteither in or out of the road body.
The water retention parameters for bottom ash wer&al in the hydraulic modeling
and the capillary forces in bottom ash were foundd significant with a water retention
curve close to silt. This explains the observedeatam of easily soluble salts in the test
road. The results showed that the accumulated ti&foa the bottom ash subbase layer
reached about LS:10 in average with a spatial b#it\ain the sub base layer ranging
from LS:1 to LS:50.

The geochemical speciation modeling was carried foutmajor, minor and trace

elements and integrate mineral dissolution/preaijoih, iron-oxide adsorption,

incorporation in ettringite solid solution, clayteénaction and interaction with dissolved
and particulate organic matter. The geochemicaleahads parameterized with data on
HFO, TOC and IC. The governing mineral assembly wakected, based on this
experience. Iron-oxide sorption was shown to beoirtgmt for many trace elements
(metals as well as oxyanions). The role of orgamatter (both dissolved and
particulate) is important for elements like Cu, Cd, Pb (although the major fraction of
the available content is associated with the mingnases). Obviously, proper mineral
solubility data are limited for some elements, li&®, B, Se. The model fit for

macroelements was good and for trace elements #Hiehms quite acceptable. The
model confirms that Cu, Cr, Pb, and partially #nsolution is bound to DOC. The

elements Zn, Cd and Ni are present in the solutiamly as free ions. It is important to
realize that for ecotoxicity evaluations the fréengent is of importance and the DOC
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associated metal is not affecting many organismsthé solid phase As is entirely
associated with iron oxides. Other elements whenme oxides plays an important role
are: Pb, Cd and Cu. The elements Cu, Zn and Nimaialy associated with the solid
phase as minerals: malachite (copper hydroxideocate) willemite (zinc silicate),

nickel silicate and iron chromate.

The result implies that release of elements coelgitedicted for a bottom ash under
certain environmental conditions if available HF@darOC are measured. The major
environmental conditions that needs to be specdied pH, DOC and DIC of intruding
water and degree of exposure to atmosphere.

Keywords: geochemistry, hydrology, model, road, ash
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1 Introduction
1.1 Background

In a previous Varmeforsk projectvandéra Q4-241, (report 964) [4he geochemical
and geotechnical properties in a 16 year old pav&WI bottom ash test road in
Link6ping, Sweden where studied. The objectivethefproject were to investigate: (i)
the accumulated effects of leaching and aging ahthé accumulated effects of load
and aging on the geotechnical properties. The grapeluded tests with falling weight
deflectometer, triax testing on undisturbed cora@as of bottom ash and sampling for
chemical analysis. Three trenches were excavatethantest road, samples of the
subbase layer and the subgrade were taken in tag whalls and brought to the
laboratory for leaching tests (EN 12457-2) andaetton, respectively. The extraction
procedure was used to estimate extractable andicakyravailable fractions.

Some important observations were made in YW#ndora study [4]regarding the
leaching process and impact of boundary conditiamsch ought to be acknowledged
(see also chapter 2). The physical propertieseptvement structure influence the way
and the extent to which the construction matebalsome exposed to water and air. Air
contains acid gases (G5Q) and strong oxidants gpwhich may react with alkaline
respective reducing mineral phases and influenee dhemical environment. The
observed patterns of EC and pH and leachable amofi@l, Ca, DOC, Cu, As and Cr,
in addition to exposure to water, where hypothebize reflect aging, transformation
processes and speciation (redox environment). Pa¢ias distribution of leachable
content of Cu was found to be closely associateld thie leachability of DOC, which in
turn, is governed by the content of organic maftiecreases with time due to
degradation) and transformation into less solulolens with time. Further, spatial
distribution patterns of mobile elements in the MSWo6ttom ash subbase layer
confirmed the existence of two major regions, whdikerent transport processes
dominate, in a paved road construction with perreeaboulders. The existence of
diffusive transport (diffusion an and capillary\asn advection) is indicated by gradients
in the subbase layer directed towards the roadldéi®) where the solutes are carried
away by infiltrating water (gravity driven adveatjo Gradients in pH also evolve as a
result of carbon dioxide and oxygen reaction witke solid phase. The data clearly
showed pH fronts that propagate from the road slewsltowards the center of road.
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1.2 Objective

The overall objective of this study (Q6-648) ishiong the evaluation of théandoéra
data further by taking advantage of the existingdaerform complementary laboratory
experiments (pH-stat test, column test, Fe/Al oxagaction and TOC fractioning) and
geochemical and hydrological modelling with Orchesind Hydrus 2-D.

The specific objectives are to investigate:

what processes and mineralphases that governableihg) properties of macro- and
trace elements and DOC in the bottom ash afteehfsy(1987-2003) of aging under
field conditions.

how the hydrologic conditions, infiltration of watend leachate production has
evolved with time. This include also the distriloutiof water in the bottom ash layer as
a function of space and time.

the evolution of leachate chemistry and mass ftamfthe road construction with
time.

1.3 Description of the research area

The results from leaching tests reflect condititret in general only are representative
on a small spatial scale and a short temporal sdde aim of predicting leaching
processes over a longer period of time under feeldditions raises some questions
concerning the applicability of the lab test da#anumber of parameters may differ if
lab and field conditions are compared [36]: tempee pH, redox conditions, geometry
of the material (shape and dimensions), flow figlte area of the solids exposed to
water, exposure time and the spatial variabilitycemtered in field-scale. It is important
to acknowledge that when residues are used as rgotish materials they are
commonly enclosed in a technical construction, Whidl govern the exposure to water
and atmosphere and the resulting leaching procEss. physical properties of the
pavement structure influence the way and the extentich the construction materials
become exposed to water and air. Air contains geges (CQ SQ) and strong
oxidants (Q) which may react with alkaline and reducing mihgraases which will
influence the chemical environment [4].

Fresh MSWI bottom ash is unstable and not in doyuilin with either the atmosphere
or the water phase. A number of alteration or agmugesses are initiated with exposure
of fresh ash to water and atmosphere, such asldisoand precipitation of minerals
of major cations, the slow weathering of glass pkaand formation of clay-like
minerals, and the formation of carbonates by uptdlearbon dioxide. These processes
govern the buffer capacity, the pH conditions dr&rhobility of heavy metals.
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The influence of the degree of exposure to airthedresulting pore gas composition is
one likely reason for the different leaching bebawvhen comparing leaching at
different scales and experimental setups. For elgnglfferent pH levels were
observed when comparing a number of steel slagbilegexperiments reported in [16]
and [20]. Here, carbonatisation and oxidation dplsides, governed by the exposure to
atmosphere, are important processes that contel dévelopment of pH. The
experiments were performed with the same materdl ib different scales and
experimental setup: columns (saturated and ungat)rdysimeters (unsaturated) and
lysimeters (unsaturated) at true field conditianstélled underneath an unpaved road).

Water can enter the road body in several ways:ay imfiltrate directly through the
surface course or at joints, cracks and deformitiethe surface course, form surface
runoff and infiltrate in the shoulders or it may $tered in depressions at the surface or
evaporate [32]. Deformities of the pavement mayndsairface runoff water and give
rise to large infiltration locally. Dawson and HjB] refer to investigations where an
infiltration capacity of 1 litre/hour/cm of crackngth has been determined. Water may
move from the shoulders laterally into the road starction driven by a capillary
potential or hydraulic pressure ([6][14][24][34]yapor pressure and temperature
gradients [32]. Wallace [34] demonstrated the dicgmce of the shoulders as water
entries to the unbound material layers during teamisconditions in a theoretical study.
Water may also move into the pavement structuretaedembankment directly from
surrounding surface or ground water.

Field measurements show that the water contenfp@vament structure typically show

a seasonal variation (see for ex. [23] and [32Pp&nhding on the water contents in the
shoulders the capillary potential may drive moisteither in or out of the road body.

The shoulders of the pavement structure providérgortant pathway for vapor and

gases out of the pavement structure [23]. Watevapsur, is typically transported into

the pavement structure from the surrounding aithen summer and upward from the
underlying soil during winter [19].

If the subgrade has a low permeability a perchettmtable may develop at the lower
boundary of the unbound layers, which will faciitdateral water movement. Therefore
also initial water content, hydraulic conductiviaygd capillarity of the subgrade are
significant for the rate of lateral intrusion. Iol@ regions the presence of snow along
the highway shoulders may prevent the thaw frordrogress at the same speed as into
the pavement structure. Under such conditions wegiér and rain has been observed to
infiltrate at the shoulders, flow into the struetuand gradually saturate the pavement
structure [23].

The general experience from different field studsethat a higher degree of leaching is
taking place in unpaved parts of a road constragcBach as road shoulders and median
strips, than within the pavement structure ([1][48][31][33]).
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2 Observations of spatial patterns
2.1 The Linkoping test road

The test road was constructed in 1987 in Linkogmgeden [26] and it was almost 16
years old at the time when the samples were take2003. Other studies have been
performed on this road in 1998 [1] and later, i®2(15]. In two of the test sections
MSWI (municipal solid waste incineration) bottomhasas used as subbase below an
unbound base course and surface asphalt layersbdttem ash was poorly separated
and contained large pieces of incineration residi@ger than a few decimeters).
Mixed heterogeneous shaft masses, containing gaankl clay, were used as subgrade.
Note that the surface course was sloping towarelsnttier curve shoulder (which is left
in all the cross-section figures that will follow).

The test road has been in a rather bad conditianglperiods, with longitudinell cracks
along the centerline of the road (see Figure 1geain infiltration is therefore likely to
have taken place.

Figure 1. Longitudinal cracks along the center line of the test road. (Photo: VTI Safwat Said,
1999)

Here some results are presented from the charzatien of the bottom ash subbase
layer (see description in [26]). The complete ddtedd data is presented in Bendz et al

[4]
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2.2 Excavation and sampling (2003)

The field campaign was carried out in September32Q@ndora Q4-241:[4]) The
unbound base course and asphalt layers were remamvedhree sample collection
trenches were excavated into the road construatidifferent sections.

Solid samples (approx. 250 ml each) were colledteth the subbase layer and the
subgrade (embankment) in a check board patterrFigere 2. The samples were
collected in plastic jars and stored underatinosphere until pretreatment. A total of 53
samples were taken in the subbase layer and 10@lesuwere taken in the subgrade
layer.

QO 0O O VO O O O NV O 0O 8 O O NV O O O OO OO N O
S L LT LLLLE L P S

X (cm)

@ Soil @Bottomash O Sand/Gravel B Sand/Gravel /Stone E Stone/Clay B Fine Clay e Sampling points

Figure 2. Sampling points

2.3 General about the obhserved spatial patterns of
leachable contents

The spatial distributions of the leachable conténg/kg) of different elements are

presented as contour maps of the shaft wall. Kgigmerpolation using default settings

in Surfer 7.0 was used to calculate these maps.sph&al distributions of leachable

elements are categorized into three groups depgmmfinf the observed patterns reflect
leaching, aging (transformation/reaction with tina@d redox environment. A subset of
data that has been generated in this study isqexbbelow. The complete set of data is
present in [4].

Some important observations have been made regditirieaching process and impact
of boundary conditions, which is shown in the sgjosat subchapters.
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Spatial distribution patterns of mobile elemeneac¢hing controlled by availability),
such as CJ in the subbase layer confirm the existence of rtvajor transport processes
in a paved road construction with permeable shosldsee 2.5). The existence of
diffusive transport is indicated by gradients i tubbase layer directed towards the
road shoulders. These gradients have evolved al oéshe exposure of the bottom ash
to infiltrating water in the road shoulders.

Gradients may also evolve as a result of carboridikoand oxygen reaction with the
solid phase. Thanks to that the bottom ash wag,fidsthe time of construction of the
test road, the effect of diffusion of carbon diaxidnd oxygen into the road is clearly
seen. The physical properties of the pavementtsteiinfluence the way and the extent
to which the construction materials become expasegiater and air. Air contains acid
gases (CQ SO) and strong oxidants gpwhich may react with alkaline respective
reducing mineral phases and influence the chereivaronment. The observed patterns
of EC and pH (see 2.4) and leachable amounts 9fGal, DOC, Cu, As and Cr are
therefore, in addition to exposure to water, réftecaging and transformation processes
and speciation (redox environment). Ca is transéarimto less soluble mineral due to
reaction with atmospheric carbon dioxide. The del@arly show pH fronts that
propagate from the road shoulders towards the cehtead (Figure 4, Figure 12). The
spatial distribution of leachable content of Culssely associated with the leachability
of DOC (Figure 7).

The spatial distribution of the leachability of Asd Cr indicate a dependency on
varying redox conditions with reducing conditiomrs\ailing in the center of the road
and oxidizing conditions in the shoulders of thaddsee 2.7). The mobility of these
two elements varies with speciation in an opposag. This manifest itself in a spatial
pattern of Cr that shows low leachability in thetee of the road body and increasing
leachable amounts towards the road shoulders. gate@akdistribution of As shows the
opposite pattern with high leachable amounts ircdreer of the road and decreasing
figures towards the road shoulders.

In Figure 3, Figure 4 and Figure 12 the spatidridhistion of electrical conductivity and
pH in the subbase (bottom ash) and subgrade asemies. In the figures the dashed
line marks the location of the boundary betweerbibttom ash layer and the underlying
soil. The location of the former asphalt pavemsenhdicated in the figures.

The results from the conductivity measurements akvke existence of horizontal
gradients, directed from the center of the roadatol& the shoulders of the road. This
indicates that lateral diffusion and capillary @rvadvection are governing transport
process, from the center of the road to the roadlders were the dissolved elements
are carried away by gravity driven advection wittilirating water from the surface
runoff. The highest conductivity (Efz= 234 mS/m) was found slightly to the right of
the center of the road at500—700 cmThis is likely an effect of that the road surface
was inclining towards the inner radius of the cufwhich is to the left in the figure).
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Thus a larger part of the surface runoff may hadtriated in the road shoulder along
the inner curve which manifest itself in a very loanductivity (EG,r= 15 mS/m).

Asphalt edge Asphalt edge
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Figure 3. Spatial distribution of electrical conductivity (ISO 11 265). The dashed line marks the
boundary between the subbase of bottom ash and the subgrade. The locations of the
edges of the former asphalt layer are also shown. The X and Y-axis are graded in
centimeters.

The dissolution of carbonate minerals providesmiagor part of the buffering capacity

and controls the evolution of pH [21][27][40]. Léedte that was collected from the test
road shortly after construction had a pH of abdul Ioch 11.7 [26], indicating that the

bottom ash was fresh, at the time of constructma that Portlandite was the primary
buffering mineral.

In this investigation high pH-values, up to abolg, Qvere found in the middle of the
road and low values of about 7.5-8 were found alibvegedges, see Figure 4. Also in
this case, the high values are located slightltheright of the center of the road at
x=500-600 cm The spatial pattern indicates that atmospheribara dioxide has
entered the bottom ash layer laterally by diffusfosm the road shoulders. Reaction
(carbonization) fronts have evolved and been pratpag towards the center of road for
16 years without succeeding to fully carbonizelibtom ash layer.

Metals dissolved at high pH in the center of the@dranay become trapped as
carbonization fronts with neutral pH propagate talsathe center. Metals that show a
higher solubility with lower pH may go in soluti@s the conditions change to a lower
pH. In this way leaching of heavy metals becomesety related to the rate of which
the reaction front propagates [3][40]. The disttibn of pH in the subgrade show a
large variation 5.26-8.02 (n=17), which can be ax@d by the heterogeneous nature of
the subgrade (shaft masses).
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Figure 4. Spatial distribution of pH. The dashed line marks the boundary between subbase of
bottom ash and the subgrade. The locations of the edges of the former asphalt
layer is also shown. The X and Y-axis are graded in centimeters.

2.5 Patterns governed by leaching

The electrical conductivity represents the conte#néasily soluble salts and the major
cations and anions TISQ*, C&*, Na', K" och Md™*. Here the spatial distribution of
leachable content of Tk shown. Not suprising, the spatial distribut@rCl in Figure

5 correlates well with the electrical conductivity Figure 3. The highest leachable
amounts of Cl, about 800 mg/kg , was found in the center ofrtiael atx=500 cm.The
data indicate that Chas been flushed out in the road shoulders wéHdtest value of
20 mg/kg in the road shoulder at the inner cureé (h the figure). By integrating the
spatial data, an average leachable amount af&d determined to be 382 mg/kg.

v T——

0 100 200 300 400 500 600 700 800 900 1000

0 S o D O O B Ty Ta Sy S Oy On S S P
DD D %D D% % D %0 D D %

Figure 5. Distribution of leachable content of Cl ~ (mg/kg) in the subbase (EN 12457-2). The X
and Y-axis are graded in centimeters.

Unfortunately there is no relevant leaching tedadar the original ash (at the time
when the road was constructed) available. Howarnet996 Féllman [16] carried out a
thorough characterization of the leaching behawibthe bottom ash from the same
incineration plant in Linkdping. In a comparableotatep leaching test, the leachable
amount of Clwas determined to be 2260 mg/kg at L/S 10. If figgre is assumed to
be representative of the leachable amounirCthe ash at the time when the road was
constructed in 1987, it can be concluded thatnbegrated remaining leachable amount
of CI' of 382 mg/kg represents less than 20 % of th&irdmount.
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The upper region of the bottom ash at x=400-600 Figure 5 show possible signs of
infiltration and certain advective transport of afidle out of the bottom ash may have
taken place.

2.6 Patterns influenced by aging

The spatial distribution of leachable Ca , showrFigure 6, is an effect of leaching,
reaction with atmospheric carbon dioxide and foramabf less soluble minerals such as
calcite. Since the dissolution of carbonate mirseadovides the major part of the
buffering capacity the observed pattern is coreelatvith the distribution of pH in
Figure 4.

140
loojﬂ({/
|

100 200 300 400 500 600 700 800 900 1000

000 0000 00000000 00000000000

Figure 6. Distribution of leachable content of Ca in the subbase at L/S 10 (EN 12457-2). The
X and Y-axis are graded in centimeters.

The spatial distribution of leachable content of ©®@ governed by it characteristics
(humic, fulvic, and hydrophilic acids) and agingppesses. With aging of the bottom
ash matrices, the leachable content of DOC mayedser as a result of forming of
reactive iron/aluminium surfaces and a pH approaghihe neutral range ([11], [17]).
This is reflected in high leachable contents indbeter of the road, see Figure 7 where
the leachable amounts of DOC in the subbase layer been plotted. The high contents
of leachable DOC that can be seen locally at tlge®&=50 cmandx=1000 cn) are
probable due to humus and grass root penetratom tihe grass covered road shoulder.

It is common knowledge that the leachable conteh@u is governed by complexation
with DOC. In a study by Meima et al. [28] 95-100%tbe dissolved Cu in leachate
from fresh and weathered bottom ash appeared tordemnically bound. Increased
leachable contents of Cu can be seen in the cehttdre road and at the edges, see
Figure 8.
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Figure 7. Spatial distribution of leachable (mg/kg) DOC in the subbase (EN 12457-2). The X
and Y-axis are graded in centimeters.

100—
60 \ | ! ! ! ! ! ! !
0 100 200 300 400 500 600 700 800 900 1000
020,220,250 %0,20%0,%0%050.%0.20,%%.% 2%

LGBV G T D% e V0% %

Figure 8. Distribution of leachable amounts (mg/kg) of Cu in the subbase (EN 12457-2). The
X and Y axis are marked in centimeters.

The leachable amounts of Cu (mg/kg) where plotteBigure 9 as a function of DOC

(mg/kg) for all sample points (n=53) in the MSWIttoon ash layer. The figure

illustrates the positive correlation and confirmBe timportance of DOC and

complexation as a governing process for the legcha@havior of Cu.
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Figure 9. Leachable amount of Cu (mg/kg) plotted as a function of leachable amount of
DOC (mg/kg) (EN 12457-2).
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2.7 Patterns influenced by redox conditions

The spatial distribution of the leachability of Asd Cr is partly an effect of varying
redox conditions. Reducing conditions is probabBwvpiling in the center of the road
and oxidizing conditions in the shoulders of thad:o

Arsenic may either be found as arsenite (As(llIf)acsenate (As(V)). The solubility of
arsenic is expected to be higher under reducingittons, where it exist predominately
as As(lll). In aerobic, pH neutral or weakly acitvéonments the solubility of arsenic is
commonly controlled by iron hydroxides, but alsarainium- and manganoxides. Iron
hydroxides are not stable in a reducing environnaert the solubility of arsenic is
accordingly expected to increase. The spatial idigion of leachable As shown in
Figure 10 reflects a possible redox dependency.

140
100-

[ [ \ \ \ \ [ [
0 100 200 300 400 500 600 700 800 900 1000

©0,0,0,0 0,0,0,0,0, Q,0, 0, 0,0, O
.Oe .07 .06~~ .0(9 "Z "Ze .]7 .{6\ "Zd) .e .ee .v’)7 .e@ .ed) .@
Figure 10. Distribution of leachable amounts (mg/kg) of As in the subbase (EN 12457-2). The

X and Y axis are marked in centimeters.

Chromium is highly mobile in an alkaline environnemder oxidizing conditions and
is present at Cr(VI). In a reducing environment\@x(is reduced to Cr(lll) and may
precipitate as chromium hydroxide, which limits thebility. The spatial distribution of
leachable Cr reflects redox but also pH as a gavgstate parameter.
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Figure 11. Distribution of leachable amounts (mg/kg) of Cr in the subbase (EN 12457-2). The
X and Y axis are marked in centimeters.
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3 Methodology

3.1 Laboratory
3.1.1 Pretreatment

All samples were treated according to a standaddrecedure (SS-ISO 11464), which
is a pretreatment procedure developed for soil sssnipefore physical and chemical
analysis. Each sample was dried in°@0 Dry material less than 2 mm was then stored
and used for tests and analysis.

The electrical conductivity, pH and moisture contexere analyzed for each sample.
The pH and the electrical conductivity of the matlewas measured according to the
standards SS-ISO 10 390 and SS-ISO 11 265, regplgctirhe pH-electrodes were
Metrohms “unitrode”-type and the measuring unit veadMeterLab PHM 290. The

conductivity measurements were made with a MetefL@ai 210.

10

9.5

9

— 74

Figure 12. Spatial distribution of pH (EN 12457-2) in a section of the subbase layer of MSW bottom
ash. The sampling points are marked as black dots (n=53). The x and y-axis are graded in
centimetres.

Batchtests have previously [4] been conducted bramhples (n=53) (see 3.1.2). pH-
stat tests and column tests were conducted on damples created by merging the
remaining mass of the samples into four larger $esndhis was done by arranging the
53 samples in groups representing different stajexying as reflected in the pH. In

12
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Figure 13 the data points are arranged in ascerahtgr according to the pH-values
(EN 12457-2). The minimum pH-value is 7.4 and thaxmmum value is 10.0. The
sample points and the distribution of pH (EN 12257a the subbase layer are shown in
Figure 12 .

Four groups of the data were selected based opHHatervals: 8.0-8.5 (n=21), 8.5-9.0
(n=12), 9.0-10.0 (n=4), and marked with differeokotirs in Figure 13.

10,5

10

9,5 4

pH

8,5 At

.
‘o
VY

7,5 o

Figure 13. pH-data arranged in ascending order (n=53), The colours indicate the four groups: [pH
7,4-8,0], [pH 8,0-8,5], [pH 8,5-9,5],[pH 9,5-10,0]

In Figure 14-Figure 17 the location of the four e of samples in the subbase are
shown.
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Figure 14. Same as Figure 12, but with the samples in the span 7.4-8.0 marked (group 1).
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Figure 15. Same as Figure 12, but with the samples in the span 8.0-8.5 marked (group 2).
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Figure 16. Same as Figure 12, but with the samples in the span 8.5-9.0 marked (group 3).

Figure 17. Same as Figure 12, but with the samples in the span 9.0-10.0 marked (group 4).
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The four composite samples, the number of subsanple and mass are summarized
in table 1

Table 1 The 53 samples merged into four compoaitgtes
Composite sampleé pH interval Number of samples dJgk
1 7.4-8.0 16 1280
2 8.0-8.5 21 1680
3 8.5-9.0 12 960
4 9.0-10.0 4 320

Note that sample 1 and 2 are composed of ash & heen exposed to water and
reacted with atmospheric carbon dioxide. Samplee3im an intermediate state and
sample 4 is still at high pH. The bottom ash wasli at the time of the construction of
the test road with a pH of about 11 (unfortunatedysolid data exists here).

3.1.2 Batch tests

One-step batch tests at L/S 10 I/kg were conduatedll 53 samples according to the
standard EN 12457-2 with one exception, only 45mg material was used. The
eluates were filtered through a 0.4& filter, stored until analysis, and analyzed with
respect to: Al, As, Ba, Ca, Cd, CCr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, NQ N, TN,
PO, P, Pb, S, S, Si, V, Zn, dissolved organic carbon (DOC) andsdiged
inorganic carbon (DIC). The samples were analyzetha Department of ecology at
Lund University and the following equipment was dis€OC analysis equipment by
Shimandzu, ionchromatograf Dionex with columns AGIntl AS14A and ICP AEC
instrument P-E 3000DV.

3.1.3 pH stat tests and column tests

One-step pH stat tests at L/S 10 I/kg were conduote the four composite samples
according to technical specification SIS-CEN/TS9A%or sample 1, 2 and 3 pH 2, 4,
5,6, 7,8, 10, 11 and 12 were measured. For safyalee to the smaller sample size,
pH 2, 4, 6, 8, 10 and 12 were measured. The elwetes filtered through a 0.4om
filter, stored until analysis, and analyzed witbpect to: Al, As, B, Ba, Br, Ca, Cd, Co,
Cr, Cu, Fe, Hg, |, K, Mg, Mn, Mo, Na, Ni, N, P, PB, Sb, Se, Si, Sr, V, Zn, alkalinity
and dissolved inorganic carbon (DIC). The samplesevanalyzed at ALS Analytica
AB.

Percolation tests were conducted on the compoaitgpkes 1, 2 and 3 according to
technical specification SIS-CEN/TS 14405. The sarghount for sample 4 did not
allow for a percolation test. Sampling for samplentl 2 was at L/S 0.1, 0.5, 1.0 and 2.0
I/kg (cumulative), and for sample 3 at L/S 0.2, 4@l 2.0 I/kg (cumulative). The eluates
were filtered through a 0.4@m filter, stored until analysis, and analyzed wigspect
to: Al, As, B, Ba, Br, Ca, Cd, Co, Cr, Cu, Fe, Hd{, Mg, Mn, Na, Ni, N, P, Pb, S, Sb,
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Si, Sr, V, Zn, alkalinity and dissolved inorganiaricon (DIC). The samples were
analyzed at ALS Analytica AB. Due to a mistake ehdlf of the laboratory DOC, CI, F
and Mo was not analyzed.

3.1.4 TOC, DOC, org fractionation and HFO

The amount of amorphous and crystalline iron (hyxides was estimated by
extractions with ascorbine, dithionite and oxalfl@eamorphous Fe+Al, crystalline Fe,
and amorphous Al respectively, following a proceddescribed in Kostka and Luther
[24]. Crystalline Fe was calculated as the diffeeebetween ascorbine and dithionite
extractions. HFO was calculated as the sum of ahowp Fe+Al, amourphous Al, and a
sixth of crystalline Fe, expressed as kg FeOOHHemrecalculation from mol to kg.

Four fractions of the solid and organic C in théidsavere characterized in a batch
procedure derived from the method currently reconded by the International Humic
Substances Society. This involved a combinatioexéfaction with 0.1M HCI, with 0.1
M NaOH, centrifugation, filtration, ion exchangeissblution in 0.1M KOH and
analyses of TOC in the extracts [38]. The fractiaese humic acids (HA), fulvic acids
(FA), hydrophilic acids (Hy) and hydrophobic neliseganic matter (HON), .

3.2.1 General

Geochemical modeling was done using LeachXS/OrchneEhe degree of saturation in
the leachates was calculated for all the minenalshe database. The MINTEQAZ2
version 4.0 datase [35] was used for the thermadinaata. Then, a likely mineral
assemblage was selected based on previous exmeaedca calculation of saturation
indices. The model prediction of the leachate cotreéions were compared with the
measured concentrations, and the model of the qblase were adjusted until the
prediction agreed with the measured concentrations.

The following adjustments were made in iterativedyget a satisfactorily fit (listed
below in no specific order):

« The mineral assemblage was selected on the basieiofsaturation indices in
the leachates. By an iterative procedure the mirsssemblage was adjusted to
get a satisfactorily fit for all elements.

« Different strategies of modeling the carbonateesyswere explored. These are
described in section 3.2.2 and the results in se&i6.

The predictive modeling included sorption to sohdd dissolved organic matter

according to the NICA-Donnan model [22]. The geheed two layer model of
Dzombak and Morel [13] was used to model surfacengtexation and surface
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precipitation of ions to hydrous ferric oxide (HEQhe same minerals were used for all
four samples. Availability of elements differed samhat, and was taken as the highest
emitted amount in the sample’s pH stat tests.

Solid humic acid was set to the sum of measureddand fulvic acid (see chapter 4).
Hydrous ferrous oxides (HFO) were set to the measualue (see chapter 4). Clay was
set to 1%, because clay is expected to exist iagleel bottom ash. The clay content had
very little influence on the predicted leachatecamirations.

By mistake the laboratory, ALS Analytica, did notasure the dissolved organic matter
was not measured in the eluates from the pH-stpererents (see section 3.1.3).
Instead, the average of measured concentratioD©Gf for the batch tests was used in
the model for the interval pH 7-10. Typical distriton of DOC-leaching from fresh
bottom ash was combined with the batch test coratgons to derive DOC-values for
pH intervals 1-6 and 11-14. The model was not s$emsito selected DOC
concentrations: changes in DOC had little effectr@model output, even for elements
like Cu.

The final input data for the geochemical modelsdrewn in appendix D.

3.2.2 The carbonate system

The pH-stat tests (SIS-CEN/TS 14997) representra-cl®sed system: interaction with
atmosphere is possible at a limited extent. Acewydhe technical specification (SIS-
CEN/TS 14997) the experimental setup should beedldmit allow for release of gas.
Carbon dioxide may dissolve into the leachate ghhpH and thus increase the
carbonate content of the system. Carbon dioxide dseape from the test into the air at
low pH, and decreases the carbonate content imtuelled pH-stat test. The carbonate
amount in the modeled system primarily affects i@ Ca concentrations, through the
precipitation of calcite. Secondarily, the remagn®a concentration affects a number of
other processes, such as precipitation of othen@arals and cation sorption.

The physical processes governing the carbon diogiadange can not be modeled at
present. Such model would require precise estsnaténe air flow and carbon dioxide
contents of the air in the laboratory setup, togetwith a (kinetically controlled)
description of the dissolution of carbon dioxidetle leachate. As an approximation,
carbonates were modeled though measured values elnded system; measured values
and where C@(g) were allowed to escape; and with equilibriunthwatmospheric
carbon dioxide pressure (allowing €(@) to dissolve into the solution at high pH and
escape at low pH). To illustrate the effect of thesrious ways of modeling the
carbonate system, measured concentrations of DéCar@d Ba are compared with the
concentrations predicted by the various modelsgsegon 5.6).
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3.3 Hydrological modeling
3.3.1 Introduction

Daily precipitation data from the Swedish Meterabad) and Hydrological Institute

(SMHI) from the Malmslatt (Linkdping) measurementaton was used in the

modelling. The modelled period was 1th of Janu®&§8lto the 1th of september 2003.
The daily data is the registered amount of wateileved from 06.00 (GMT) the actual
day to 06.00 (GMT) the next day. Monthly correcti@ctors supplied by SMHI have
been used to compensate for losses due to windewaporation from the sample
containers.

The basic geometry is defined by the surface ofrtfzal, the roadshoulders, vertical
boundaries down to a horizontal boundary in thegsadbe, somewhat arbitrarily defined
at z=0 which was the bottom of the excavated slk@fe domains where defined, the
base layer, the subbase layer (bottom ash), thgradd of sand/gravel/stone, and two
separate domains in the subgrade of fine clayKgpee 2 and Figure 18). The section
of the road was measured when the road was excavag903 [4]. The finite element
grid of 867 triangular elements and 480 nodes wamnegted by the
HYDRUS/MeshGen2D, and the result is shown in Fidi8e
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Figure 18. Material domains, finite 2-D elements (n=867) and nodes (n=480). Marin blue is the base
layer, red is the subbase layer (bottom ash), light blue is subgrade of sand/gravel/stone,
green is subgrade of fine clay (see also Figure 2).

The precipitation on the road surface was assurodoktcarried laterally by surface
runoff and infiltrate (evenly distributed) togetherith direct precipitation in the
shoulders of the road. The boundary conditionsYWDRUS 2-D were set as follows:
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Table 2 Boundary conditions

Boundary Boundary Condition Description

Road shoulder Atmospheric Allows incorporation @
climatic conditions like
precipitation, evaporatio
and transpiration by plant
System-dependent (depe
on the solution at the end
of each time step). Wate
input exceeding th
infiltration capacity is los
from the system as surface
runoff.

Road surface No flux Closed boundary
Lower boundary of | Constant pressure head |of

subgrade Zero

=

EJJ:S

)
o

D
=

117

The initial condition of water was set to presshead = -100 m. Also, as an initial
condition: the pore water in the bottom ash subdager was spiked with a unit
concentration of solute (non-reactive), in ordermomic the transport behaviour of
easily soluble constituents in bottom ash.

Evaporation was assumed to take place only atode shoulders. The evaporation was
taken as monthly average values at Malmslatt measemt station calculated by the
HBV model for the time period 1961-1990. In HYDRUSaporation is given in the
atmospheric BC separately.

3.3.2 Input data

The daily precipitation data from the Swedish Mefgical and Hydrological Institute
(SMHI) from the Malmslatt measurement station toe period 1th of January 1988 to
the 1th of september 2003 is shown in Figure 19.

21



VARMEFORSK

80

70

60

50

40

mm (day)

30

20 ~

10

Figure 19. Precipitation Malmslatt measurement station 1th of January 1988 to the 1th of
september 2003.

The monthly average potential evaporation datdvfaimslatt measurement station for
the time period 1961-1990 are given in Table 3.

Table 3 Monthly average potential evaporation data for Malmslatt measurement station

Jan| Feb | Mar| April | May| June July Au Sept Oc¢t NpvecD
1 2 6 41 81 79 66 53 32 14 2 0

Specific hydraulic properties were assigned todifierent domains, Table 4. The Van
Genuchten model [37] was used to describe the weittention properties:

o) = 6, +(6, - 8 Ju+law'|” <0

The parameted), and 6s are the residual and saturated water conteritmin
respectively, ¢ is the capillary suction (m). The , n and m are material
parameters. To obtain a closed form expression uissaturated hydraulic
conductivity Van Genuchten [37] defined :

m=1-1/n n>1
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For the subgrade and base material, generic migbarameters were taken from
HYDRUS soil data base. For the bottom ash the watention data were determined in
laboratory at the dry bulk density of 1.3. The graetersyr andn were determined by
fitting the Van Genuchten [37] model to the datengshe RETC software (United
states salinity laboratory). The water retentiorves and the experimental data (bottom
ash) are showed in Figure 20. For a descriptich@®methodology and apparatus for
determining the water retention curve, the reasleeferred to a previous study by
Hemstrom et al [18].

Table 4 Hydraulic parameters

Domain (see Description or 0s a n Ks
Figure 18)

Red Bottom ash 0,1 0,53 4,0 1,30 5,0
Light blue Sand” 0,045 0,43 14,5 2,00 7.1
Green Clay” 0,068 0,38 0,8 1,17 0,048

YHYDRUS 2D Soil database

0,6
05 "_\
0,4 T—
water content 03 1
(m3/m3) !
0,2 -
0,1 .
0 T T T T T T
0 0 1 10 100 1000 10000 100000
suction (m)
‘—bottom ash ==——sand ===clay X Bottom ash data

Figure 20. Water retention curves: bottom ash together with the experimental data, sand and
clay (HYDRUS 2D soil database).
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4 Laboratory characterization - resuits

4.1 Introduction

In this chapter the experimental data of the foergad samples is presented. Note that
samples 1 and 2 have undergone the least degragirtg as reflected by the pH).
Sample 3 represent an intermediate state and sampleresent regions of the subbase
that is still at high pH (section 3.1).

4.2 Direct measurements on ash and extractions

Table 5 shows the result of the analyses of thiel pblase. The carbonate content was
expected to decrease in the order sample 1>2>3mldtalaging (carbonatisation). This
is in accordance with the experimental data, exttegitsample 3 had a higher carbonate
content.

Table 5: Average content of organic matter and iron and aluminum oxides. Specific data in
appendix A.HFO: hydrous ferrous oxide surfaces, SHA: solid humic acid

DITH extracted

HFO TIC TOC SHA Fe
kg/kg % % kg OM/kg a/kg
Sample 1 0.029 0.71 4.03 0.00041 23
Sample 2 0.035 0.63 3.51 0.00030 26
Sample 3 0.039 0.87 5.22 0.00023 24
Sample 4 0.029 0.58 4.56 0.00028 14

Iron and aluminum oxides have been measured ulsieg extractions. The Fe extracted
by acetic acid (amorphous Fe, appendix A.1) waghsli lower than the corresponding

measurement on fresh bottom ash in [11]. The (ahwurg) Al extracted by oxelate was
slightly higher. The Fe extracted by DITH, i.e. tbeystalline Fe, was considerably
higher in the Vandodra samples than the 8.7 g/kgsorea by [11] with the same

method.

The acid and base neutralizing capacity was medsaorthe pH-stat tests and is shown
in Figure 21. The four composite samples were simil
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ANC/BNC (mol/kg

—o— Vandobra 1 pHstat —&— Vandobra 2 pHstat

—&— Vandodra 3 pHstat Véndora 4 pHstat

Figure 21. Acid and base neutralizing capacity

4.3 pH stat-leaching data

4.3.1 The data

The complete set of pH stat leaching data is shovappendix B. A couple of examples
focusing on the differences between the four sasngie given in this section.

By comparing the EC data it seems that sample Zbad leached most extensively, as
shown by the lowest average EC in the batch tesdstlze lowest Na emission in the
pH-stat and percolation tests. The order of aveE@Qdor the composite samples was
sample 2 < 1 < 3 << 4. The pH stat leaching dathlaoand S followed that order

(Figure 22).

. pH dependent Emission of S
pH dependent Emission of Na
10000 ; ; , ; ‘
100000 . ; , ; | ! ! ! !
| | | | . | | |
_ | | | | g | )
_\3’ 100001 — — — — F————-F === == -—=-- == > — & —— -
g’ | | | é —o—
= | | p=t
S 1000 — (N JE— § ‘
‘E *J% ! ! 8 |
E I I £ |
I 100 | | fim} ‘
| | |
| | |
10 . ;
2 4 6 8 10 12 4
pH pH

—e— Vindora 1 pHstat—— Vandora 2 pHstat

—a— Vandora 3 pHstat Véndora 4 pHstat —A— Vandora 3 pHstat Vandoéra 4 pHstat

e Vandora 1 pHstat—— Vandsra 2 pHstjl

Figure 22. Leached content of Na and S in pH-stat tests. NB Na values at pH>8 not shown
since Na (actually NaOH) is added to the test to increase pH. The star symbol
represents the pH of the ash.
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The spatial distribution of leachable Ca (Figureséan effect of leaching, reaction with
atmospheric carbon dioxide and formation of ledalde minerals such as calcite (see
section 2.6). With exception of sample 4 (Figurg, 23 leaching behaviors of the four
samples were found to be similar. The element Bvied the same pattern.

pH dependent Emission of Ca

100000y

Emission (mg/kg)
N
8
3

pH

—e— Vandora 1 pHstat—e— Vandora 2 pHs(jl

—a— Vandora 3 pHstat Vanddra 4 pHstat

Figure 23. Leached content of Ca in pH-stat tests. The star symbol represents the pH of the
ash.

Sample 4 differed from the others also with respede¢aching of Fe and As, with lower
availability in the alkaline range (Figure 24).

pH dependent Emission of As

pH dependent Emission of Fe

100000+ ;
10000
1000
100
10
1
0.1
0,01
0,001
0,00014

Emission (mg/kg)
Emission (mg/kg)

2 4 6 8 10 12
pH pH
—e— Vandéra 1 pHstat—— Vandora 2 pHstat —e— Vandora 1 pHstat—e— Véandora 2 pHstat
—a— Vandora 3 pHstat Vandora 4 pHstat —aA— Vandora 3 pHstat Véndora 4 pHstat

Figure 24. Leached content of Fe and As in pH stat tests. The star symbol represents the pH of
the ash.

For other elements no difference in the leachingaki®r could be seen if the four
samples was compared. The only exception was 3b,the sample 2 sample showed
higher leaching than the other samples.

26



VARMEFORSK

pH dependent Emission of Sb

Emission (mg/kg)

pH

—e— Vandora 1 pHstat—e— Vandora 2 pHstat

—aA— Vandora 3 pHstat Vandora 4 pHstat

Figure 25. Leached content of Sb in pH stat tests. The star symbol represents the pH of the
ash. The star symbol represents the pH of the ash.

4.3.2 The data compared with some international
(fresh) ashes

The results from pH-stat and percolation tests Hae@n compared to some Austrian
and Dutch bottom ashes from municipal waste inaiti@n. The data was retrieved from
LeachXS and shows Dutch and Austrian fresh MSWlkdmotashes in addition to
Vandoéra The graphs are shown in appendix C, amdkeation is shown below. For most
elements the Vandora ash is similar to the Austailad Dutch bottom ash. However,
the release of easily soluble elements, such asvh&Jower for the Vanddra composite
samples. This is likely due to the longer exposiréghe Vandora ash to water. The
leaching from the 53 batch tests matched the lagdnom the 4 composite samples.

27



VARMEFORSK

pH dependent Concentration of Al pH dependent Concentration of Fe
-~ -~
< =
o o
£ £
N Nt
c c
2 2
- -
© ©
= b=
c c
] ]
Qo o
c c
) o
o o
1000
=) =
= <
o o
3 E
s g
B 100 ®
g E
] c
] ]
Q o
5 &
8 S
10 +
2 4 6 8
pH
10000 1000
-~ ~~
= <
) =)
£ 1000 - £
N L
c c
2 L
E 100 - “E
b o
c c
g 10 8
c c
] o
o o
1 T T T T T
2 4 6 8 10 12
pH

Concentration (mg/I)

Concentration (mg/I)

Figure 26. Comparison of leaching of macroelements from Vandéra ash with some bottom
ashes from the Leach XS data base. Vandéra composite samples are the bold lines.
Na graph truncated since Na is added in the pH-stat test.
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pH dependent Concentration of Pb
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Figure 27. Comparison of leaching for selected trace elements from Vandoéra ash with some

bottom ashes from the Leach XS data base.
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5 Geochemical modeling-results

5.1 Reading the graphs

The results from the geochemical modeling are ptesein two types of diagrams for
each constituent: (i) diagrams showing the modeldistion and the experimental
concentrations from the pH-stat experiments (iiytiBaning diagrams showing the
phases (minerals, free, DOC, POM, Fe oxide) whiclh &vailable constituent is
associated with.

One example for the constituent Pb is given heranagtroduction to the reader. The
prediction of the model and the experimental data @esented in Figure 28. The
partitioning of the available Pb is presented igure 29 and Figure 30. Figure 28 and
Figure 30 have a logarithmical y-axis. In Figurea2near y-axis is used.

The model fit diagram, Figure 28, contains fourieserThe red dots and lines are for the
pH-stat tests, the blue for the percolation test. the composite sample sample 4 no
percolation test was possible, so the results efpércolation test for sample 1 are
shown. The dots are measured concentrations; thes lipredicted (modeled)
concentrations. The model is identical for the tests.

[Pb+2] as function of pH

1,0E-01
5 TN
s ~LOE03 L o
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Figure 28. Model prediction and experimental data of Pb in the geochemical model of
composite sample 4

The coloured fields in Figure 29 represent theed#ht phases of available Pb as
function of pH. Note that théotal contentof Pb in the ash can be higher, but is not
involved in the modelling and not shown in the deags. The available Pb is divided
into a water phase (free and DOC bound) and a gui@se (minerals, POM and
FeOxide bound). The free phase is always light ldne includes any inorganic
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complexes in solution, the DOC-bound phase is awlght green. Minerals are

represented by varying colours, but some solid ghase fixed. The dark green is
always POM-bound. POM refers to particulate orgamadter, and shows the amount of
Pb that is sorbed to solid organic matter. Theisediways FeOxides, and shows the
amount of Pb that is associated with iron and abumi oxides. The white is always

ettringite (cannot be seen in this example with, Rbg shows the amount included in
ettringite, either as mineral phase or as solidtsm.

Figure 29 shows that of available Pb, all is inusoh at pH 1-2 (light blue). Between
pH 5 and 13, most available Pb was found in thiel gflase. At pH under 10 most was
associated with iron oxides, at higher pH Pb(©¢tntrolled solubility.

Partitioning liquid-solid, [Pb+2]

100%
80%
60%
40%
20%

00/0 1T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH
O Free O DOC-bound B POM-bound B FeOxide
O Clay O Pb[OH]2[C] O Pb2v207

Figure 29. Partitioning of available Pb in the geochemical model of sample 4.: y-axis in % of
available Pb.

The y-axis has been changed in Figure 30, butatherwise the same as Figure 29. The
y-axis is logarithmical, which distorts the surfadmit makes smaller phases visible. See
for example the light green (Pb associated witlsali®ed organic matter) and the dark
green (Pb associated with solid organic matteBigure 29 and Figure 30, respectively.
In addition the y-axis scale shows the concentngtion mol/l. The solid phase
concentrations have been expressed as liter watdrel system, with the conversion
factor of L/S=10l/kg.
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Partitioning liquid-solid, [Pb+2]
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O Free O DOC-bound B POM-bound B FeOxide
O Clay O Pb[OH]2[C] O Pb2V207

Figure 30. Partitioning of available Pb in the geochemical model of sample 4. y-axis log scale
of moles of Pb per liter water in the system.

In the following section a selected number of diags showing the results from the
geochemical modelling are presented. The completeo diagrams is presented in

appendix F. In addition to the model fit and péaotitng diagrams presented in the body
of the report, the appendix also includes partingnn the water phase and in the solid
phase, with liniar y-axis. The diagrams may beditHCOs, VO, etc, since these are

the primary entities in the model. The diagram @b show only this species of the

element, but rather all species of the elemenhénsblution. The chemical formulas of
the minerals are listed in appendix E.

5.2 Model fit

The model fit for all elements is shown in appenEix he performance of the modeling
with respect to the macroelements is importanhasracroelements influence the trace
elements. An example of such influence is how taea@ount influences the amount of
ettringite, and through that the amount of Sr itrirgite solid solution. Another
example is that POmay compete with As for places on iron oxide.

The macro-elements were satisfactory describethdyrtodel. Some shortcomings exist
in the description of easily soluble salts, theshavior is not suited for modeling with

mineral and sorption equilibrium. The adverse dffex the trace metals should be
negligible. The model also predicted most tracenelgs satisfactory.
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[Al+3] as function of pH [Ba+2] as function of pH
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Figure 31. Geochemical model fit for leaching of Al, Ba, Ca, Fe, CO3; and S for the composite
sample sample 1.

5.3 Differences hetween the four composite samples

The differences between the four composite sampkre slight. An almost identical
model was applied, and fitted satisfactory forfallr samples. The difference was in the
content of available carbonate, which also showethé measurements of TIC on the

solid phase.
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5.4 Macro elements

Laumontite (Ca(AlSOg)2-4H,0) was a major control on the leaching of Ca andaAt
calcite (CaC@) on the leaching of calcium and carbonate.
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Figure 32. Partitioning of available Ca, CO3, Al, Fe and P according to the geochemical model
for the composite sample sample 1.

5.5 Trace elements

Iron oxides were extremely important for the leaghof trace elements (red fields in
Figure 33). At pH ca 8 to 11, many of the traceatsein solution were associated with
DOC. At lower pH the effect of DOC was predicteddiminish. Below a short list the

distribution of some trace metals at pH around 8:
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Pb: Present mainly in the solid phase on iron segfasome on organic matter. The
solution dominated by DOC bound lead, but the D@@uénce is decreasing
rapidly with decreasing pH.

Cu: Present mainly in the solid phase, divided ketwmalachite (copper hydroxide
carbonate) and iron surfaces. The solution domihbie DOC bound copper, but
the DOC influence is decreasing rapidly with desheg pH.

Zn: Present mainly in the solid phase, in the fofrwillemite (zinc silicate). The water
phase divided equally between free and DOC boumd zi

As: Present mainly in the solid phase, entirelypaisged with iron oxides.

Cd: Present mainly in the solid phase, but with ggdrease much cadmium may be
mobilized. The solid phase dominated by iron hydtes, with some organic bound
cadmium. Cadmium in solution mainly free (not bouadOC).

Ni: Present mainly in the solid phase, but with gétrease much nickel may be
mobilized. The solid phase dominated by nicketatk and, at slightly lower pH,
iron oxide surfaces. Nickel in solution is maintgd (not bound to DOC).

Cr: Present mainly in the solid phase, as ironmlate. Chromium in solution is present
almost entirely bound to DOC.

Mo: Present mainly free in solution, not bound OO

Partitioning liquid-solid, [Cu+2] Partitioning liquid-solid, [Pb+2]
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Figure 33. Partitioning of available Cu, Pb, Zn and Cr according to the geochemical model for
the composite sample sample 1.

5.5.1 Antimony (5b)

The geochemical model was not helpful for the exglimn of the deviating behaviour
of Sb in sample 2 (see chapter 4, Figure 25), Sb wed modeled correctly. This is a
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general problem for oxyanion modeling: thermodyradata on the solid solutions that
may control leaching is lacking [8]. The measuredaentrations were much lower than
the modeled concentrations, except at pH 2. Theeinmedicted free Sb for nearly all
available Sb. Since the concentration at pH 2 Isetavailability, this was predicted
correctly. However the lower concentrations at pH4were not successfully predicted.

Ettringite appears as an important host mineralSorat high pH. Sorption to iron or
aluminum oxides is important as the pH decreaseas [28][7], and especially at pH <7
[8]. The otherwise expected mineral around pH 9Cia(Sb(OHy)., though the
interaction with calcite is not clear either [7]a(Gb(OH}), was not included in the
present geochemical modeling, the solubility camtskeas been calculated only recently.
The effect of the mineral on the geochemical maneild prove instructive for the
explanation of Sb behavior.

5.6 Modelling carbonate

Various ways of modeling the carbonate system weamored: (i) measured value of
carbonate and where G@) were allowed to escape at low pH; and (ii) sugad value
of carbonate with equilibrium with atmosphericlmam dioxide pressure (allowing GO
(g) to dissolve into the solution at low pH andagse at high pH) and (iii) by allowing
CO; (g) adjusted values (increased measured valuegrbbnate content to account for
the dissolution of C®(g) into the system at high pH.and where,@§) were allowed to
escape at low pH.

To illustrate the effect of these various ways obdeling the carbonate system,
measured concentrations of DIC and Ca are compaitedhe concentrations predicted
by the various models, in Figure 34 and Figure 35.

While the modeled concentration of calcium was séattorily in the model at
equilibrium with atmospheric carbon dioxide, the Beedictions indicated that the
carbonate system was not described correct (F@fixeThe predicted Ba-concentration
was to high at high pH when G@quilibrium was used in the model. This was caused
by the lower predicted precipitation of ettringifehis was due to that more G@as
dissolving into the solution leading to high cac{CaCQ) precipitation. No calcium
was then available for the precipitation of ettiiag
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Figure 34. Model prediction and measured values for DIC in sample 1 for different ways of
modeling carbonates. Upper left diagram: measured TIC. Upper right diagram:
open system (CO, can escape, TIC as measured). Lower diagram: Final model

(CO, can escape and TIC availability has been adjusted). Open system in
equilibrium with CO, not shown in the figure.
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Figure 35. Model prediction and measured values for Ca in sample 1 for different ways of
modeling carbonates. Upper left diagram: measured TIC. Upper right diagram:
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with the partial pressure of atmospheric CO,. Lower right diagram: Final model (CO,
can escape, TIC adjusted).
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Figure 36.

Model prediction and measured values for Ba in sample 1 for different ways of

modeling carbonates. Left diagram: open system in equilibrium with atmospheric

CO,. Right diagram: Final model (CO, can escape, TIC adjusted).

For the final model the carbonate availability haen used as a fitting parameter, in a
system where carbon dioxide is allowed to escape tgas phase. The carbonate
availability was in the model set to measured T$#€e(chapter 4), and then slightly

increased to provide a better prediction of meabua, and (secondary) measured
alkalinity.
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With this procedure the modeled carbonate contaémomthe measured TIC closely
(Table 6). Because of the carbonates effect owtier major elements, this was chosen
as preferable to adjustments more in concert wiisigal processes but with less good
results.

The model, in accordance with the experimental,dasulted in the highest carbonate
content for the composite sample 3. The carbonatdent decreased in the order
sample 1 > sample 2 > sample 4, as expected amtliaated by pH. The carbonate
content in the final model of sample 1 was 0.08/h{@IC fitted). This figure can be
compared to the measured TIC: 0.06 mol/l, the madsllt for an open system in
equilibrium with atmospheric carbon dioxide: 0.11fho

Table 6: Measured and modeled content of carbonates (TIC and available DIC)

Composite measured TIC modeled DIC
sample o/kg availability g/kg
1 7.1 9.6
2 6.3 9.2
3 8.7 11.0
4 5.8 9.0
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6 Hydrological modeling-resuits

The results from the hydrological modeling are présd as: (i) some snapshots from
the years 1988 and 1992 of the spatial distributdrthe volumetric water content

(m3/m3) (Figure 37-Figure 45), (ii) the accumuthteuid:solid ratios (Figure 46) at

the timepoint when the road was excavated in 20@3(&é) the depletion of solutes as

function of time (Figure 47). The initial conditisrwere set to a uniform capillary

pressure of: -100 m. The spatial distribution @& t#olumetric water content (Figure 37)
reflects the different water retention properti€the materials (Figure 20).

0.046 0.083 0.121 0.159 0.197 0.235 0.273 0.311 0.349 0.387 0.425 0.463

TR .

Water Content - th[-], Min=0.046, Max=0.463

Figure 37. Initial conditions (January 1988)

The distribution of water after 1 month (Figure 38)ow water infiltrating in the
shoulders and fronts propagating horizontally talsathe center of the road, driven by
capillary forces. After four months the water frotad almost reached the center of the
road (Figure 39).
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Figure 38. Distribution of water content after 1 month (January 31 1988). Precipitation in
January =63 mm.
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Figure 39. Distribution of water content after 4 months (April 30 1988). Precipitation in April =43
mm.

During the dry summer months the evapotranspiratong the road shoulders
effectively transports water out from the road btalyhe atmosphere and the gradients
levels out (Figure 40) before the rain sets inaggigure 41).
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Figure 40. Distribution of water content after 5 months (May 31 1988). Precipitation in May =
14 mm.
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Figure 41. Distribution of water content after 7 months (July 31 1988). Precipitation in July
=169 mm.

This phenomenon of seasonal variation of watererdnin the road body (see for ex.
[23] and [32]) is pronounced during dry summershwiittle precipitation. Four

shapshots of the water content during the monthd-4ply in the year 1992 is shown
as an example in Figure 42-Figure 45.
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Figure 42. Distribution of water content after 52 months (April 30 1992).Precipitation in April
=70 mm.

Figure 42 show the distribution of water contenApril 30. In May and June the water
content gradient is reversed due to evapotrangpirand very little precipitation, 5 mm
and 7 mm respectively (Figure 43, Figure 44). Thezontal outward transport of water
by evapotranspiration to the atmosphere is indichiearrows in the figures below.

0.046 0.083 0.121 0.159 0.197 0.235 0.273 0.311 0.349 0.387 0.425 0.463
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Figure 43. Distribution of water content after 53 months (May 31 1992). Precipitation in May =
5mm.
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Figure 44. Distribution of water content after 54 months (June 30 1992). Precipitation in June

=7 mm.

In July the road receives 56 mm of precipitatiotev infiltrates in the shoulders and
water fronts move into the road body again (Figtbe
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Figure 45. Distribution of water content after 55 months (July 31 1992). Precipitation in July
=56 mm
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The annual average of precipitation was of abolW@ &8n during the time period

January 1988 to the 1th of september 2003. The geation (10.3 m wide) received an
a total of about 94,7 m3/m of water. The modelexliawilated LS ratios in six different
domains in the bottom ash subbase layer is shovigure 46 together with the time,
T1/2, to deplete half (massfraction=0.5) of the solatgally present in the porewater in

the bottom ash.

In Figure 47 the depletion of the solute in thedmxnains is plotted as the mass fraction
of solute in the pore water as a function of tirAs. water entered the subbase layer
during the first year, solute was displaced froomdm 1-3 into domain 4-6 by
advection. This is seen in the figure as peaksgsfnaction >1).
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Figure 46. The accumulated LS ratio and the time, Ty, to deplete half (massfraction=0.5) of
the solute initially present in the porewater in the bottom ash the for the six domains
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Figure 47. The depletion of solute in the six domains is plotted as mass fraction of solute in the
pore water as a function of time. The black line represents the integrated value over
the total bottom ash layer.
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7 Discussion
7.1 Hydrology

The modeling results show that the bottom ash seébsyer endure seasonal wet and
dry cycles. The results confirm that, dependingtloe boundary conditions along the
shoulders the capillary potential may drive moisteither in or out of the road body.
The evapotranspiration during dry summer monthsfisctive in driving horizontal
transport of water from the subbase to the atmaspfdie water retention parameters
are crucial for the modeling of unsaturated flovd dransport. The capillary forces in
bottom ash were found to be significant with a waétention curve close to silt. The
modeling results showed that bottom ash layer Hadge capacity in sucking water into
the road construction. This explains the obserteddepletion of easily soluble salts
(see for example Figure 5).

During the time period 1988-2003 the modeling rsssthowed that the accumulated LS
ratio for the bottom ash subbase layer reachedtabmd with a spatial variability of
about 1 — 50. The timd;,/;, to deplete half (massfraction=0.5) of the soluigally
present in the porewater in the bottom ash sublagee was about 2 year with a spatial
variability of about 1 month to 9 years. After 1&ays the remaining mass fraction in the
pore water was about 5%. This could be compaitdthe field data showing that the
integrated spatial variability of remaining leacleafEN 12457 at LS 10) chloride
constituted less than 20 % of the initial amoueg section 2.5.

7.2 Applicability of the geochemical modeling tool

The speciation modeling as carried out here foomapinor and trace elements is quite
ambitious, as it integrates mineral dissolutionéjpitation, iron-oxide adsorption,
incorporation in ettringite solid solution, clayteénaction and interaction with dissolved
and particulate organic matter. The challengeisdt just be able to predict release
behaviour of a single constituent, but to be abledéscribe release from all major,
minor and trace elements simultaneously as gogubssible and even match them with
prediction at low L/S as obtained from column tegti Obviously, proper mineral
solubility data are limited for some elements, I8, B, Se. For other trace elements the
match is quite acceptable.

It is obvious that iron-oxide sorption is very intfant for many trace elements (metals
as well as oxyanions). Organic matter (both dissdbhand particulate) plays an

important role for elements like Cu, Cr, Cd, Pkhaligh the major fraction of the

available content is associated with the mineralkpk.

For ecotoxicity evaluations the presence of an elgnas a free ion is crucial and the

DOC associated metal is not affecting many orgasishotal dissolved concentrations
are thus not a proper measure of impact. The DQf©ceted forms can, however,
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travel over much larger distances as they are madale than the free elements, which
are retained much faster by reactive surfacesiin so

7.2.1 Minerals that govern leaching

The governing mineral assembly was selected baseéxperience from modeling
leachate composition in fresh bottom ash [41][1Z][ZT'he entire mineral set used in
the modeling is shown in appendix D. The minerat tvere most relevant to leaching
were (see chemical formulas in appendix E.1).

Mineral

AA_3CaO_AI203_CaCO03_11H20[s]
AA 3CaO_Fe203_6H20][s]
AA_AI[OH]3[am]
AA_Brucite: Mg(OH),
AA_Magnesite: MgCO;
Ba[SCr]04[96%S04]
beta-TCP

Calcite: CaCO3

Cu[OH]2[s]

Fe_ Vanadate

FeCr204

Ferrihydrite: FesO3(OH)qg
Laumontite: CaA|25i4012*4H20
Manganite: MNO(OH)
Ni[OH]2[s]

Ni2SiO4

Pb[OH]2[C]

Pb2v207

P-Wollstanite: Ca(SiOs3)
Rhodochrosite: MNCO;
Strontianite: SrCO4
Willemite: Zn,[SiO,]
Anglesite: PbSO,
Malachite: Cu,[(OH),|COs3]

7.3 The pH stat test

The pH-stat tests represent a semi-closed systetaraction with atmosphere is
possible to a limited extent. According the techhgpecification (SIS-CEN/TS 14997)
the experimental setup should have a lid (not seaded allow for release of gas.
Carbon dioxide does escape from the test into thatalow pH, and decreases the
carbonate content in the system. At high pH carbmxide may dissolve into the

leachate and increase the carbonate content ofybem. The carbonate content
primarily affects DIC and Ca concentrations, thioutpe precipitation of calcite.
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Secondarily, the remaining Ca concentration affacteimber of other processes, such
as precipitation of other Ca-minerals and catiaptson.

Since the degree of exchange with atmosphere iskmoivn this is not an optimal
situation from a modeling perspective. It would jeferably with either a closed
system or an open system in equilibrium with theagipheric carbon dioxide.

As an approximation, carbonates were modeled lmwalg CQ (g) to escape at low
pH (equilibrium with atmosphere) and use approxenaalues (increase of the
measured values) of carbonate content to accoumtéodissolution of C@(g) into the
system at high pH. The reason for not modelingsystem as open at high pH is that it
overestimates the influx of pH. In reality the inflof CQ; (g) is a kinetically controlled
process. The physical processes governing the ralibaide exchange are not modeled
at present.

7.4 Significance and implications of resuits

This study shows that the release from all majonomand trace elements can be
modeled simultaneously by using a mineral assenselgcted based on experience, and
experimental data on available HFO and TOC. Adjesiis1 were made of the measured
values of carbonate content to account for theotliien of CQ (g) into the system at
high pH (see section 7.3). The bottom ash behavedoredictable way, similar to fresh
ashes except for the difference in own-pH (Figee 2

This implies that release of elements could beipted for a bottom ash under certain

environmental conditions if available HFO and TO@ aneasured, and the exchange
with carbon dioxide can be quantified. The majoriemmental conditions that need to

be specified are: pH, DOC and DIC of infiltratingater and degree of exposure to
atmosphere.
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* The modeling results show that the bottom ash sélayer endure seasonal
wet and dry cycles. The results confirm that, dejpemon the boundary
conditions along the shoulders the capillary patéémtay drive moisture either
in or out of the road body.

* The water retention parameters for bottom ashrai@at in the hydraulic
modeling. The capillary forces in bottom ash wengnid to be significant with a
water retention curve close to silt. This explaims observed depletion of easily
soluble salts in the test road.

* During the time period 1988-2003 the hydraulic miodgeresults showed that
the accumulated LS ratio for the bottom ash sublagse reached about 10.1
with a spatial variability in the sub base layeabbut LS:1 — LS:50.

* The general leaching behaviour (as reflected ikl-@fat test) of the Vandora
bottom ash is similar compared to other bottom sisfde elements and their
minerals were well described with Orchestra/LeachK& modelling visualised
information that was hidden in the pH-stat results

« The release from all major, minor and trace elesecan be modeled
simultaneously by using a mineral assembly, selebtesed on experience, and
experimental data on available HFO and TOC. Thigplies that release of
elements could be predicted for a bottom ash um#etain environmental
conditions. The major environmental conditions thaeds to be specified are:
pH, DOC and DIC of infiltrating water and degreesgfposure to atmosphere.

* No difference in acid neutralization capacity cob&detected when comparing
the four composite samples. Carbonation by reaetitimatmospheric C@and
leaching of alkalinity seemed to balance each other

* The model confirms that Cu, Cr, Pb, and partidly in solution is bound to
DOC. The elements Zn, Cd and Ni are present is¢h&ion mainly as free
ions. It is important to realize that for ecotokyoevaluations the free element is
of importance and the DOC associated metal is ffietteng many organisms. In
the solid phase As is entirely associated with orides. Other elements where
iron oxides plays an important role are: Pb, Cd@undThe elements Cu, Zn and
Ni are mainly associated with the solid phase asenais: malachite (copper
hydroxide carbonate) willemite (zinc silicate)ckel silicate and iron chromate.

* The interpretation of oxyanions (except Cr) was parad by the lack of
thermodynamic data on their interaction with otiménerals, f ex ettringite. This
problem has been acknowledged and research isoigrges to improve the
general data. The Orchestra/LeachXS modeling ®slited to incorporate the
data when it becomes available and may then be tablaterpret oxyanion
leaching.
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9 Recommendations and applications

The modeling software HYDRUS 2-D provided a oppoitiuto look into the hydraulic
processes in the road construction and revealednrthertance of the water retention
properties and capillary transport for the depletad easily soluble salts in a paved
bottom ash road

LeachXS is a powerful tool and allow the user tplese the governing leaching
processes. The database functions allow compavigithnexperimental data from other
materials. Here a comparison of leaching data fiotarnational ashes showed the
striking similarities between bottom ashes fromfedt#nt sources. This function was
easy to use once the data were imported, andoiesgnt applicable to leaching test data
from batch, percolation, pH-stat, monolitic, lysiereand field tests. Also, saturation
indices were easily calculated and available fgremt number of minerals relevant for
cement and ash. Both the database function andatioeation indices look suitable for
non-expert use. However, predictive modeling amhiification of governing processes
in LeachXS requires an expert user.

Based on the modeling work in this study it is sgjgd that the practical execution of
pH-stat leaching tests should take into accoumtefaction with carbon dioxide in the
atmosphere to facilitate modeling. The pH-stat expental setup represents a semi
open system, but from a modeling perspective itld/de preferable if the system was
either closed or open. It is here suggested thapossible option could be to allow €0
to escape at pH lower than 8 (fully open systemql, @ closed the system with nitrogen
atmosphere at pH over 9.

A recommendation for future test roads is to ensbat the subgrade is homogenous

and the all construction materials are charactér{zecluding hydraulic parameters), so
that evaluation of the test road observationsasitfated.
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10 Suggestions for continued research

» Integration of geochemical and hydrological modejliand conduct a coupled
reaction and transport modeling of the leachinggss.

» Carbonate and carbon dioxide dissolution are kegmaters in the modeling,
and future prediction requires a better descriptibearbon dioxide interaction
with leachates during the pH stat test.

* Some elements (notably Sb) lack thermodynamic data.

» Comparison with ash aged in a different physicaldfiscenarios could give

important insight in long term behavior of bottorshain civil engineering
applications.
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A Resuits of analyses on the composite
samples (excepting leaching tests)
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A.1 Iron and aluminum oxides

samplel

sample2

samples

samples

Amorf
Fe+Al
Krist. Fe
Amorf Al
Total HFO

Amorf
Fe+Al

Krist. Fe
Amorf Al
Totaal HFO

Amorf
Fe+Al
Krist. Fe
Amorf Al
Total HFO

Amorf
Fe+Al
Krist. Fe
Amorf Al
Total HFO

AL FE

ma/kg ma/kg ma/kg

960 1167 238
5800 23429 556
6401 21159 373
1130 1309 271
6242 25968 642
7920 24356 507
1144 1145 205
7567 23910 617
9518 33420 630
1413 6388 164
6174 13578 430
7434 17206 899

HFO
(ka/kg)

1,86E-03
5,92E-03
2,11E-02
2,89E-02

2,09E-03
6,56E-03
2,61E-02
3,47E-02

1,83E-03
6,05E-03
3,14E-02
3,93E-02

1,10E-03
3,43E-03
2,45E-02
2,90E-02

A.2 Total organic matter and carbonate

Vandora 1

Vandora 2
Vandora 3
Vandora 4

Q

P PR NR

TIC
%
0,65
0,77
0,63
0,87
0,58

TOC

%
4,03
4,03
3,51
5,22
4,56
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A.3 Extractable organic matter

Vandora 1
Vandora 2
Vandora 3

Vandora 4

HA

(mg/kg
d.m.)

105
68
32
32

FA

(mg/kg
d.m.)

100
83
84

107

Hy

(mg/kg

d.m.)
172
140
124
167
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HON
(mg/kg
d.m.)

65
92
31
64

TOC
(mg/kg
d.m.)

441
382
271
370
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B Graphical representation of the pH-stat and
percolation test data
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Graphs representing most measured elements

for pH static and percolation tests

on the Vandoéra test road.

Please note that values below the detection

limit are shown as ¥ detection limit, check 1
original values at need. o5

pH development as function of L/S

47

pH
DI EEKDESCO bl X

0,01 0,1 s (:,kg) 10 100
Legend pH dependent Emissions Legend Cumulative release

—@— \Vandora 1 pHstat —=@— Vandora 1 percolation

—&— Vandora 2 pHstat —&— Vandora 2 percolation

——\Vandora 3 pHstat —e— Vandora 3 percolation

Vandora 4 pH stat Dots: batch test results

Dots: batch test results

pH dependent Emission of Al Cumulative release of Al
100000 100000
10000; ~ 10000
g
;S 1000 E 1000 +
5 100 2 100
? 10 % 10 -
3 : -
£ s
Yt E 01
0,01 © 0,01
0,001 0,001
2 4 6 8 10 12 0,01 0,1 1 10 100
PH L/S (1/kg)
pH dependent Emission of As Cumulative release of As
10-‘ 10

- | :

Emission (mg/kg)
Cumulative release (mg/kg)

PH L/S (I/kg)

pH dependent Emission of B Cumulative release of B

100 4 100

014 (5

Emission (mg/kg)
Cumulative release (mg/kg)

pH L/s (1/kg)



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

100,

01

5
a~

pH dependent Emission of Ba

pH dependent Emission of Br

o o099 o'
1
01
2 4 6 8 10 12
pH
pH dependent Emission of Ca
100000
10000 &G
1000 o
100
10 +
2 4 6 8 10 12
pH
pH dependent Emission of Cd
10'
1
01
0,01
0,001
0,0001
0,00001 +
2 4 6 8 10 12
pH
pH dependent Emission of Cl
10000 ’ + ’
(oY~
o OF -y a®, *% o
NS
°
1000
L 2
o
o% o
100 +
74 79 8,4 8,9 94 99

pH

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

100

Cumulative release of Ba

100

100

0,1
0,01
0,001
0,01 0,1 1 10
L/S (1/kg)
Cumulative release of Br
10
1
0,1
0,01 0,1 1
L/S (1/kg)
Cumulative release of Ca
100000
10000
1000
<
100
10
0,01 0,1 1 10
L/S (1/kg)
Cumulative release of Cd
1,0E+01
1,0E+00
1,0E-01
1,0E-02 !
1,0E-03
1,0E-04
1,0E-05

0,01

10000

1000

01 1
L/s (Ii/kg)

Cumulative release of Cl

2

100

100

10
L/s (I/kg)

100



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

pH dependent Emission of Co

10000

1000

100

10

1

01
0,01 w

0,001

0,0001

0,00001 +

2 4 6 8 10 12

°
5
2

0,0001

0,00001 +

2 4 6 8 10 12

pH dependent Emission of Cu

10000
1000
100

10

pH dependent Emission of DIC

10000

1000

pH dependent Emission of Fe

100000
10000F 1\

1000

Cumulative release

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

1,0E+04

1,06403

1,06+00
1,0E-01
1,0E-02
1,0E-03

1,0E-04

1,0E-05

Cumulative release of Co

e e

0,01

1,0E402

1,0E401

1,06+00

1,0E-01

1,0E-02

1,0E-03

1,0E-04

1,0E-05

01 1
L/s (Ii/kg)

Cumulative release of Cr

< D

0,01

10000

1000

100

01 1 10
L/S (1/kg)

Cumulative release of Cu

i

100

10000

1000

100

01 1 10
L/S (1/kg)

Cumulative release of DIC

100

100000
10000
1000
100
10

1

01
0,01

0,001

0,0001

L/s (1I/kg)

Cumulative release of Fe

01 1 1

L/s (1/kg)

0

100



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

pH dependent Emission of Hg

01

0,01

0,001

0,0001

0,00001

0,000001 +

°

°
2

0,001

¥ 4

N—@—-a——a—n

0,0001 +

10000

g
8
8

100

pH dependent Emission of K

&

10,

1

01

0,01

0,001

0,0001

pH dependent Emission of Li

0,00001 +

10000

1000

5
8

5

2

pH dependent Emission of Mg

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

Cumulative release of Hg

1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04
1,0E-05
1,0E-06
0,01 0,1 1 10
L/S (1/kg)
Cumulative release of 1
10
1
0,1
0,01 /' .
0,001 ./‘/l
0,0001
0,01 0,1 1 10 100
L/S (1/kg)
Cumulative release of K
10000
1000
10
0,01 0,1 1 10 100
L/S (1/kg)
Cumulative release of Li
1,0E+01
1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04
1,0E-05
0,01 0,1 1 10
L/S (1/kg)
Cumulative release of Mg
10000
1000 ot
100
10
1
0,1
0,01 0,1 1 10 100

L/s (I/kg)



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

pH dependent Emission of Mn

10000

g
8
8

g
8

5

pH dependent Emission of Mo

10 X Y

pH dependent Emission of Na

100000

10000 X %

1000

-

g
8

pH dependent Emission of P

10000
|

1000 &

100
10

! -
01
0,01
0,001

2 4 6 8 10 12
pH

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

10000

1000

5
8

5

01

Cumulative release of Mn

il

01

01 1 10
L/s (1/kg)

Cumulative release of Mo

100

100000

10000

1000

g
8

01 1 10
L/S (1/kg)

Cumulative release of Na

100

10000

1000

5
8

5

01 1 10
L/S (1/kg)

Cumulative release of Ni

"

100

10000

1000

5
8

5

01

01 1 10
L/S (1/kg)

Cumulative release of P

=

100

01 1 10
L/S (1/kg)

100



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

1000py

100

10

1

10000

1000

5
8

10

pH dependent Emission of Pb

pH dependent Emission of S

100000
10000

1000

5
8

5

100000

1000

100

‘

pH dependent Emission of Si

pH dependent Emission of SO4

o + A°

pH

10000 @D o%&k- (X ) O
& .|..' A oA
0.’ @ 8
gn 5

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

1000

g
8

5

Cumulative release of Pb

10000

1000

g
8

01 1

L/s (1/kg)

Cumulative release of S

5%3

100

g
8

5

01

L/s (1/kg)

Cumulative release of Sb

100000

10000

1000

g
8

5

e

:’
01 1

L/s (1/kg)

Cumulative release of Si

2
s ool

e
2

100000

10000

1000

100

01 1 10
L/s (1/kg)

Cumulative release of SO4

100

10
L/s (Ii/kg)

100



Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

Emission (mg/kg)

pH dependent Emission of Sr

100,
10
N
1
01
0,01 +
2 4 6 8 10 12
pH
pH dependent Emission of V
10"
1
0,1
0,01 a
0,001 L
0,0001
0,00001 +
4 6 8 10 12
pH
pH dependent Emission of Zn
10000 -
4
1000
~
100
10 .
. @
0,1 A
0,01
0,001 +
2 4 6 8 10 12
pH
pH dependent Emission of DOC
1000

8

(o) <

S <>+ L ]
wirogme” 4 ©
X _.A

o nm 2 A A

99

Cumulative release (mg/kg) Cumulative release (mg/kg) Cumulative release (mg/kg)

Cumulative release (mg/kg)

100

Cumulative release of Sr

1,0E401

1,06+00

1,0E-01

1,0E-02

1,0E-03

1,0E-04

01 1
L/s (I/kg)

Cumulative release of V

1,0E-05
0,01

10000

1000

100

01 1 10
L/S (1/kg)

Cumulative release of Zn

100

1000

100

01 1 10
L/S (1/kg)

Cumulative release of DOC

100

L/s (I/kg)

100



VARMEFORSK

€ Comparison of pH stat and percolation data
with international ashes

60



Comparison of data from the four grouped samples from Véandora, Linképing with some international ashes.
Varmeforsk project Q6-648: Modellering av utlakning och geokemiska processer i forstarkningslager av bottenaska
Authors: David Bendz, Pascal Suer. Hans van der Sloot, David Kosson, Peter Flyhammal

Legend: for clarity, legends are not shown in the graphs.

The legend of the Al-graph, below, is included to give an indication of the included samples
Most of the dots without lines are the 53 batch tests from the road profile in Vandérat
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D.1

Sample nr 1 2 3 4
Sum of pH and pe 13 13 13 13
L/S 9.9 9.8 9.9 9.9
Clay 0.1 0.1 0.1 0.1
HFO kg/kg 0.029 0.035 0.039 0.029
HFO kg/kg measured 0.029 0.035 0.039 0.029
SHA kg OM/kg 0.000410 0.000302 0.000233  0.000279
SHA measured kg OM/kg 0.000410 0.000302 0.000233  0.000279
H2CO3 (mg/kg) 9600 9300 11000 8200
TIC measured (mg C/kg) 7100 6300 8700 5800
Gas volume (1) 20 20 20 20

Minerals
AA_2Ca0O_AI203_8H20Q[s]
AA_2Ca0O_Fe203_8H20Q[s]
AA_3CaO_AI203[Ca[OH]2]0_5_[CaCO03]0_5 11 5H20Q][s]
AA_3Ca0O_AI203_CaCO03_11H20]s]
AA_3Ca0O_Fe203_6H20([s]
AA_4CaO_AI203_13H20]s]
AA_AI[OH]3[am]
AA_Brucite
AA_CaO_AI203_10H20Q[s]
AA_Fe[OH]3[am]
AA_Gypsum

AA_Jennite

AA_Magnesite
AA_Portlandite
AA_Tobermorite-|
AA_Tobermorite-lIl
AA_Tricarboaluminate
Anglesite

Aragonite
Ba[SCr]04[96%S04]
BaSrs04[50%Ba]
beta-TCP

Bianchite

Ca4Cd[PO4]30H

Calcite

Cd[OH]2[A]

Cdsio3

Celestite

Cr[OH]3[A]

Cu[OH]2[s]
Cu4[OH]6S04:1.3H20]c]
Dolomite

FCO3Apatite

Fe_ Vanadate

FeCr204

Ferrihydrite
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Laumontite
Magnesite
Malachite
Manganite
Mg3[P0O4]2:22H20]c]
Morenosite
Ni[OH]2[s]
Ni2Si04
NiCO3[s]
Otavite
Pb[OH]2[C]
Pb2v207
Pb3[VO4]2
PbCrO4
PbMoO4[c]
P-Wollstanite
Pyrocroite
Pyrolusite
Retgersite
Rhodochrosite
Sb[OH]3[s]
Strontianite
Struvite
Tsumebite
Wairakite
Willemite
Witherite
Vivianite

X X X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X X X

D.2 Dissolved organic carbon parameters input to the

model
DOC (Dissolved organic carbon)

1 2 3 4
[DOC] [DOC] [DOC] [DOC]
pH (kg/l) (kg/l) (kg/l) (kg/l)
1  24E-05 18E-05 1,8E-05 1,8E-05
2 15E-05 1,1E-05 1,1E-05 1,1E-05

4  14E-05 1,1E-05  1,1E-05

5 14E-05 1,1E-05 1,1E-05
6 1,7E-06  1,2E-05 1,2E-05 1,2E-05

7 1,7E-056  1,3E-05  1,3E-05
8 1,7E-06  1,3E-05 1,3E-05 1,3E-05

9 1,7E-056  1,3E-05  1,3E-05
10  1,7E-05 1,3E-05  1,3E-05  1,3E-05

11  1,7E-05 1,3E-05  1,3E-05
12 2,1E-05 1,6E-05 1,6E-05  1,6E-05
14  28E-05 2,1E-05 2,1E-05  2,1E-05
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Fraction of DOC that is calculated as dissolved humic acid (DHA)

1 2 3 4
DHA DHA DHA DHA
pH fraction fraction fraction fraction
1 0,35 0,35 0,53 0,53
2 0,23 0,23 0,35 0,35
4 0,15 0,15 0,23
5 0,15 0,15 0,23
6 0,10 0,10 0,15 0,15
7 0,12 0,12 0,18
8 0,15 0,15 0,23 0,23
9 0,19 0,19 0,29
10 0,30 0,30 0,45 0,45
11 0,37 0,37 0,56
12 0,40 0,40 0,60 0,60
14 0,40 0,40 0,60 0,60

Resulting amount of DHA, which isused further in the model calculations

Sample 1 2 3 4
[DHA] [DHA] [DHA] [DHA]
p (kg/l) (kg/l) (kg/l) (kg/l)

H

1 8,2E-06 6,2E-06 9,2E-06 9,2E-06
2 3,5E-06 2,6E-06 3,9E-06 3,9E-06
4 2,1E-06 1,6E-06 2,4E-06

5 2,1E-06 1,6E-06 2,4E-06

6 1,7E-06 1,2E-06 1,9E-06 1,9E-06
7 2,1E-06 1,5E-06 2,3E-06

8 2,6E-06 1,9E-06 2,9E-06 2,9E-06
9 3,2E-06 2,4E-06 3,6E-06

10 5,1E-06 3,8E-06 5,7E-06 5,7E-06
11 6,4E-06 4,8E-06 7,2E-06

12 8,2E-06 6,2E-06 9,3E-06 9,3E-06
14 1,1E-05 8,4E-06 1,3E-05 1,3E-05

64



VARMEFORSK

Minerals Mineral formulae
AA 2CaO_AI203_8H20]s]

AA 2Ca0O_Fe203_8H20][s]

AA 3CaO_AI203[Ca[OH]2]0_5 [CaCO03]0_5 11 5H20Q][s]

AA 3CaO_AI203_CaCO03_11H20][s]

AA 3Ca0O_Fe203_6H20][s]

AA 4CaO_AI203_13H20Js]

AA_AI[OH]3[am]

AA_Brucite Mg(OH)
AA _CaO_AI203_10H20Q]s]

AA_Fe[OH]3[am]

AA_Gypsum CaS04*2H,0
AA_Jennite Cagstieolg(OH)g *6H20
AA_Magnesite MgCO;

AA_Portlandite Ca(OH),
AA_Tobermorite-I CasSig(O,0H) g *5H,0

AA_Tobermorite-ll
AA_Tricarboaluminate

Anglesite PbSO,
Aragonite CaCO;
Ba[SCr]04[96%S04]

BaSrsO4[50%Ba]

beta-TCP

Bianchite (Zn, Fe)SO4*6H,0
Ca4Cd[PO4]30H

Calcite CaCoO;
Cd[OH]2[A]

CdsSio3

Celestite SrSO,
Cr[OH]3[A]

Cu[OH]2[s]

Cu4[OH]6S04:1.3H20]c]

Dolomite CaMg(CO:s),
FCOS3Apatite Cas[F,C03,P0O,);3
Fe_ Vanadate

FeCr204

Ferrihydrite FesO3(OH)qg
Laumontite CaAl»Si 015,*4H,0
Magnesite MgCO;
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[Ba+2] as function of pH

[Al+3] as function of pH
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[Cu+2] as function of pH

[Cd+2] as function of pH
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Partitioning liquid-solid, [Al+3]

[Al+3] as function of pH
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Partitioning liquid-solid, [H4Si04]

[H4SiO4] as function of pH
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Partitioning liquid-solid, [H2CO3]

[H2CO3] as function of pH
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Partitioning liquid-solid, [PO4-3]

[PO4-3] as function of pH
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Partitioning liquid-solid, [Cd+2]

[Cd+2] as function of pH
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[Mn+2] as function of pH



Partitioning liquid-solid, [Mn+2]

[Mn+2] as function of pH
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Partitioning liquid-solid, [Pb+2]

[Pb+2] as function of pH
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Partitioning liquid-solid, [CrO4-2]

[CrO4-2] as function of pH
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Partitioning liquid-solid, [H3As04]

[H3As04] as function of pH
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Partitioning liquid-solid, [H3BO3]

[H3BO3] as function of pH
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Partitioning liquid-solid, [Sb[OH16-]
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Partitioning liquid-solid, [F-]

[F-] as function of pH

1,0E-14

T
(32}
—

]
Ll
QU
—

(1/10w) uonesaudUO)

~~

|/1ow) uone.ua’du0)

9 10 11 12 13 14

8

9 10 11 12 13 14

8

pH

pH

OFree

— —IF]

Partitioning liquid-solid, [K+]

[K+] as function of pH

0,1

0,001

(1/10w) uonesuDdUO)

0,1

e _e--1+
\\\\\ P
\\\\\ e _
\\\\\ o -
- e---1
e _@--1
e @---1+
e @--—-—-1 L
i
o
S
<)

(1/10w) uonesudUO)

11 12 13 14

10

11 12 13 14

10

pH

pH

OFree ODOC-bound B POM-bound OClay

Véandéra 1 (P,1,1) === ==[K+]

Partitioning liquid-solid, [Li+]

[Li+] as function of pH
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[Fe+3] as function of pH

[Ca+2] as function of pH
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[Ni+2] as function of pH

[Mn+2] as function of pH
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[K+] as function of pH

[F-] as function of pH
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[SO4-2] as function of pH

[H4SiO4] as function of pH
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[Zn+2] as function of pH

[Pb+2] as function of pH
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[Na+] as function of pH

[Li+] as function of pH
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[Ba+2] as function of pH

[Al+3] as function of pH
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Partitioning liquid-solid, [Al+3]

[Al+3] as function of pH
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[Ca+2] as function of pH
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Partitioning liquid-solid, [H4Si04]

[H4SiO4] as function of pH
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Partitioning liquid-solid, [H2CO3]

[H2CO3] as function of pH
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Partitioning liquid-solid, [PO4-3]

[PO4-3] as function of pH
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Partitioning liquid-solid, [Cd+2]

[Cd+2] as function of pH
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Partitioning liquid-solid, [Pb+2]

[Pb+2] as function of pH
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Partitioning liquid-solid, [CrO4-2]

[CrO4-2] as function of pH
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Partitioning liquid-solid, [H3BO3]

[H3BO3] as function of pH
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Partitioning liquid-solid, [Br-]

[Br-] as function of pH
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[Fe+3] as function of pH

[Ca+2] as function of pH
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[Ba+2] as function of pH

[Al+3] as function of pH
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[Cu+2] as function of pH

[Cd+2] as function of pH
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[CI-] as function of pH
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Partitioning liquid-solid, [Mn+2]

[Mn+2] as function of pH
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[SO4-2] as function of pH

[H4SiO4] as function of pH
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[Zn+2] as function of pH

[Pb+2] as function of pH
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[Na+] as function of pH

[Li+] as function of pH
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[Ba+2] as function of pH

[Al+3] as function of pH
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[Cu+2] as function of pH

[Cd+2] as function of pH
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[CI-] as function of pH

[Br-] as function of pH
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Partitioning liquid-solid, [Al+3]

[Al+3] as function of pH
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Partitioning liquid-solid, [H4Si04]

[H4SiO4] as function of pH
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Partitioning liquid-solid, [H2CO3]

[H2CO3] as function of pH
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Partitioning liquid-solid, [Mg+2]

[Mg+2] as function of pH
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Partitioning liquid-solid, [PO4-3]

[PO4-3] as function of pH
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Partitioning liquid-solid, [F-]
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[Fe+3] as function of pH

[Ca+2] as function of pH
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[Ni+2] as function of pH

[Mn+2] as function of pH
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[SO4-2] as function of pH

[H4SiO4] as function of pH
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[Zn+2] as function of pH

[Pb+2] as function of pH
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[Na+] as function of pH

[Li+] as function of pH
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