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Résumé

Beaucoup d'études ont montré que I'équation d’atiee-dispersion classique ne
permet pas de simuler correctement le transpogotigés dans les sols hétérogenes, ni de
prendre en considération la spéciation des sold&s les systéemes géochimiques que
constituent les sols.

Dans ce travail, un modele fractionnaire hydropéoaue a été proposé pour simuler
le transport et la spéciation des métaux lourds ttamone non saturée des sols, que ce soit en
régime permanent ou transitoire. Ce modele a @pogeé pour remédier aux limitations du
modele classique d’advection dispersion.

En régime permanent, la solution analytique dguigion fractionnaire d’advection-
dispersion a été couplée sous MATLAB au modeleédetions géochimiques, et ce nouveau
modéle a été validé a I'aide de résultats expériawen

En régime non permanent, une nouvelle solutionérigue de I'équation fractionnaire
d’advection-dispersion est proposeée, et couplée amemodele d’écoulement et un modele
géochimique. Le modéle résultant, programmé souJ IM¥B, a été testé en le comparant a
des simulations obtenues avec les codes HYDRUStHP&.

Les résultats de validation ont montré que le mauvmodéle fractionnaire reproduit
bien le transfert de solutés dans la zone noné&atdes sols et qu'il est capable de donner
plus de détails sur les especes chimiques présdates le sol, sur leur migration et leur
interaction.

Le nouveau modele a été utilisé pour étudier desfiert de zinc dans la région de
Kempen (a la frontiére entre la Belgique et lessPBgs). Il s’agit d’'un site fortement pollué
par les métaux lourds rejetés par les fonderieginle existant dans la région. Une étude
paramétrique a été conduite pour déterminer lailsétésdu modéle a une variation de ses
parametres hydrologiques ou géochimiques. La cdivitéchydraulique du sol (¥, la teneur
en eau a saturatiog et la teneur en eau initiale du s}, sont les paramétres les plus
influents pour le modéle d’écoulement d’eau. Le atedractionnaire de transport de soluté
est sensible a la variation de I'ordre fractioneale dérivationd) et a celle du coefficient de
dispersion (D). Le pH est le facteur déterminantrple modele géochimique, suivi par la

concentration en SO et en CG. L'effet des cations Al, Mn?* et Fé" n'est pas significatif.

Mots-clés : Fractionnaire, FADE, ADE, transportpgémie, zinc, spéciation



Abstract

Many previous studies showed that the classicattn-dispersion equation (ADE)
is not capable to well simulating solutes transpothe heterogeneous field soil and it does
not take into consideration the speciation of thlates in the geochemical soil system.

In this thesis, new fractional hydro-geochemicadel was proposed for simulating
the transport and speciation of heavy metals inuhsaturated soil zone at the steady-
unsteady state. This model was proposed for overagprhe limitations of the classical
advection dispersion model (ADE).

At the steady state, the analytical solution ef fitactional advection dispersion model
(FADE) was coupled by MATLAB code with the geocheatireactions model and the new
model was validated with experimental data.

At the unsteady state, new numerical solution ADE was proposed and coupled
with the water flow model and the geochemical modATLAB code was written for the
new model and the well known transport models HYIRLD and HP1 were used for testing
the applicability of the new model.

The validation results showed that the new fraaidydro-geochemical model well
simulates the transfer of solutes in the unsatdratél zone and it is capable to giving more
details about the forms (species) of the solutésa@rgeochemical soil system.

The new model was used for studying the trandfema in the Kempen region (in the
border between Belgium and the Netherlands); #g#on is heavily polluted by heavy metals
emitted from the zinc smelters existing in the oagiThen, a sensitivity analysis was made
for determining the sensitivity of the new model fine hydrological and geochemical
parameters. Soil hydraulic conductivity (Ks), sated soil water contenég) and initial soil
water contentdini) are the most affecting factor for the wateswil model. The fractional
solute transport model was sensitive to the vadfiéise fractional ordera) and the dispersion
coefficient (D). pH value is the most affecting gkeemical factors followed by the

concentration ofSQ, Clrandco? . There was no significant effect of the other masi

(AI* ,Mn* Fe*).

Key words: Fractional, FADE, ADE, Transport, Geemical, Zinc, Speciation.
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General introduction

Heavy metals are by-product of many industrialcpeses. They are one of the
contaminant groups of concern to the environmeattdiutheir toxic effects on human health.
Adequate techniques are needed to provide goomadss of the movement of contaminants
after they are released into the subsurface systerasses their environmental effects.
Achievement of this objective requires careful pegdn of the physico-chemical interaction
of the heavy metals solution with soil. This, ofucge, requires an appreciation of the
mechanisms of contaminant transport through soils.

The advection — dispersion equation (ADE) is orieth® most commonly used
equations for describing the contaminant transporthe porous media. Many studies
indicated that good results can be obtained witlEA® simulate the contaminant transport in
homogeneous media. However, natural porous mediaa@uifers usually are heterogeneous.
Accumulated researches showed that the traditidB& associated with Fickian diffusion is
no longer applicable to the anomalous diffusiohaterogeneous media. Therefore, fractional
advection-dispersion equation (FADE) was derived ased to simulate the non-Fickian
transport process. The basic idea of the FADEastte dispersion flux is proportional to the
fractional derivative gradient of the contaminardncentration, and the effect of the
heterogeneity of the porous media on contaminaatssport is reflected by the exponent of
the fractional derivative.

Furthermore, the existing transport models havenymbmitations such as: (1)
dissolved concentration of each component is predicegardless of the speciation effects of
the other contaminants along the flow path, (2)sporchemical interactions among the
heavy metals solutions, other contaminants and smiface properties (cation exchange
capacity, surface area) cannot be simulated, &)grofile of the heavy metals partitioning (
dissolved in aqueous phase and adsorbed or pedegbiton the soil surface) cannot be
predicted. On the other hand, the geochemical modensider all chemical reactions
including aqueous complex, reduction/oxidation,ddmase reactions, sorption via surface
reactions and precipitation/dissolution. It doe$ pvide the partitioning of heavy metals
with time and space unless coupled to a suitablesfrort model.

This study aims to developing a coupled fractiosalute transport and chemical
equilibrium speciation model which accounts for tafsthe hydro-geochemical interactions
of heavy metals with the homogeneous and heterogensoils. Also, to predict long term
migration and retention of a heavy metals soluitrda the soils through the proposed model,

suitably calibrated with the experimental data.



General introduction

To achieve these objectives and goals, varioks tagl be performed. These include:
(1) reviewing the existing geochemical/transportdeis, (2) formulating the coupled
fractional hydro-geochemical model, (3) programntimg solution of the proposed model by
using MATLAB programming language, (4) validatinget model by using experimental
results, and (5) application of the proposed foal hydro-geochemical transport model for
simulating heavy metals transport in the unsatdratel zone.

In this study, zinc will be selected as a samgdldh@avy metals depending on its
mobility and its wide uses and production.

The thesis consists of four chapte@hapter onesummarizes theoretical basics and
literature review. This chapter consists of fouct®ms: zinc contamination; geochemical
reaction models; water flow models; and fractioadVection dispersion modélhapter two
shows the formulation of the fractional model cagplwith the geochemical model at the
steady state. It contains also the analytical swist of each model with the coupling
procedure. These models are validated with thererpatal dataChapter threeshows the
formulation of the soil water flow model, fractidnaolute transport model and the
geochemical model at the unsteady state. It contdi@ numerical solution procedures at its
validations. Chapter fourrepresents the application of the fractional hygkeochemical
model for predicting zinc migration in the unsatachsoil zone. This chapter consists of three
sections: site description, parameters estimats@msitivity analysis (for the water flow
model, fractional solute transport model and thechemical reactions model). In the end,

general conclusions and recommendations for fugheties will be proposed.
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Theoretical Basics and Literature Review



Chapter one Theoretical basics and literatrgview

1.1Introduction

The term heavy metal refers to any metallic chehgtament that has a relatively high
density and is toxic or poisonous at low concernst Examples of heavy metals include mercury
(Hg), cadmium (Cd), Arsenic (As), Chromium (Cr),allilum (TI), Lead (Pb), and zinc (Zn).

Heavy metals are natural components of the Eactist. They cannot be degraded or
destroyed. They enter our bodies via food, drinkirder and air. As trace elements, some heavy
metals (e.g. copper, selenium, zinc)) are essetiaiaintain the metabolism of the human body.
However, at higher concentrations they can leadoisoning. Heavy metal poisoning could result
from drinking-water contamination (e.g. lead pipdsyh ambient air concentrations near emission

sources, or intake via the food chain.

Heavy metals are dangerous because they tenddodoimulation. Bioaccumulation means
an increase in the concentration of a chemical tanbe in a biological organism over time,
compared to the chemical's concentration in theremment. Compounds accumulate in living
things any time they are taken up and stored fdktar they are broken down (metabolized) or
excreted.

In this study, zinc was selected as a sample ofyheeetals. This selection is related to its
mobility in the soil and groundwater, its large gweotion and uses, its toxicity, and the data base
available about it.

1.2 Literature review of zinc

1.2.10rigin of zinc
Zinc is a naturally occuring element found in #ath’s surface rocks. Because of its

reactivity, zinc metal is not found as a free elem& nature. There are approximately 55
mineralized forms of zinc. Zinc appears in group df the periodic table and has two common
oxidation state, Zhand Zri% Zinc forms a variety of different compounds swachzinc chloride |
zinc oxide, and zinc sulfate§oodwin 1998 Ohnesorge and Whilhelm 1991

Zinc is a blue-white metal that burns in air wathbluish-green flame. It is stable in dry
air , but upon exposure to moist air, it becomegped with a film of zinc oxide or basic carbonate
[e.g. 2ZnCQ.3Zn(OHY))] isolating the underlying metal and retardingtiartcorrosion.
In solution, four to six ligands can be coordinabath zinc ion. Zinc has a strong tendency to react
with acidic, alkaline, and inorganic compound. ®irminc is amphoteric (i.e., capable of reacting
chemically either as an acid or base), it also fomincates (e.g. [Zn (OHH,O] and [Zn (OH)?])
(Goodwin 19980hnesorge and Wilhelm 1991)
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Zinc rarely occurs naturally in its metallic stabeit many minerals contain zinc as a major
component from which the metal may be economicaitpvered. The mean zinc levels in soils and
rocks usually increase in the order: sand (10 m8¢kg), granitic rock (50 mg/kg), clay (95 mg/kg)
and basalt (100 mg/kgih@riano, 1986.

Sphalerite (ZnS) is the most important ore mineat the principal source for zinc
production. The main impurities in zinc ores ammi{1-14%), cadmium (0.1-0.6%), and lead (0.1—
2%), depending on the location of the depo&it$DR, 1994. The natural sources of zinc in the
environment are represented in table (1.1).

There are different anthropogenic sources whiakas zinc to the environment. Table (1.2)
represents the sources and amounts of zinc releasies environment ( air, water and soil)iofyd
and Showak, 1984Fishbein, 1981 Nriagu and Pacyna, 198%EZI ,1996 ILZSG, 1995
OSPARCOM, 1994 Boutron et al.,1995Mortred and Gilkes,1993Porter,1995 Spence and
McHenry, 1993 .

The average natural level of zinc in the earthistcis 70 mg/kg (dry weight), ranging between
10 and 300 mg/kg. At some locations, zinc has lme@centrated to much higher levels by natural
geological and geochemical processes. Such coatiens, found at the earth's surface and

underground, are being exploited as ore bodies.

Due to natural erosion processes a small but segmif fraction of natural zinc is continuously
being mobilized and transported in the environm¥®&icanic explosions, forest fires and aerosol
formation above seas also contribute to the nattaabport of zinc. These processes cause cycling

of zinc in the environment, resulting in naturatkground levels in the air, surface waters and soil

The zinc concentration in water depends on a mdkitof factors such as the nature and age of
the geological formations through which the watéows, together with biological and
physicochemical conditions. The natural zinc levelthe environment are shown in table (1.3).

Table (1.1): Natural sources of zinc in the envinemt

Natural sources of zinc Quantity (tones/year) Refance
Soil erosion 915 000 GSC (1995)
Windborne soil particles 19000 Niragu (1989)
Igneous emission 9600 Niragu (1989)
Forest fires 7600 Niragu (1989)
Biogenic emissions 8100 Niragu (1989)
Sea salts spray 440 Niragu (1989)
Natural continental and volcanic dugt 35800 Lantzy and MacKnezie (1979)
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Table (1.2): Anthropogenic Input of zinc to the eamment (different references)

Source category | Zn
Worldwide emission of zinc to atmosphere {Kdlyear)
Coal combustion 1.085-11.88
Oil combustion 174-2506
Non- ferrous Metal production
- mining 310-620
- Pb production 195-468
- Cu-Ni production 4250-8500
- Zn-Cd production 46000-82800
Secondary non-ferrous Metal production 270-1440
Steel and iron manufacturing 7100-31950
Refuse incineration
- municipal 2800-8400
- sewage sludge 150-450
Phosphate fertilizers 1370-6850
Cement production 1780-17800
Wood combustion 1200-6000
Miscellaneous 1724-4783
Total emissions 70250-193500
Median value 131-880
Worldwide Inputs of zinc into aquatic Ecosysteff Kiy/year)
Domestic wastewater 9-50
Steam electric 6-30
Mining and addressing 0.02-6
Smelting and refining 2-24
Manufacturing processes
- metals 25-138
- chemicals 0.2-5
- pulp and paper 0.09-1.5
- petroleum products 0-0.24
Atmospheric fallout 21-58
Dumping of sewage sludge 2.6-51
Total input, water 77-375
Median value 226
Worldwide emissions of zinc into soil C1k@/year)
Agricultural and food waste 12-15
Animal wastes, manure 150-520
Logging and other wood wastes 13-65
Urban refuse 22-97
Municipal sewage sludge 18-57
Miscellaneous organic waste including excreta @3-
Soil wastes, metal manufacturing 2.7-19
Coal fly ash and bottom fly ash 112-484
Fertilizer 0.26-1.1
Peat (agricultural and fuel uses) 0.15-3.5
Wastage of commercial products 310-620
Atmospheric fallout 49-135
Smelter slags and wastes 310-620
Total input, soils 689-2054
Median value 1372
Mine tailings 194-620
Total discharge on land 1193-3294
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Table (1.3): Natural zinc levels (total zinc) iretenvironment\{an Assche et. al.19%6

Natural Environment Range

Air (rural) (ug/n?) 0.01-0.2
Soil (general) (mg/kg dry weight) 10-300
Rocks (ppm)

* basaltic igneous 48-240

e granitic igneous 5-140

» shales and clays 18-180

* sand stones 2-41

 Dblack shales 34-15000
Surface Water (ug/l)

» Coastal seas/inland seas 0'0002'2'06

* Freshwater: 5-40

* Alluvial lowland rivers rich in nutrient
and oligo elements (e.g. European
lowland) <10
* Mountain rivers from old strongly
leached geological formation (e.g. Rogky

Mountains) 0.09-0.3 (dissolved)
» Large Lakes (e.g. Great Lakes)
* Zinc enriched streams flowing through >200

mineralization area

1.2.2Production and Utilization

Zinc ore has been used for the production of bsasse 1400. In Europe, the production of
elemental zinc started in 1743. World mine proabuncof zinc was 7 140 000 tones in 1992 and 7
089 000 tones in 1994J6 Bureau of Mines, 1994LZSG, 1995. Secondary zinc production
constitutes about 20-30% of current total zinc pobidn (1.9 million tones in 1994). Taking the
historical consumption and produce life cycles @favered zinc products into account, recovery
rates have been estimated to be as high as 80%xzimmnsheet and coated steétX [, 19969.

Zinc metal is used as a protective coating of otheralmesuch as iron and steel. Some
example of galvanized materials includes nails,ew#bwers, and electrical transmission towers.
Because zinc metal lacks strength, it is frequeatlpyed with other metals (e.g., aluminum,
copper, titanium, and magnesium) to impart a raofyeroperties. When the zinc metal is the
primary component of the alloy, it is called a ‘@base” alloy, which is primarily used for casting
and wrought applications. Other important appl@matiof zinc alloys are in dye-casting,
construction, and in other alloys (e.g. Brass amdnBe) which may be found in electrical

components of many household goo@sddwin 1998.

-6-



Chapter one Theoretical basics and literatrgview

Zinc chloride is used in wood preservation, solder fluxes, antebas. Solution of zinc
chloride is widely used in mercerizing cotton asdaamordant in dying. In medicine, zinc chloride
is used as an antiseptic, disinfectant, deodonadhtia dental cement, in rubber vulcanization, and
oil refining (Goodwin 1998. Zinc chloride is a primary ingredient in smokeantbs used for crowd

dispersal, in fire-fighting exercises (by both maity and civilian communities).

Zinc oxide accounts for the largest use of zinc compounds,isnged primarily by the
rubber industry as a vulcanization activator anzkebarator and to slow rubber aging by neutralizing
sulfur and organic acids formed by oxidation. laiso acts in rubber as a reinforcing agent, a heat
conductor, a white pigment, and an absorber of Ig¥tl In paints, zinc oxides serve as a mild
waste, acid buffer, and a pigment. It is used imahfeed as a zinc supplement and as fertilizer-
additive for zinc- deficient soils. Zinc oxide isad in cosmetics and drugs primarily for its
fungicide properties, and in dentistry in dentameats. It is also used in ceramics, in glass
manufacture, as a catalyst in organic synthesisjranoated photocopy papé&dgodwin 1993.

Zinc sulfate is used in fertilizers, sprays, and animal feec dsace element and disease-
control agent. It is used in the manufacture oforayin textile dying and printing, in flotation
reagents, for electro galvanizing, in paper bleaghand in glueGoodwin 1993.

1.2.3Toxicity of Zinc and Zinc Compounds

Zinc is an essential element. The recommenddg aliowance is 15 mg for adult males, 12
mg for adult females, 15 mg for pregnant womenyi®for nursing mothers during the first six
months and 16 mg during the second six months, d@omchildren older than 1 year, and 5 mg for
infants 0-12 months oldNRC, 1989.

Oral Exposures

Gastrointestinal distress is a common symptomcateaoral exposure to zinc compounds
(ATSDR, 1993, particularly when zinc salts of strong minereida are ingesteds{okinger, 198)L
Accidental poisonings have occurred as a resulh@therapeutic use of zinc supplements and from
food contamination caused by the use of zinc gaeancontainers. Symptoms include nausea,
vomiting, diarrhea, and abdominal cramg@dokinger, 1981Elinder, 198¢. The concentration in
drinking water that can cause an emetic effectaarfigpom 675 to 2,280 ppnSiokinger, 198}
Severe toxic effects have also been reported iascatingestion of zinc chloride. A single dose
(amount not reported) caused burning in the mouth throat, vomiting, pharyngitis, esophagitis,

hypocalcaemia Ghobanian, 1981 One of the most toxic inorganic zinc compoundstlhe
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rodenticide zinc phosphide, which releases phogpbas under acidic conditions in the stomach.
Poisonings with this substance can result in vamjtianorexia, abdominal pain, lethargy,
hypotension, cardiac arrhythmias, circulatory qudka pulmonary edema, seizures, renal damage,
leukopenia, and coma and death in days to wedksk, 1989. The estimated fatal dose is 40
mg/kg.

Inhalation Exposures

Inhalation exposure to high concentrations of same compounds can result in toxic effects
to the respiratory syster{SDR, 1993. Inhalation of zinc oxide fumes has been assediavith
"metal fume fever"Bertholf, 1988 characterized by nasal passage irritation, cotades, headache,
altered taste, fever, weakness, hyperpnoea, swegiains in the legs and chest, reduced lung
volume, and decreased diffusing capacity of canmamoxide. Hives and angioedema were also
reported in one casé&drrell, 1987. General symptoms can appear at concentrat®iewaas 15
mg/nt. A concentration as high as 600 mg Zhfor only a few minutes can cause effects in sévera
hours. Leukocytosis is a secondary effect thatbeen reported in cases of "metal fume fever"
(Sturgis et al., 192Malo et al., 1991

Inhalation of zinc chloride can cause nose andathirritation, dyspnea, cough, chest pain,
headache, fever, nausea and vomiting, pneumotharak acute pneumoniti$T{l, 1988, ATSDR,
1994 Nemery, 1990 More severe effects include ulcerative and edeus changes in mucous
membranes, subpleural hemorrhage, advanced pulynfibasis, and respiratory distress syndrome.
Fatalities have occurred in some accidental expssétinder, 1986 Hjortso et al, 1988 a 4,800
mg/nT for a 30-min exposure has been reported for itaride Stokinger, 198)L

Other Source of Exposure

Exposure to zinc-chromium compounds from galvahiieel was considered to be partially
responsible for an outbreak of irritant hand deitisatvhich affected 24 of 41 employees working on
a new assembly line of an electronics fact@suynzeel et al, 1988

When administered parenterally, zinc depresseseh&al nervous system, causing tremors

and paralysis of the extremitieStokinger, 198)L

1.2.4Zinc releases to the environment in France

Air (CITEPA, 2009
Zinc emissions decrease since 1990: 2031 tone849a tersus 1339 tones in 2002 (-34%). The

main source of zinc emissions is the manufactuindgstry (80% of total emissions in 2002) and,
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to a lesser extent, energy conversion (15% of tetalssions generated by household waste
incineration plants with energy recovery) and restdl/tertiary (6%). Produced by the combustion
of coal and residual oil, zinc emissions are alsnegated by industrial processes in the iron and
steel industry (86%), non-ferrous metallurgy (8%)dawaste incineration (2%). Significant

improvements have been carried out in the ironstadl industry since 1990. The amount of zinc

releases to atmosphere in France is describetlm (a.4).

Table (1.4): Zinc releases to the atmosphere inderétones/yeardITEPA, 2004

years Transformation Industnal_ Residential | Agricultural | transports | total
Energy manufacturing

1990 204 1727 99.1 0.7 0.1 2031
1991 224 1529 122.2 0.7 0.1 1876
1992 236 1355 113.6 0.7 0.1 1706
1993 239 1154 112.3 0.7 0.2 1506
1994 231 1093 94.3 0.7 0.2 1420
1995 217 1057 96.3 0.6 0.2 1371
1996 214 1074 104.2 0.6 0.2 1394
1997 184 1203 92.8 0.6 0.2 1481
1998 172 1207 98.4 0.5 0.2 1478
1999 175 1103 94.6 0.6 0.2 1374
2000 181 1170 90.3 0.6 0.2 1442
2001 178 1118 93.6 0.6 0.2 1390
2002 181 1073 84.1 0.6 0.2 1339
2003 182 1058 84.1 0.6 0.2 1325

Water (MIQUEL, 2003)

There are 400 independent aquifers in France, dathwR0O aquifers are exploitable,
distributed on the two third of the territory, orsarface of 100 to 100 000 KnThese 200 aquifers
contain approximately 2xi®dm?® of water, of which 1% flow towards the sources and the water
courses. 7x1om?® of water withdrawals each year from these aquifefsvhich 50% for potable
water, also it covers 63% of domestic demands, @8D&gricultural demands, and 25% of industrial

demands.

The maximum concentration of zinc (from naturafor) observed in French groundwater
was 2160 pg/l (the potablisation limit is betwe®9-5000 pg/l)

Zinc concentration in the rainfall water was betwée1-20 mg/l in Paris ( in 1994).The
principle industrial zinc discharge in water was:tbnes to Rhine River, 16 tones to Seine River,
21 tones to Deule Canal, 20 tones to Mediterraises and 15 tones to the North Sea.
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Soll

Baize (2000)eported the median zinc contents of soils ofedéht textural classes: sandy
soils 17 mg/kg, silty soils (<20% clay) 40mg/kgatoes (20-30% clay) 63.5 mg/kg, clayey soils (30-
50% clay) 98 mg/kg and very clayey soils (>50% k32 mg/kg.
Maisonneuve and Vigonles (200@stimated the average amount of zinc dischargesbiloby
760x10 tons. They found that 61% of zinc in soil is fragricultural wastes, 20% from urbane
wastes, 18% from atmospherically sediments, andrb® manurePerrono (2002jneasured the

average zinc content by horizon and the resultstaoen in table (1.5).

Table (1.5): Average zinc content by horizon (mgdkg soil) Perrono, 200Q

Horizons pH Zinc
Horizon 0-20 cm 5.7 60
Horizon 20-40 cm 59 62
Horizon 40-80 cm 6.6 69
Summary

Heavy metals are natural components of the earth'st. They are dangerous because they tend
to bioaccumulation. Zinc was selected in this stadya sample of heavy metals. Zinc metal is not
found as the free element in nature but there aproaimately 55 mineralized forms of it.

Sphalerite (ZnS) is the most important ore minaral the principle source of zinc production.

In 1994, the total world production of zinc was 3880’ tones and the consumption was
6895x10 tones. Zinc metals and compounds are used in pi@ecoating of other metals,
batteries, cotton industry, medicine, rubber industpaints, fertilizers, cosmetics, glass
manufacture, sprays, textile,...etc.

35800 — 45000 tones/year of zinc enter the envisorinfrom natural sources. While from
anthropogenic sources, 77 — 375k1i@hs/year enter the aquatic system, 70 - 20° x@Bs/year
enters the atmosphere, and 1193 — 3294°xoh@s/year enter the soil.

The natural level of zinc in air is 0.01-0.2 (udymin water 5-40(ug/l), and in soil 10-300
(mg/kg).

In France, the total emission of zinc to the atrhesp was 1325 tones (in 2003), and to water
was 88 tones (in 2003), and to soil was 760 00@dqm 2000). Also, the concentration of zinc
observed in the French groundwater was 2160 (uayil), the average concentration of zinc in the

French soils was 17-132 (mg/kg).
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1.3Geochemical Reactions Modeling
1.3.1Introduction

To predict contaminant transport through the sulser accurately, it is essential to
developing a mathematical model for the geochemmalcesses affecting the contaminant
transport. Dissolution/precipitation and adsorpftil@sorption are the most important processes
affecting contaminant interaction with soils. Dikgmn/precipitation is more likely to be a key
process where chemical non-equilibrium exists. Agtson/desorption will likely be the key
process controlling contaminant migration in ardeex chemical equilibrium exists.

Solute transport modelers are commonly provided wiite total concentration of a dissolved
substance in a contaminant plume. They give littght into the forms in which the metals are
present in the plume or their mobility and bioaability. Contaminants can occur in a plume as
soluble-free, soluble-complexed, adsorbed, orgdyicamplexed, precipitated, or co-precipitated
species $posito, 198P Before discussing the geochemical processes dbatribute to the
formation of these species and their potentialcéfdm contaminant transport, a brief review of the
methods of handling chemical equilibrium is dis@agsbelow.

1.3.2Chemical Equilibria
Some chemical reactions in soils proceed with cigffit speed that equilibrium relationships

are immediately attained. Other reactions proceesl@avly that final equilibrium is probably never
attained. Regardless of the rate at which equilibris attained, equilibrium relationships are ukefu
for predicting chemical changes that can or canootr. Equilibrium provides a reference point for
predicting which chemical reactions can take plemgardless of the rate at which they occur
(Lindsay, 200). Equilibrium constant for the reaction:

nSQ— Zit + S@ ............. 1.1

can be expressed as:

=lzsal 12

[2n* ][5 ]

In general, for the following reaction:

aA+bB——=cC+ dD e 1.3
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The equilibrium constant can be expressed as:

_[AI[8]
LT or

The ionic strength is defined as:
= 1Zci zz 1.5
2

wherep is the ionic strength, és the concentration in moles/liter of ion i,iZ the valency of that
ion, and)’ indicates that the product of each ion and itemey squared is summed for all ions

solution. The ratio of the activity of an iont® its concentration, ¢s called the activity coefficient

Yi-

}/i:

o |
-
(o))

Knowingy; we are able to convert from concentration to attéigj and vice versa.

The Debye-Hickel theory of estimating activity daménts is based on laws of
electrostatics and thermodynamics. In essencesitraes that ions behave like point charges in a
continuous medium with a dielectric constant eqodhat of the solvent. The resulting equation for

calculating activity coefficients of simple ionsaqueous solutions is

1/2

logy, =-AZ>u"* ... 1.7

where A=0.509 for water at 25. By extending the Debye-Hiickel theory to accofant the
effective size of hydrated ions, a more precisea@qn is obtained, that is,

/,11/2
— L 1.8
1+Bd, 12

logy, =-AZ?
where B = 0.328 x Fofor water at 2%C, d value for Zii* is 6. Davis (1962) proposed the following
equation:

lﬁm
1+ﬂ1/2

logy :—AZiZ( —0.3/1] ........ 1.9

The latter equation is often used in preferenci¢oextended Debye-Huckel equation because the

single variable is more adopted to simplify caltiolas.
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|. Agueous complexation

The soil solution is defined as the aqueous liquindse of the soil and its solutes. The
majority of solutes in the soil solution are iomghich occur either as free hydrated ions, or as
various complexes with organic or inorganic ligan@ike equilibrium constant can describe the
distribution of a given constituent among its pbksichemical forms if complex formation and
dissociation reactions are at equilibrium. The tamsis affected by the ionic strength of the
agueous phase and temperature.

The most common complexing anions present in greater are HC@, CQO;*, CI, SQ?, and
humic substances (i.e., organic materials). Passbtcomes of lowering the activity of the free
species of the metal include lowering the poterftaladsorption and increasing its solubility, both
of which can enhance migration potential. On theeohand, some complexants (e.g., humic acids)

readily bond to soils and thus retard the migratibthe complexed metals.

[l. Redox Reactions

An oxidation reduction (Redox) reaction is a clehreaction in which electrons are
transferred completely from one species to anofftee.chemical species that loses electrons in this
charge transfer process is described as oxidizetltree species receiving electrons is described as
reducer.

The electron activity is a useful conceptual deVaredescribing the redox status of aqueous
systems, just as the aqueous proton activity issedul for describing the acid — base status d$soi
Similar to pH, the propensity of a system to bed@ad can be expressed by the negative common
logarithm of the free-electron activity, pE:

pE = -log (& U I 0

the range of pE in the natural environment variesvben approximately 7 and 17 in the vadose
zone Gposito, 1980 The most important chemical elements affectedelolpx reactions in ambient

groundwater are carbon, nitrogen, oxygen, sulfanganese, and iron.

[ll. Adsorption
Adsorption reactions of zinc in soils are importemuunderstand the solid and liquid phase

interaction determining the release and fixationapplied zinc and thereby the efficiency of
fertilization. The physico-chemical properties pkkey role in influencing the process. Because of
the heterogeneity of soils, adsorption isothermes tgpically different for different soils and

13-
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elements. Sorption is a physical and/or chemicatgss in which a substance is accumulated at an
interface between phases. The overall rate of imorpaf metals on a soil matrix depends on
composition (density, surface area) of the soihcemtration of adsorbate (metal ion) in solution,
soil to solution ratio, contact, pH, and temperatu number of different equations can be used to
predict theoretical adsorption capabilities forfetiént adsorbents. Some of these equations are

illustrated below:

Kd Adsorption Model

Kdis defined as the ratio of the concentration ofahlebund on the surface to total dissolved metal
concentration at equilibrium. That is,

_[SOH. M]

K, L

where [SOH+«M] represents the concentration of guigmr sites occupied by an ion M or surface-
bound metal and [Mjs the total dissolved equilibrium concentratiorivbf

Langmuir Adsorption Model

The Langmuir sorption isotherm has been succegsfafiplied to many pollutants sorption
processes and has been the most widely used soiptitherm for the sorption of a solute from a
liquid solution. A basic assumption of the Langmihieory is that sorption takes place at specific
homogeneous sites within the sorbent. It is thesuragd that once a metal ion occupies a site, no

further sorption can take place at that site. TAegmuir isotherm model can be written as:

q = InK.C.
° 1+K,C,

The above equation can be rearranged to the falplimear form:

&ZL-'_—]-Ce

9. K. dn
where G is the equilibrium concentration (mg/dmae is the amount of metal ion sorbed (mg/g);

Om is @& for a complete monolayer (mg/g)x 6 sorption equilibrium constant (dfmg). A plot of
Cde versus Gshould indicate a straight line of slope1and an intercept of 14gm.
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Freundlich Adsorption Model

Freundlich isotherm is the oldest and most widelgduadsorption equation for solid—liquid system.

The empirically derived Freundlich isotherm cardeéned as follows:

Where @ is unit of adsorbate added per unit of adsorberKg), Ce is equilibrium concentration
of adsorbate in solution (mg/LKr andn can be determined experimentally by determining the
degree of adsorption. @t different concentratiorS.. The information can then be plotted using the

following equation.

logq, =logK, +£IogCe S I £
n

lon Exchange Model

lon exchange sorption is defined as the processhigh an ion from solution is exchanged for one
on the solid surface. The relative abilities ofuselion species to compete for surface sites are
governed by intrinsic factors and their solutiotivaties. The ion exchange model assumes that the
surface site is initially occupied by an exchandeabn that is released into solution during the
exchange process. The ion exchange reaction armbritesponding mass action equation can be

expressed as

CaX + Zrif" —= ZnX+ C& ........... 1.16

Zn** replaces Cd from the exchange site X. The equilibrium constéfy,) for this exchange
reaction is defined by the equation:

_[ca][znX]

= Tz foax] 1.17

There are numerous ion exchange models and thedeaoeibed by Sposito (1984) and Stumm and
Morgan (1981).
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IV. Precipitation

The precipitation reaction of dissolved species ispecial case of the complexation reaction in
which the complex formed by two or more aqueou<iggeis a solid. Precipitation is particularly
important to the behavior of heavy metals in sodemndwater systems. As an example, consider the

formation of a sulfide precipitate with a bivaleation (M):
M*+2HS =M (HS),(3 .. 1.18

The equilibrium constantd, is:

_ M), ] _ 1

e es T [ s T

By convention, the concentration of pure solid ghasset equal to unityS(umm and Morgan,

1996. Therefore, the solubility product is:

Precipitation and co-precipitation is more likety dccur in the high salts concentration and large
pH gradient environment. Solubility models are thedynamic equilibrium models and typically
do not consider the time (i.e. kinetics) requireddissolved or completely precipitate. When
identification of the likely controlling solid isifficult or when kinetic constraints are suspected,
empirical solubility experiments are often perfothte gather data that can be used to generate an
empirical solubility release model.

1.3.3Chemical Reactions Codes

A chemical reaction model is defined as the integmaof mathematical expressions
describing theoretical concepts and thermodynagiationships on which the aqueous speciation,
oxidation/reduction, precipitation/dissolution, aadsorption/desorption calculations are based. A
chemical reaction code refers to the translatiom @hemical reaction model into a sequence of
statements in a particular computer language. Mb&mical reaction models are based on

equilibrium conditions, and contain limited or nadtic equations in any of their sub-models.

-16-



Chapter one Theoretical basics and literatrgview

Numerous reviews of chemical reaction codes haem Ipeiblished. Some of the more extensive
reviews include those byenne 1981Kincaid et al. 1984 Mercer et al. 1981, Nordstromet al.
1979 Nordstrom and Ball 1984Nordstrom and Munoz 198%°otter 1979 and others. These
reviews have been briefly describedSerneet al., 1990 The reviews discuss issues such as: (1)
Basic mathematical and thermodynamic approachésatearequired to formulate the problem of
solving geochemical equilibria in aqueous solutjof23Applications for which these codes have
been developed and used, such as the modeling swr@thn equilibria, complexation and
solubility of trace metals, equilibria in brine sbbns and high-temperature geothermal fluids, mass
transfer, fluid flow and mass transport, and retdakance of aqueous solutions,(3) Selection of
thermodynamic data and development of thermodynatatabases, (4)Limitations of chemical
reaction codes, such as the testing of the equitibassumption, application of these models to
high-ionic strength aqueous solutions, the religbf thermodynamic databases, and the use of
validation to identify inadequacies in the conceptmodels developed with chemical codes. Table
(1.6) provides a sampling of some chemical reaatmes that have been described in the literature
and mentioned in published proceedings, suckrdal 198% Jackson and Bourcier 198&acobs
and Whatley 1985Jenne 1979 oeppertet al. 1995 Melchior and Bassett 1990

Table (1.6):Chemical reaction models described in the litegtur

ADSORP EQUIL MINTEQ

AION EQUILIB MINTEQAL SOILCHEM
ALCHEMI EVAPOR MINTEQA2 SOLGASWATE
AQ/SALT FASTCALC MIRE R

ASAME FASTPATH MIX2 SOLMNEQ
BALANCE GEOCHEM NOPAIR SOLMNEQ.88
C-Salt GEOCHEM-PC PATH SOLVEQ
CHEMIST GIBBS PATHCALC SYSTAB
CHEMTRN GMIN PATHI THERMAL
CHESS HALTAFALL PHREEQE WATCH1
COMICS HARPHRQ PHRQPITZ WATCHEM
DISSOL HITEQ REDEQL WATEQ
ECES HYDRAQL REDEQL.EPAK WATEQ?2
ECHEM IONPAIR REDEQL?2 WATEQ3
EHMSYS KATKHE RIVEQL WATEQ4F
EQ3 KATKLE1 SEAWAT WATEQF
EQ3NR MICROQL SENECA WATEQFC
EQ6 MINEQL SENECA2 WATSPEC
EQBRAT MINEQL2 SIAS

Nordstrom and Ball, 1984liscuss the issue of why so many chemical reactmles exist.
They attribute this diversity of codes to (1) inqdate documentation, (2) difficulty of use of some

chemical codes, and (3) the wide variety of cakioita requirements that include aqueous
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speciation, solubility, and/or adsorption (calcigias for aqueous systems that range from simple,
chemical systems associated with laboratory exmarisnto complex, multi-component systems
associated with natural environments). No singldecoan do all of the desired calculations in a
perfectly general way.

Jenne, 1981 divides chemical reaction codes into 2 generdegmies: aqueous speciation-
solubility codes and reaction path codes. All & #yueous speciation-solubility codes may be used
to calculate aqueous speciation/complexatiand the degree of saturation of the speciated
composition of the aqueous. Chemical reaction cosiesh as WATEQ, REDEQL, GEOCHEM,
MINEQL, MINTEQ, and their later versions, are exdespof codes of this type.

Reaction path codes include the capabilities teutale aqueous speciation and the degree of
saturation of aqueous solutions, but also pernat dilmulation of mass transfer due to mineral
precipitation/dissolution or adsorption onto adsmis as a function of reaction progress. Examples
of reaction path codes include the PHREEQE, PATHCA&nd the EQ3/EQ6 series of codes.
Adsorption models incorporated into chemical reacttodes include non-electrostatic, empirical
models as well as the more mechanistic and da&msive, electrostatic, surface complexation
models. Examples of non-electrostatic models irelilng partition (or distribution) coefficient {K
Langmuir isotherm, Freundlich isotherm, and ion he@e models. The electrostatic, surface
complexation models (SCMs) incorporated into chainreaction codes include the diffuse layer
model (DLM) [or diffuse double layer model (DDLM)¢onstant capacitance model (CCM), Basic
Stern model, and triple layer model (TLM). Sometled chemical reaction codes identified in the
reviews by Goldberg, 1995 and Davis and Kent, 1990as having adsorption models include
HARPHRE @rown et al, 1991, HYDRAQL (Papeliset al, 198§, SOILCHEM @Sposito and
Coves, 1988 and the MINTEQ series of chemical reaction codes

1.3.4Speciation of zinc in the soil solution

The mobility and the bioavailability of a trace mletdepend not only on his total
concentration but also on his speciation in a solution. The total amount of zinc in soils is
distributed over five fractions. These compris@:tfie water soluble fraction which is present ia th
soil solution, (2) exchangeable fraction in whidms bound to soil particles by electrical charges,
(3) organically bound fraction: ions adsorbed omptexed with organic ligands, (4) fraction of
zinc sorbed (non-exchangeable) onto clay minenatk iasoluble metallic oxides, (5) fraction of
weathering primary mineralg\(oway,20049).

It is only the zinc in the soluble fractions andgh from which ions can be desorbed which
are available to plants and which are also potiieachable in water percolating down through
the soil profile. The distribution of zinc betwedimese forms is governed by the equilibrium
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constants of the corresponding reactions in whigic 2s involved. These reactions include
precipitation and dissolution, complexation andaeplexation, adsorption and desorption.

Figure 1.1 illustrates the chemical equilibria be¢w zinc and the main soil components,
where A is an ion, L is an organic ligand, and BAumic acid.

The main parameters controlling the interactiongin€ are: (1) the concentration of Zn
and other ions in the soil solution, (2) the typed aamount of adsorption sites, (3) the
concentrations of all ligands capable of formingaso-zinc complexes, and (4) pH and redox

potential of the soil.

K , K
Adsorbed AL 94 .
exchangeable — Zn + L =
Liquid phase
+ + -
2K Ky
H,0 — H* + OH- L A- + H* L2 HA
""""""""" ZK [\XK
R Solid phase
Zn(OH), ZnL ZnA,

Figure (1.1): Chemical equilibria between zinc aod componentsKiekens, 199%

Kabata-Pendias and Pendias, 19%9@ported, from values in the literature, that the
concentration of soluble zinc in soil ranged frof82D ppb (pg/l) which is very low compared with
average total concentration of around 50-80 ppm/ljmBowever, in very acid soils, soluble
concentrations of 7137 ug/l have been found, intigathat solubility is strongly, but inversely

linked to soil pH. According t&iekens (1995)the reaction

Soil - Zn+2H' = zr?* Log=58 ... 1.21

can be expressed as :
logZf*=58—-2pH or pZh=2pH-5.8 ..1.22
This equation shows that the activity of?Ziin soils is directly proportional to the squaretioé

proton activity. Therefore, the solubility of zimgll increase with decreasing values of soil pHeTh

solubility of several zinc minerals decreases aftillowing order:
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Zn(OH) >a-Zn(OH), > B-Zn(OH), > y-Zn(OH), > &-Zn(OH), > ZnCOs > ZnO > Zn(PQ),4H,0 >

soil Zn > ZnFeO,.

Soil pH governs the speciation of zinc in solutién.pH values below 7.7, Zf predominates but
above pH 7.7, ZnOHis the main species, and above pH 9.11 the nespaties Zn(OH)is
dominant. At pH 5 the activity of Zfiis 10* M (6.5 mg/L) but at pH 8 it decreases to 20/
(0.007 pg/L)(Kiekens, 199h

Zinc forms soluble complexes with chloride, phogphaitrate and sulphate ions, but the neutral
sulphate (ZnSg)) and phosphate (ZnHR?) species are the most important and contributiheo
total concentration of zinc in solution. The Zn8®omplex may increase the solubility of?Zin
soils and accounts for the increased availabilizioc when acidifying fertilizers are used.

Low molecular weight organic acids also form sodubbmplexes with zinc and contribute to the
total soluble concentration in a soil. The oftes@ived improvement in the available zinc status of
some deficient soils after heavy applications ofnura is probably the result of an increase in
soluble, organically complexed forms of zirigarrow, 1993 reported work which showed that
organic ligands reduced the amounts of zinc adslodmto an oxisol soil and that the effect was
most pronounced with those ligands, including huagas, that complexedinc most strongly.
Soluble forms of organically complexed zinc carutes zinc becoming increasingly mobile and
plant available in soils. In many cases, compl@xatf organic zinc with organic ligands will result
in decreased adsorption onto mineral surféelester, 199).

Zyrin et al., 1976 reported that zinc in soil is associated mainlthvinydrous Fe and Al
oxides (14 to 38% of total zinc), clay minerals (@463 %), organic complexes (1.5-2.3%), and
mobile fraction (1-20%)Kabata-Pendias and Krakowiak, 19%@ve supported these calculations,
indicating that the clay fraction control up to 6@¥xinc distribution in soil (Figure 1.2)

pH =3
]

Fe ]

——
BS ]

1]

CF ‘ ‘ ‘ ‘ ‘ !

0 10 20 30 40 50 60

%

Figure (1.2): Statistically significant relationphbetween zinc and soil parameters in mineral soils
Soil parameters: CF- clay fraction (<0.02mm), CEfian exchange capacity, BS-base saturation,
SOM-soil organic matter.
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Abd-Elfatah and Wada, 198found that the clay minerals, hydrous oxides, phdare
likely to be the most important factors controllimigc speciation in soil, while organic complexing
and precipitation of Zn as hydroxides, carbonatel sulfide compounds appear to be of much
lesser importance.

Stephan et al., 2003tudied the speciation of zinc in the soil santiThey found that 86%
of zinc in soil solution is bound to dissolve orgamatter, while about 8% is present under a free
form and 7% is present as zinc associated withgenac ion pairs.

OFree zZn(ll)
7.69
6.69 ) Zinc/inorganic ion
pairs
0O Zinc/dissolved

organic matter

85.6

Figure (1.3): Average repartition of zinc in salion of the whole dataset (n=6&téphan et al.,
2003

Dang et al. (19963tudied zinc speciation in soil solution in Veotss They showed that the
complexation of total soluble Zn by organic andrgamic ligands constituted 40% and 50%,
respectively, of total soluble zinc in fertilizedhch unfertilized soil solutions. The organo-Zn
complexes constituted <10% of the total soluble Fme inorganic Zn complexes, ZnHgCand
ZnCO;, constituted 60-75% of the total inorganic Zn ctemps. The zinc complexes with $O
and OH were less than or equal to 5% each of the totaigamic species in unfertilized soils;

ZnSQ° complexes were more common in fertilized soils.

Summary
Determination of species distributions for heavytaige contaminants is necessary to

understand the processes that control the chenuksyil-water systems. Several processes control
the thermodynamic activities of dissolved speciad, &0 some extent, their mobility in surface and
ground waters. These processes: agueous complexatipnoxidation/reduction adsorption
/desorptionand mineral precipitation/dissolution

The equilibrium constant can describe the distrdrubf a given constituent among its possible
chemical forms if complex formation and dissociatreactions are at equilibrium. The constant is
affected by the ionic strength of the aqueous phaseemperature.
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Adsorption reactions of zinc in soils are importdat understand the solid and liquid phase
interaction determining the release and fixatiorapplied zinc. The physico-chemical properties
play a key role in influencing the process. Therallerate of zinc adsorption on a soil matrix
depends on composition (density, surface area)etoil, concentration of adsorbate (zinc ion) in
solution, soil to solution ratio, contact, pH, aedhperature. A number of different equations can be
used to predict theoretical adsorption capabiliteesdifferent adsorbents. Some of these equations
are Kg model, Langmuir model, Freundlich model, and Iasoh@nge model.

There are so many chemical reaction codes (mothiesh are based on equilibrium conditions).
This diversity of codes is caused by the inadequiteumentation, difficulty of use of some
chemical codes, and the wide varity of calculatiegquirements.

Zinc in soil is associated mainly with hydrous Fel &l oxides (14 to 38% of total zinc), clay
minerals (24 to 63 %), organic complexes (1.5-2,3%) mobile fraction (1-20%).

Soil pH governs the speciation of zinc in solutitme solubility of zinc increases with decreasing
values of soil pH. Zinc forms soluble complexeswahloride, phosphate, nitrate and sulphate ions,
but the neutral sulphate (Zn$®Pand phosphate (ZnHR®) species are the most important and

contribute to the total concentration of zinc itusion.

1.4.\Water Flow in the Vadose Zone

1.4.1Formulation

Soil water flux in the vadose zone has a greatiarite on the contaminant transport in the soil.
Water flow in the vadose zone is predominantlyigalt and can generally be simulated as one-
dimensional flow Romano et al., 1998Richards’ equation (1.23) can be used for sitmgawvater
flow in the unsaturated soil zone because it hasa physical basiwén Dam, 200p

906 __03 g 1.23
ot ox

Where6 is the volumetric water content, t is time, J estev flux, x is the special coordinate, and S
is the sink term. According to Richards’ approximat the vertical unsaturated soil water flow is
traditionally simulated by combining Darcy’s lawttvithe mass conservation equation, yielding the

well known equation shown in table (1.7).
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Table (1.7): Some alternative forms of Richardsiapn {Varrick, 2003

Equation Basis
1. %:iD (@j—a—K 0-based, 1-D
ot o0z 0z 0z
2. CﬁziK(%j—a—K h-based, 1-D
ot o0z 0z 0z

d60g_0d'p_oK

depot 0z° 0z _
3. matric flux-basedD1

h 8
= [ Kdnh=[ Ddg
—00 0

O%p- a9? =
4, 0z matric flipased, steady state, K exponential with| h

K =K exp@h)

Richards’ equation is generally difficult to solas it is nonlinear, second order, and has two
dependent variablegsand h. The number of dependent variables may dgceel from two to one
provided a soil water characteristic relationshxsts, either as h=BJ or 6=0(h). The derivation
and the solution of Richards’ equation with soilteracharacteristic relationship will be shown in
chapter three.

The commonly initial and boundary condition useddolving Richards’ equation are:

h(z,0) = constan
or initial conditions
6(z,0) = constan

and

- h or @ specified (Dirichlet)
- unit hydraulic gradient often used fomer; ........... boundary conditions
boundary of a deep profile (Neumanr)

1.4.2Water flow model codes

There are many types of softwares using Richarggagon for simulating water transport
in soil; some of these softwares are: TOUGH-2, MARQNSAT-H, HYDRUS, and LEACHM.
These softwares have been used in various studieparing the appropriateness of water transport
models Albright et al.2002Johnson et al. 200Khire et al. 1997Scanlon et al. 2002

-23-



Chapter one Theoretical basics and literatrgview

TOUGH-2

Transport Of Unsaturated Groundwater and HealGlWGH-2, is s finite-difference model
solving Richards’ equation for multi-dimensionaarisport. TOUGH-2 was designed for use in
nuclear waste isolation studies and variably st¢drevater transporPfuess et al. 1999TOUGH-

2 does not have any plant growth consideratiotispagjh it allows evapotranspiration input data.

MACRO

MACRO is based on Richards’ equation and includesadditional term to account for
preferential flow through macro pore and micro perater movementJpohnson et al. 2001
MACRO may be used to model saturated or unsatunaedia. MACRO can account for plant
water uptake and calculates solute transport alsasealater transport. Johnson compared MACRO
with HYDRUS, and he found that preferential flow svsignificant and should be included in a

model.

UNSAT-H

UNSAT-H, developed at Pacific Northwest Laborat{\L), solves Richards’ equation for
one-dimensional flow in the unsaturated media fithite difference method. UNSAT-H accounts
for plant transpiration, and allows user input altbe soil media properties. A study Kizire et al.
1997 found that UNSAT-H was more accurate than themaalance solver HELP.

HYDRUS-1D

HYDRUS-1D is a finite element solution of Richardguation for one dimensional flow in
variability saturated media. The HYDRUS-1D softwareludes plant growth and plant root water
uptake options. In addition to the modeling of waltex, HYDRUS can simulate contaminant
transport through the media and contaminant rotakep A soil catalogue is contained within the
software, but user input data of soil hydraulicgeuies is also allowed{munek et al. 1998

HYDRUS-2D
HYDRUS-2D includes all the function of HYDRUS-1Ddincludes the modeling software
SWMS_2D for two-dimensional water movement. The -thmensional solution is useful when

lateral flow modeling is required.
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LEACHM

The Leaching Estimation And CHemistry model, LEA@Hs a one dimensional transport
model solving Richards’ equation with a finite éifénce approach. The code was created for use in
agricultural applications and solves only for uosated media. Although it was developed for
agricultural use, it is limited by its lack of planonsiderations and does not account for water
runoff (Albright et al. 2002 LEACHM does account for chemical transport irdiidn to water
flow. A summary of the above models is presentetdlote (1.8).

Table (1.8): Water transport model Summafjiljams, 2005

Model name Plant growth Solute transport Varialklysated media
TOUGH-2 No Yes No
MACRO Yes Yes Yes
UNSAT-H Yes No No
HYDRUS Yes Yes Yes
LEACHM Yes Yes No
Summary

Richards’ equation is used for simulating watenflo the vadose zone. There are different
forms of Richards’ equation and the numerical sofubf this equation need the analytical solution
of the soil water characteristics functions. Thewddion and solution of Richards’ equation will be

discussed in chapter three.

1.5.Fractional Advection Dispersion Equation

1.5.1Preliminaries: Fractional Calculus

Fractional calculus is concerned with fractionadet rather than strictly integer-order,
derivatives and integrals. The majority of fractbrralculus theory was developed in thé"19
century Oldham and Spanier, 19)/4T'he mathematics of fractional calculus is a rataxtension
of integer-order calculus. Fractional calculusasvrused in many scientific and engineering fields,
including fluid flow, electrical networks, electroagnetic theory, and probability and statistics
(e.g.,Miller and Ross, 19930Ildham and Spanier, 1974aslavsky, 1994Gorenflo and Mainardi,
1998. Fig 1.4 shows an example of fractional-ordeivégives of the function f(x) =% In the

classical calculus we can find the first and theosd derivatives of f(x) ag'(x)=2x andf "(x)=2

but we could not find the 1.2 derivative of f(xi the fractional calculus, the 1.2 derivative of) f(

r(a+1)
Ma-a+1)

a-a

is equal to2.14%°® . This result is found by using the fractionalidative rule:p<x: =
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Benson et al. (200@ndGorenflo and Mainardi (1998)rovide an introduction to fractional
calculus for the diffusion problems whi@dham and Spanier (1974liller and Ross (1993)or
Samko et al. (1993)resent complete treatises on the subject. Fopuhgoses of this discussion, it
is necessary to understand the differences in #t@wor of integer-order and fractional-order

derivatives. Some of fractional calculus propeni@sbe shown in chapter three.

(&Y
ORr NMNWAUONO®

Figure (1.4): a) plot of 0.2 .4, 0.6, 0.8, arfderivatives of(x) = X'b) Plot of the T, 1.2, 1.4, 1.6,
1.8, and ¥ derivatives of f(x) = &

1.5.2Classical Advection Dispersion Equation

The hydrodynamic dispersion theory is one of thestmmommonly used theories for
describing the contaminant transport in porous metihe advection-dispersion equation for non-
reactive contaminant transport can be expressésieas, 1972

aC_ 9 (Dacj_a(vc)

ot oax\ ox)  ox

whereC is the concentration of the contaminantishe hydrodynamic dispersion coefficient, and
v is the average pore velocity of contaminant tpants

Most of the present studies related to solute dsspe are still based on the Fickian-type ADE, with
temporally or spatially changing dispersion coeéints.Yates (19901992 obtained the analytical
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solutions for one-dimensional ADE with linearly éxponentially increasing dispersion coefficient.
Zhang et al. (1994pbtained a travel time probability density funatibased on the analytical
solution with distance-dependent dispersion coeffiic Aral and Liao (19963eveloped analytical
solutions for the two-dimensional ADE with a timepegndent dispersion coefficiefitunt (1998)
discussed analytical solutions for the one-, twud three-dimensional ADE with scale-dependent
dispersion coefficients for unsteady flow with astantaneous source and for steady flow with a
continuous sourcéang and Hunt (200Provided analytical solutions for a one-dimensloh2E
with scale-dependent dispersion and linear equuibr sorption and first-order degradation.
Numerical solutions of ADE with scale-dependent pdision coefficients have also been
investigated. Pickens and Grisak (1981developed a finite element model that allows the
dispersivity to vary temporally as a function oé tmean travel distance.

1.5.3Fractional Advection Dispersion Equation

The use of the conventional ADE based on Fickigretgtispersion has been questioned in
recent years and alternative non-Fickian dispersiaalels have been proposd&krkowitz et al.
(2000) Levy and Berkowitz (2003)and Cortis and Berkowitz (2004have found that the
anomalous transport in a sand box might be explaime the continuous time random walk
(CTRW) theory. Based on the Lévy motion thedgnson (1998yerived the fractional advection—
dispersion equation (FADE) to describe the non-Bitkransport. The long tail of breakthrough
curves (BTCs) can be better modeled by FADE wittpeet to ADE Pachepsky et al., 2000
Benson et al., 20008). Pachepsky et al. (2000sed FADE to interpret transport in short columns
and found that a constant dispersion coefficientlma used. In a large-scale field study carried out
in a heterogeneous alluvial aquifer at the ColumhAirsForce Base (Mississippi), bromide was
injected as a pulse and traced over a 20 montbg@bggs et. al, 19922dam and Gelhar, 1992
The tracer plume that evolved was remarkably asymen@=ig.1.5), and cannot be described by
classical ADE modelsBerkowitz and Scher, 1997As a consequent, the classical ADE can not
always describe the solute transport in the soihvai good precision; therefore, a new general

model capable to cover the most of field caseeetlad.
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Figure (1.5): Longitudinal distribution of an injed tracer in a heterogeneous aquifer, at six point
in time. Adam and Gelhar, 1992

1.5.4Governing equation of FADE

The one-dimensional FADE for reactive solute carekpressed as follonH{uang, 2002

Huang and Huang, 20p4

R%—?=—VDC+ po°cC ... 1.25
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where C is the resident solute concentration, theésaverage pore-water velocity, x is the spatial
coordinate, t is the time, D is the dispersion fioeht with dimension of [ET™Y], « is the order of
the fractional differentiation, R is the retardatiactor.

In general, there are four parameter®, D anda in eq. 1.25 that needs to be determined.
Huang et al. (2005used the nonlinear least square method based wanberg-Marquardt
procedure for estimating the parameter®, R ando in FADE. The square error can be expressed
as:

x*(v,D,R,a) Z[Q c(xtvDRq)] ...... 1.26

where Ci is the observed concentration, while C&,tD, R, a) is the estimated value of the
concentration at location x and time N is the total number of the observation. Wigvénberg-
Marquardt procedure, the parameter values wereng&d with respect to the minimized variances

of the estimation error as shown in equation 1.26

1.5.5Comparison between Fractional and Classical ADE

Laboratory Experiments

Huang et al. (20053tudied Cd and NH-N transport in two Plexiglas columns. The firsturon

for Cadmium test has a length of 42.5 cm and a elianof 15.04 cm, while the second column for
NH4+-N test has a length of 100cm and a diameter omlZRoth soil columns were prepared by

hand packing air-dried in the Plexiglas cylindégandy loam soil was used for the first column

experiment, while the second column experimenteuaslucted with silt loam soil.

At the beginning of the experiments, the columnsewsaturated with deionized water from the
bottom. After full saturation, a steady-state flas maintained by applying de-ionized water. Step
inputs of CdCJ-5H,0 solution with a concentration of 400 mg/L and 48H solution with a
concentration of 110 mg/L Nf+N were applied for the first and second columnegipents,

+
respectively. The NH-N concentrations of the extracts were measuretl wih chromatograph

and the Cd concentrations of the extracts were uneds with flame-atomic absorption

spectroscopy. Figs. 1.6 and 1.7 present comparisetwgeen the estimated concentrations by using
FADE, ADE and the measured values for both Cd atdépth of 27 cm and l\yt‘I'N at the depth
22.5 cm respectively. Table (1.9) shows the pararsetsed for Cd transport simulation and table

(1.10) shows the parameters used forj\llkl transport simulation. As shown in figures 1)6énd
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1.7(b), the measured concentration values weretddhgn zero at breakthrough curves for Cd at the
depth of 27 cm before 100 h and NHN at the depth of 22.5 cm before 50 h. ComparngbE,
FADE can give a better fitting to the measured datdne early part of the breakthrough curves. A
slightly better fitting to the late part of the Bkthrough curve can also be obtained by using FADE
as shown in Fig. 1.7(a). The results may be atiidbuo the heterogeneity of the soil columns,
which may be caused by both heterogeneity of thlepsaticles and the non-uniformity packing
process of the soil columns. The contaminant tramdpehavior in heterogeneous media usually
exhibits anomalous or non-Fickian behaviBe(kowitz et al., 2000Dentz et al., 2004 therefore

the transport process can not be well describedsing ADE, which is based on Fickian diffusion

law.

Table (1.9): parameters for Cd transpéttuéng et al., 2005

ADE FADE
Dfr‘:]th D v R . D v
cm?/hr cm/hr cm’/hr cm/hr
2 10.72 5.92 73.99 1.54 7.44 5.95 37.06
7 9.25 5.97 48.53 1.22 6.72 5.97 48.53
17 8.69 5.95 40.20 1.94 7.75 5.96 41.12
27 6.10 5.93 57.55 1.98 6.33 5.96 58.46
average 8.69 5.94 55.07 1.67 7.29 5.96 46.29
Table (1.10): parameters for HN transport Huang et al., 2005
Depth ADE FADE
cm D \ R " D \
cn/hr cm/hr cm’/hr cm/hr
2.5 0.602 1.509 8.246 1.45 0.553 1.887 9.219
12.5 0.904 1.688 7.526 1.22 0.775 1.688 7.486
22.5 0.744 1.685 6.879 1.94 0.519 1.688 6.890
32.5 0.886 1.688 7.204 1.98 0.650 1.689 7.220
average 0.784 1.643 7.464 1.65 0.624 1.738 7.704
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Figure (1.6): Comparison of Cd concentration cated with FADE and ADE and the measured
data at 27 cm below the soil surface: (a) lineasaand (b) semi-log axes. (Huang et al., 2005,

digitized)
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Figure (1.7): Comparison of NfF#N concentration calculated with FADE and ADE ar t
measured data at 22.5 cm below the soil surfatieec$oil column: (c) linear axes, (d) semi-log axis

(Huang et al., 2005, digitized)
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Field Experiments

Benson et al. (2001)sed the results of the macro-dispersion expetsn@&hADE) to make
comparison between FADE and ADE. The Macro-Dispargtxperiment (MADE) site is located
on the Columbus Air Force Base in northeastern isBgsi. The two large—scales, natural—gradient
tracer tests performed there differ from other daigrale tracer experiments such as the Borden site
in Ontario, Canada (e.gudicky, 198% or the Cape Cod site in Massachusetts (ea|ancet al,
1991 because of the strong heterogeneity of the ag(fehfeldtet al 1992 Boggset al, 1993.

The unconfined, alluvial aquifer consists of getigranconsolidated sands and gravels with
smaller clay and silt components. Irregular lere®s horizontal layers were observed in an aquifer
exposure near the sitRé¢hfeldtet al, 1999. Detailed studies characterizing the spatialalality

of the aquifer and the spreading of the consergatiigcer plume for the experiment conducted
between October 1986 and June 1988 (MADE-1) arar&uired byBoggs and Adams (1992)
Adams and Gelhar (1992and Rehfeldt et al (1992) A synopsis of the second experiment
(MADE-2), conducted between June 1990 and Septeh@$r, is given byoggset al (1993)

Approximately 16 L of water containing 2,500 mg/L of Bromide wergeited into the
MADE aquifer for the first test. Over the next 2@mths, seven sampling events using an extensive
array of multi-level samplers (MLS) were perform&tey use the parameters estimated from the
aquiferK statistics (supported by Adams and Gelhar's amalysthe MADE-1 bromide plume) to
predict the MADE=-2 tritium plume. During the MADE-€Xperiment, 9.7 fhof titrated water and
four organic compounds were injected into the siaklluvial aquifer at the test site. Over the next
15 months, five snapshots of the tracer conceaotralistributions were collected. They compare
the solutions of the traditional ADE = 2) and the fractional ADEx(= 1.1) and they concluded
that the fractional ADE gave better predictionshwatvery low information’s required (as illustrated

in the following figures).
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Figure (1.8): Linear plots of the MADE-2 normalizkechgitudinal tritium mass distribution at four
intervals. Analytic solutions of the ADE and theadtional ADE were gained by numerical

integration. (Benson et al., 2001, di

gitized)
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Figure (1.9): Semi—log plots of the MADE-2 tritiynlume. Analytic solutions of the ADE and the

fractional ADE were gained by numerical integrati@enson et al., 2001, digitized)
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Figure (1.10): Log—log plots of the MADE-2 tritiuplume. Analytic solutions of the ADE and the
fractional ADE were gained by numerical integrati@enson et al., 2001, digitized)

1.6 Conclusions

Most of the present studies related to solute dispe are based on the Fickian-type ADE.
Many studies (e.g. field study carried out in tle¢eihogeneous alluvial aquifer at the Columbus Air
Force Base, Mississippi, USA) showed that this @agugADE) is not applicable for all cases. For
overcoming this problem, the classical ADE equatwas replaced by the fractional advection
dispersion equation. The fractional ADE is a gelwation of the classical ADE in which the
second-order derivative is replaced with a fra@lonorder derivativeo). For solving the FADE,
there are four parameters that need to be detedntineR, D anda). There are many different
methods for determining FADE parameters dependingoptimization techniques (optimum
regression) and empirical formulas. Several studiade comparison between the results obtained
by FADE, ADE and experimental data (e-uang et al, 20038enson et al, 2001 The comparison
between the results from the FADE, ADE, and field &aboratory experiments showed that FADE
can better represent the experimental results andoe used to cover a wide range of field and
laboratory cases. In the next chapter, the deamatf the fractional ADE in the steady state
condition and its coupling with the geochemical elodill be done. Then, a MATLAB code will
be written for solving the coupled fractional-geestical model. This code will be validated with

several experimental data for testing its applidgbi
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Chapter Two Simulation oflsi®s transport in soils at steady state

2.1.Introduction:

As shown in chapter one, the fractional advectispeatsion model is the general form
of the classical advection dispersion model. Winenvialue of the fractional ordessequal to
two, the fractional ADE will be similar to the cksal ADE.

In this chapter, the STEFAD model (steady statetiivaal advection dispersion
model) will be used to simulate the transport oh-neactive solutes in soils without any
consideration of geochemical aspects. Chloridespart, as non-reactive solute, will be
studied in both sandy and clayey soils to validaeeuse of STEFAD model. Then different
values of fractional ordero) will be used for analyzing its effects on solleakthrough
curves.

The Geo-STEFAD model (geochemical - steady staetibmal advection dispersion
model) will be also used to simulate the transpbreactive solutes with the consideration of
equilibrium geochemical aspects. Cadmium transparteactive solute, in a loamy sand soil
will be used for validating the use of Geo-STEFADdel. This model will be used for
describing the breakthrough curves of differentngiasn aqueous species. Then, the effect of
pH values on the species concentration will beistudlhe other physical and geochemical

factors effects will be studied in more detailsihapter four.

2.2.STEFAD model:

As shown in Chapter one, section (1.5.4), the FADation can be written in the

following form:

R0C __,9C  Jo°C

ot 0z 0z

For steady state one dimensional transport withrthial and boundary conditions shown in
equations (2.2) and (2.3), based Benson (1998andBenson et al. (2000ajhe analytical

solution of equation (2.1) is given in equatiorj2.

C(z,00=0 for 0<z<o........co..... 2.2
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C(z,t)=G, for z=0
........................ 2.3
—aca(z,t) =0 for z=w
VA
c=Cc|i-F, Z-vUR 2.4

(‘cos(na /3‘ Dt /R)lm

Where

C= the concentration of the contaminant (RIL

Co=initial concentration of the contaminant (ML

z= soil depth (L)

v=the average pore velocity of contaminant transgiof )
a= the fractional order

D= the dispersion coefficient {L™)

t=time (T)

R= retardation factor

F, (w) is the standard symmetiiestable probability function.

sign(1-a) ¢ a
Fa(Y)=C(a)+%jexp{—y“‘lua (w)}dw ......... 25
0
Wherea is the integration variable, C and thn be expressed as:
1 a>1
C(a) ={ ........................... 2.6
0.5 a<l
U, (g)= sin(rmg/ 2) |o2 .
a (0 Coqwla ......................... .

2.2.1Validation of the STEFAD model

Experiments with sand columns

Shiozawa (cited iMroide et. al, 199pmeasured chloride breakthrough curves with
four electrode EC (electrical conductivity) sensat depths at 11, 17, 23 cm. The
experiments include leaching with solute —free wdteing unsaturated conditionstst0.12
and continuous application of 0.01M NacCl solutiorah initially solute-free saturated sand at
0=0.3. These data used with the FADE parametersdfdiynPachepsky et.al (200@able
2.1), for validating STEFAD code written in MATLABrogramming language.

-36-



Chapter Two

Simulation oflsi®s transport in soils at steady state

Table (2.1): Estimated parameters for the FADEiadfb data on CBTCs Pachepesky et.al, 2000

Column D, v
Data Source Soil type Experiment a
length (cm) (cm’/hr) (cm/hr)
unsaturated 11 1.683 0.0305 0.258
unsaturated 17 1.615 0.0291 0.255
Troide et sand unsaturated 23 1.574 0.0282 0.25
an
al., 1995 saturated 11 1.913 0.1518 2.452
saturated 17 1.846 0.1224 2.514
saturated 23 1.906 0.1073 2.506
1
0.9 ——11 cm FADE
0,8 - e 11 cm Exp.
0,7 17 cm FADE
° 0,6 a 17 cm Exp.
Q 0,5 23 cm FADE
($)
0,4 , 23 cm Exp.
0,3 \
0,2 \
0,1 - “A‘
Asd,
0 ‘ 4 ‘
20 100 120 140

Time (hr)

Figure (2.1): comparison between measured and lagdcu(with STEFAD model) chloride

breakthrough curves in unsaturated sand.

1 /——-—-
0,9 /
0,8
0,7
8 0,6
O 051 11 cm FADE
0,4 ¢ 1lcmExp
0,3 | 17 cm FADE
0,2 1 ¢ 17 cm Exp.
0.1 1 23 cm FADE
23 cm Exp.
0 ‘ ‘ ‘
2 4 6 8 10 12
Time (hr)

Figure (2.2): comparison between measured and lagdcu(with STEFAD model) chloride

breakthrough curves in saturated sand.
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Figures (2.1) and (2.2) shows that STEFAD modelp&fectly simulate the
breakthrough curves in both saturated and unsatisgtnd. The estimated parameters values
(table 2.1) show that D, v, arddecrease with the length of column in the unsé&tdraand.
While in the saturated sand, the values of vaade approximately constant and D decreases
with the length of columns. Several valuesoofl, 1.683, and 2) were used to simulate
chloride transport in the sand column of 11 cm deptom figure (2.3) we can notice that
there is a significant difference between the satioh results witho = 1.683 and 1, while

there is no significant difference between the $athon results aé = 1.683 and 2.

—e—alpha=1
- = = =alpha=1.683
—e— alpha=2

0,9
0,8 -
0,7 1
0,6
0,5 ~
0,4 ~
0,3
0,2 1
0,1

C/Co

30 35 40 45 50 55 60 65

Time (hr)

Figure (2.3): chloride transport simulation in 1h soil column by STEFAD model with

different values o#.

Experiments with structured clay soil

Experimental data of Ctransport in structured clay soil was publisheddygon and
White (1987) The clay soil column (16.4 cm depth) was irrigatender flow rates of 0.28
and 2.75 cm/hr. A steady-state near saturated Wi@s created. Initial volumetric water
content was 0.52 cifent®, saturated water content was estimated as 0.6 and the
steady state water content in soil column was @r89cm’. Soil was pre-irrigated with 10
mM CaSQ solution to reach the steady state water flow, dnedstep input of Cagivas
applied at the same intensity afterwards. We digttigraphs to obtain data poirffachepsky
et al. (2000)calculated FADE parameters (D, v, amdby the inverse method (table 2.2).
These data are used for the verification of STEFA@Iel (figures 2.4 and 2.5). These figures
show that STEFAD well describes chloride transporthe clay soil. One can notice the
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significant influence of the numerical results. Whevalue decreases from 1.642 to 1, the
normalized concentration (C/Co) decreases by appairly 50%. The estimated
concentration increases by approximately 20% whealue increases from 1.642 to 2. The
estimated values af don’t differ significantly for the two flow rateasnd are similar to those
in the unsaturated sand. The dispersion coeffidiPhtincreases approximately 37 times as

the flow rate increases 10 times.

Table (2.2): Estimated parameters for the FADE iadpto data on CIBTCs from soil
column Pachepesky et.al. 2000

Column
. _ DM Vv
Data Source| Soil type Experiment length a
(cm*/hr) (cm/hr)
(cm)
Dyson and cl g= 0.28 cm/hr 16.4 1.642 1.209 0.756
: ay
White, 1987 g= 2.75 cm/hr 16.4 1.695 44.69 12.89
1

0,9 |

0,8 |

0,7

0,6

3
) 0,5 1 alpha =1

8; : alpha = 1.642

0:2 | —o—2alpha = 2

0,1 e Measured

0 2 == T T T T T
0 10 20 30 40 50 60 70 80
Time (hr)

Figure (2.4): comparison between measured and lagdcu (by STEFAD model) chloride
transport in the clayey soil with differemtvalues and constant g = 0.28 cm/hr
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C/Co
o
(6)]

alpha=1
—alpha = 1.695
—a—alpha =2

® Measured

0 1 2 3 4 5 6 7 8
Time (hr)

Figure (2.5): comparison between measured and lagdcu(by STEFAD model) chloride
transport in the clayey soil with differemtvalues and constant g = 2.75 cm/hr

Summary
Comparison between experimental and simulated ofatzhloride transport in both

sand and clay soil columns shows that STEFAD canulsite solute transport better than the
classical advection dispersion model<2). Relatively low pore water velocity in the dan
soil columns kept the particles motion close to Brewnian motion. Therefore, there is no
grand difference between the classical ADE and SNIEmodel simulation results. While in
the clay soil columns, the value efaffects significantly the shape of breakthroughves

because of relatively high pore water velocity.

2.3GEO-STEFAD model
In the previous section the transport of solutehésoils at steady state was discussed

without any consideration of the geochemical remctibetween the soil components and the
contaminants. The geochemical aspects will be takeonsideration in this section by using

the equilibrium constants procedure; equation 2gblmes:

Cc =C,|1-F z-VUR 28

’ (|cos(7ar /2|t /R)M

Where G is the concentration of species iy @ the initial concentration of species i

-40-



Chapter Two Simulation oflsi®s transport in soils at steady state

In order to describe the chemical reactions mathieally, a subset of the species
must be chosen as components. All other ions, cexepl sorbed species, and minerals can
be formed from these components. It is assumed d@hathemical interactions between
soluble components in the aqueous phase and swtittdes in the solid phase are controlled
by local equilibrium and that local equilibrium ets at every point of the system considered.
In the local equilibrium controlled transport systehe reaction rates are much faster than the
rates of physical transport. This assumption mathbemost restrictive relative to conditions
that may pertain to the total system. The equiitorichemistry must contain all of the phase-
exchange and/or mass-equations necessary to deskdabchemical processes affecting the
transport, i.e. sorption, complexation, dissociti@and ion exchange. A system of n
independent components that can be combining ta farspecies is represented by a set of

mass action expressions of the form:

K, :{S|} |_| Xj_aij 2.9
j

Where:

Ki = equilibrium constant for the formation of specie
{Si} = activity species i

a; = stoichiometric coefficient of component j in sjEs |

IT = indicates the product over all components ircEse

The concentration of species i;][$s related to the activity {$by the activity coefficients;.

{st=x[S]. . .....2.10

Substituting this expression for $3n equation 2.3 and rearranging gives:

K. !
Sl=—t1X%......211
[S] yl,_l :

Now if we defineK, such that

Ki' =K 1y 2,12
Then
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Ci=[S]=K] X" -cin...218

In the logarithmic form, equation 2.7 becomes:

logC, =logK; +> g logX; ...........2.14
]

In addition to the mass action expressions, th@fsatindependent components is governed

by n mass balance equation of the form:

Yi=28G-T .25

Where
T; = total dissolved concentration of component pfkn measured input parameter)
Y; = the differences between the calculated totalotlresl concentration of component j and

the known analytical total dissolved concentratdbicomponent j.

2.3.1Solution strateqy of the geochemical model

The solution (in the mathematical sense) is tleato§ component activities Xusing
matrix notation for brevity) which results in thetsof concentrations Guch that each
individual of the set of mass balance differences ¥qual to zero. In practice, it is only
necessary to find >such that each individual of ¥ made less than some tolerance value.
The general procedure is to first guesgmakes this guess and puts it in the input filegnt
calculate Cand Y. If any individual of Yexceeds (in absolute terms) its prescribed toleranc
value, a new guess is made for X,a@d Y are recalculated, and the test is repeated. This
iterative procedure is continued until all the wnduals of Yare less than the tolerance value.
The Newton-Raphson approximation method is usezbtionate the new X4t each iteration.
The tolerance value or convergence a criteriodistitnes Tfor each component j.

We will use Cd* speciation as example to illustrate the genemlinathematical formalisms
used to solve chemical equilibrium problems. Thetesy consists o€d*",Cl~, SO, Cq"

and the chemical equilibrium model was applied hes tsystem using the equilibrium

formation constants procedure. The major specieshi® previous defined applications are
Cd*",CdClI',CdSQ, CdC¢ and adsorbed cadmium. The sorption sites will &eoted as

Q?, and cadmium adsorbed to the soil will be den@eddCd. As shown in chapter one
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(equation 1.7), Activity coefficients can be estiethby using the extended Debye-Huckel

equation:

og oAz
S lemadT

2.16

Where i is the ionic strength of the solution (rapl/z is valence of ion i in solution, A and B
are constants and equal to 0.51 mol/l, and 0.3B8({*L%?) respectively, dis the diameter
of ions A. The extended Deybe-Hiickel equation (Rl be used for those species that
have the necessary parameters in the databasearforspecies lacking the necessary
parameters, the Davies equation (2.17) will be tsexstimate the activity coefficient for that

species:

JI

logy, =-AZ}———==0.24l ... 2.17

1+1

In which the variable are defined as in equatiof@}
The partial CQ pressure (go2) and the pH in the soil are boundary conditionshef model.

pH and po.are linked by the dissolution of G@h water:

3

CO,+ H,0——=2H"+CQ" K =w logkK , =-18.14........2.18

! pc02 pco
2

and the considered complexation equilibria are

CdcCl*
Cd* +ClI"==cCdCI’ Koo ={{—}_, logK ., =1.98.............2.19
Cd2+} .{Cl } cdcl
- CdsQ
Cd* +SQ == CdSG  Kcyq = {ci”} {S“}q} . 109K cugq = 24E. i, 2.20
Cd* +CQO —=CdC K = {CdCQ} logK =54..........221
G Q cdco,

EECRICH

Adsorption of cadmium to the soil is described vathextended Freundlich equation:
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[Qcd] = K {ca} { H} 2,22

This mass action equation can be interpreted asumlhexchange equation:

NCdZ + Q% + mH —= QCqd H™*.................2.23

The parameter ¥is a function of the bulk density, the water cont@md the organic matter
content of the soil. For convenient usage of thelehothe constant Kis introduced. K is

independent of soil moisture content and bulk dgn$ihe following conversion is applied:

1-n
R 1 P, 0C
Ky =K. S 2.24
. !(10%\/| m)] 6.10°

in which K (mg™" L" kg?) is the scaled Freundlich sorption constang, (8 mol) is the
molecular weight of metal x g, (kg/m®) is the bulk density of dry soil§, is volumetric water

content (M/m®), and oc (% by mass) organic carbon content. Boh €omponent, a mass

balance can be calculated:

Yo =[Cd |+[ cdCr [+[ cds@]+[ cdcd+[ Qdd . .ooooviiininnn2.25
Yo =L CI [#[CACI [ =T o000 2.26
Yoor LS |H[CASP = T o000 2,27

Note that the balance for carbon-oxide speciesois aonsidered because the system is
considered to be open with respect to,CBy applying equation 2.4 and the mass action
equations (2.25 — 2.27) we have:

YCdZ" = [Cd2+] (1+ YeeVer K;:dcr [ Cl_} TV o Yeasa K‘CdSQ[ SCj_])
eV KacoKua[H] 2.28

Koy (yoaz* [Cd 21)” (yH* [ H +])m _TCdZ*
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Ycr :[CI_}(:H Vear Vor K(':dCI" [Cdzq)_—rcr
Ycr +Tcr 2024

=|Cl™ |= ,
[ } 1+yCd2*yCI’KCdCI+|:Cd2+}

Yso}* = [Sq_](l"' Ve Yeasq, KICdSQI: Cda}) - Io}*

Yoo +Tog ettt 00,230

1+ 2 Voasq K ‘CdSQ [Cd a ]

o

=[S0y |=

By substitutingy - andYsof_ inY_,.. we have:

Y .= [Cd”] 1+y .y, K { To J
cd? cd** /7 cr  “cdcr ' +
1+ VCdZ* ycr K cdcr [Cd ’ ]

T .
+yCd2+yCdSQK'CdSQ SOA. > 2231
1+ Y, o Veasa K caso [Cd }

Yoo V- Keaeo K DCQ[H 1

+ Keff (yc:d2+ [Cdy})n (yH* [H +})m _TCd2+

Equation (2.31) can be solved for Cdby using Newton-Raphson method and all the other
species can be calculated from the obtained vafu€d®? concentration. The solution
procedure for the geochemical speciation modehbyeqguilibrium method is shown in figure
(2.6)

-45-



Chapter Two Simulation oflsi®s transport in soils at steady state

( Start )

Y
—’[ Get provisiona total concentration ceact componer ]

Y
[ Read input data arsoil adsorptiol propertie ]

Y
[ Calculattionic strengtl ]

Y
[ Calculatt activity coefficients and e ]

Y
Calculatt mass distribution fceaclt specie throuat formatior constant

No

Fig. (2.6) Flow diagram of the speciation sub-model

2.3.2Solution Strateqy of the Geo-STEFAD model

The fractional advection- dispersion equation dbsw aqueous phase transport are
spanning over spatial and temporal domains onlg,the geochemical equations describing
the transformation of heavy metals into differepeses are spanning over the chemical
domain only. In other words, the fractional ADE agebchemical equations are decoupled
and solved separately. The advantage of this mathadlution is that the highly non-linear
behavior of geochemical equilibrium is confinedtbh@ model describing the geochemistry.
Thus, the overall solution system consists of tteps a physical step in which the fractional
advection dispersion equation is solved, as tramgpon, and a chemical step in which the
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chemical equilibrium equations are solved for tiqgemus and solid phase components for
each nodal point in the spatial domain. A sequectapling strategy of the physical and
chemical steps has been adopted. The physical hadhical coupling is external. The
disadvantage of this method is that chemical dopiuim is allowed to occur only at the end of
time step. This dose not causes significant eif@mall time steps are chosen.

The master model first reads the physical and obemnput parameters. These
parameters includes: fractional ordej, (pore water velocity (v), dispersion coefficig),
time (&, At, tina), depth (zAz), the considered aqueous species, the formatinstants, pH,
Pcoz temperature, soil adsorption properties, and ipiawval total concentration of each
component. At each time step, the master progts the Fractional transport model. This
model furnishes the convected concentrations ah ewzle for each component under
consideration. The convected concentrations ofcttraponents are taken as inputs by the
geochemical model. This model equilibrates the d¢baimsystem using the appropriate
reactions and returns the modified component cdragons which are further convected by
the fractional transport model at the next timg@ stéhe flowchart depicting this methodology

is shown in figure (2.7).

[ Input parameters]

t+1

>t

A 4

[ Fractional solute transport mod%l

t

Equilibrated v
concentration

[ Geochemistry]

Fig (2.7) Flow diagram of GEO-STEFAD model solution
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2.3.2Validating the GEO- STEFAD model:

Sandy loam column of 15.04 cm diameter and 42.%eight was used biluang et al

(2005)for studying the transport of cadmium. The meas$uaeerage pore velocity of steady
state flow was 5.95 cm/hr and the cadmium conceaotrapplied at the top of the soil column
was 400 mg/l. The breakthrough curve of cadmiunmnsisd for determining FADE parameters
at different soil depths (table 2.3).

Table (2.3): parameters for cadmium transpdrtang et al 2006

ADE FADE
depth
D % a D %
(cm) ) R R
(cm/hr) | (cm/hr) (cm’hr) | (cm/hr)
Saturate
2 10.72 592 | 7399 154 7.22 5.95 3706
sandy
| 7 9.25 597 | 48,53 1.22 6.72 5.97 48.63
oam
17 8.69 595 | 40.20 1.94 7.75 5.96 4112
27 6.10 593 | 57.55 1.98 6.33 5.96 58.46
average 8.69 594 | 55.07 1.67 7.29 5.96 46.P9

Figure (2.8) shows a comparison of cadmium comagah calculated with STEFAD
model and the classical advection dispersion madélthe measured data at 27 cm below
the soil surface of the soil column. This figureowsis that STEFAD simulates cadmium
transport in the soil better than ADE. From fig8)2.the amount of cadmium captured by
the soil particles and the amount of cadmium passtdthe liquid phase were known but
without any details about the forms of the captusedl passed cadmium species.
Therefore, the use of STEFAD model alone is insidfit for describing cadmium
transport in the soil. The Geo-STEFAD model willused for describing the transport of
cadmium with respect to the geochemical aspects. the Geo-STEFAD model

application, suppose that the system consist [Omf?*] aj:O.712nM

tot

,[c:l'lotau =1.13nM ,[sof'} ,=0.781mM, p_ . =3mbar,pH =5, the temperature

ot cof”
was 25°C. The major species of this system &e®",CdCl",CdSQ, CdC(¢ . The
procedure of section 2.3 was applied for solving ystem and the results are shown in
figure (2.9). It can be observed that free cadmions [Cd”] is the major aqueous
species, it represent approximately 84% of thd t@dmium concentration in the agueous

phase. While the concentrations of cadmium cartan[n@icq] are approximately 0% of
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the total cadmium concentration in the aqueousehEsese results are related to solution

pH (solution pH was 5, i.e. acidic solution). THere, for studying the effect of pH on

cadmium speciation, we changed the value of pH f@®no 10 (acid to base). The

simulation was done at 27 cm soil depth for 300rbolihe results are shown in figure

(2.9). These results show that when pH value 4& major aqueous species of cadmium

was free cadmium ions. While, when the pH valueeisveen 7 and 10, the concentration

of cadmium aqueous species decreased. When pH sakppial or greater than 10, the

concentration of agueous species was approximagetyand most of cadmium converted

to the solid phase. The effects of other geochdnfiégzdors will be discussed in more

details in chapter four.

1

0,9 -
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1 4

—o— ADE
—— STEFAD
® measured

C/Co

250 300

Time (hr)

Figure (2.8): comparison between STEFAD, ADE anié dieom Huang et.al (2005t 27 cm

soil depth
0,8
074 Total Cd
' —o—Free Cd2+
0,6 1 —a—cdCl+
< 05- —=—CdS04
E 04 ——CdCO3
O 0,3
0,2
0,1 -

Time (hr)

Figure (2.9): cadmium aqueous species breakthratugi cm soil depth and pH=5
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0,7
064 Free Cd2+
’ —e—CdClI+
05+ —a— CdSO4
é 04 —6—CdCO3
O 031
0,2 -
0,1 - : AN
06 o) 0 o) Q :
3 4 5 6 7 8 9 10

pH

Figure (2.10): cadmium aqueous species breakthraugfi cm soil depth after 300 hours of
simulation beginning and at different pH value

2.4Conclusions

The transport of solutes in soils at steady sta#s wtudied in this chapter. The
analytical solution of the fractional advection mhssion equation was discussed and a
MATALB code was written. Then, this MATLAB code waalidated by using different
experimental data. The results from the MATLAB cosleowed that STEFAD model
(Fractional advection dispersion model at the stesdte conditions) is better simulating the
solute transport in both saturated and unsatuaieditions.

An equilibrium geochemical model was proposed with solution strategy. This
geochemical model was coupled with the Fractionaldeh for getting the geochemical
Fractional Advection Dispersion model at the stesidye conditions (Geo-STEFAD model).
The results obtained from the application of th@G&&EFAD model shows its capability to
giving more details about the solute concentragiod its species (forms) in the soil solution.

In the next chapter, the application of FADE at timsteady state condition will be
discussed. The solution of the water flow mode¢ tlumerical solution of FADE and its

coupling with the geochemical model will be showrihe next chapter.
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3.1lIntroduction

In the field, solute transport under unsteadyesistthe general case. In this chapter,
we discuses the application of FADE at the unstesdte in two cases: without and with the
geochemical model. This chapter consists of fowtices. In the first section a short
introduction about the fractional derivatives igranluced. In the second section, as a result of
the unsteady state condition, the pore water viédscare calculated by solving the water flow
model (Richards Equation). In the third sectiorg WNSTEFAD (UNsteady state Fractional
Advection Dispersion model) is proposed. This modehsists of the water flow model
coupled with the numerical solution of FADE at tinesteady state condition. In the fourth
section, the Geo-UNSTEFAD (Geochemical-UNsteadtedtaactional Advection Dispersion
model) is proposed. This model simulates the playsiansport of the solutes in the unsteady

state and determines the geochemical species owgduring the transport processes.

3.2 Fractional derivatives:

Fractional calculus is the branch of calculus tbaheralizes the derivative of a
function to non-integer order. In this section reebintroduction to the fractional derivative is

shown. The derivative of a function f is defined a

.................................. 3.1

o (X)sz (x+hr3—f(x)

Iterating this operation yields an expression fog h-st derivative of a function. As can be

easily seen — and proved by introduction- for aatural number n,

- (X):H%h'”i(—l)m(nmjf(x+(n— LY PR 3.2
Where

n_ n! _ F(n+1) il

m m!(n— rn)l r( m+l)r( - mi-l) ........................ .

or equivalently,

D"f (x):Lirﬂ)h-“i(—l)m( ]f(x—mr) ........................ 3.4

n
m

-51-



Chapter Three Simulation of soldtansport in_soils at_unsteady state

3.2.1Exponentials:
The case of the exponential function is especillyple and gives some indications

about the generalization of the derivatives:

g a
A~ — | —-a _1\n a(x+(0/—n)r'):
D™ =lim h é( 1) [nje
— axl h—aa _1n a ahya-n _
=e™im b2 ()| (e "=
— A | -a ah _ a:
=e Llrﬂ)h (e 1)
=a’e™ PR I

3.2.2Power:
The case of powers of x also has some simpltbi&y allows its generalization. The

case of integer order derivatives

_1 I
Dx®=ax* = D"x*= x*"[ (& m=—2> " ...3.6
,Tl:l)( " (a-n)!
can be easily generalized to non-integer ordewrdgvies
Dox = @D _aa 3.7
MNa-a+1)
Which can be applied to any function that can beaexled in powers x
(0= ax 501 ()= a0z am D 3.8
e~ ~ = "r(n-a+1)
3.2.3Binomial Formula
Letd,f (x)=f (x+ h) whose iteration yields:
dif (X)=F(X+ah) oo .39
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Therefore

D"f (x) = lim h° Z(—l)( jf(x+(n m =
; -n 3 _1q\m n n-m —
=lim h nZB( 1) (mjdh f(x)

(d jf( ) .. 3110

For non-integer numbers,

d, -1

D“f (x)=|hirR)( j f(x)=

e (@) ang
=lim h nznl(a n+1)( ~1)"de " (x) =

_ N r@+1) o
—'.Loh ;( ) W f(X+(a’ n) h) 311

Finally, it is obvious that as h goes to 0 the &giation is equivalent to the following

M(a+1)
Nl (a-n+1

D°F (x) =1im S (-1)" " CE P 3.12

3.2.4Griunwald-Letnikov Derivative

Grunwald-Letnikov derivative is a generalizationtbé derivative analogous to the
generalization by the binomial formula (3.12), lttuis based on the direct generalization of
the equation (3.4):

07t (x)= i( e

)f (x-mh............3.13

3.2.5Riemann-Liouville Derivative

Riemann-Liouville derivative is the most used gateation of the derivative. The

Riemann-Liouville derivative is:

X

Df (x) = —— | Oy 3.14
e e SO |
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3.3Water Flow Model:

Darcy’s equation for one dimensional saturated figw

J :—Ks(aij ....................... 3.15
0z

Where J is fluid flux, K is the saturated hydrautenductivity; z is the spatial coordinate
(Simunek et al. 1998NVarrick 2003. The Darcy equation modified for the unsaturated f
and becomes Buckingham-Darcy equation:

J=-K, (@ﬂj eaii.3.16

0z

Which is derived by defining the total head H agsgure head h and vertical spatial
coordinate z. The unsaturated hydraulic conductiKitys a function of pressure head and/or
of water content. Richards’ equation for transieater flow is:

96 __0)

Where6 is the volumetric water content, t is time. The Bogham equation coupled with

..3.17

Richards’ equation, we have:

96 _0 K(@ﬂj ........................ 3.18
ot o0z 0z

This equation for one-dimensional flow contains tdependent variables, pressure head h
and water conterd (Warrick 2003. Equation (3.18) can be written in the followingrh
(van Dam et al. 2000

%=C%=i K(%ﬂj ........................ 3.19
ot ot o0z 0z

Where C is the differential water capacity/gh) (cm?).

3.3.1Soil Hydraulic Properties Equations

The hydraulic conductivity K in equation (3.19) isen by

K(hz)=K(2) K(h2......e.eeennn.3.20

-54-



Chapter Three Simulation of soldtansport in_soils at_unsteady state

Where Kis the saturated hydraulic conductivity andi&the relative hydraulic conductivity

(Simunlek et al. 1998 Mualem gives the relative hydraulic conductivityas:

K, :izse 3221
KS
The effective saturation {S5is:
S = 876 3.22
6.-6

Where6 is the water conteng, is the residual water content, aéglis the saturated water
content Mualem 197%. The van Genuchten model for solving hydraulicdrotivity as a

function of water content is:

K, (h)= s;’z[l—(1— g}’m)mT ...................... 3.23

m=1- N>1. 23,24

n
Multiplying this equation by Kgives Simunek et al.199&an Genuchten 1930

K (h)= Kss;’z[l—(l— s;’m)mT..........................3.25

Soil water content as a function of pressure heaivien by van Genuchten as:

[1+(avh)n}m

Equation (3.26) is highly non-linear due to the 4liaear physical relationships

g(h)=6 + ...3.26

between6-h-K. Therefore, this equation can be solved analyyicahly for a very limited
cases. Numerical techniques used for solving thion have been describedYsh, 1986
The results of the numerical soil water flow modeksy be seriously affected by the way they
average the hydraulic conductivitl{ between nodesHaverkamp and Vauclin ,1979
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Belmans, Wesseling and Feddes ,1%88IHornung and Messing ,198Broposed to use the
geometric mean, which increased the accuracy otitzked fluxes and caused the fluxes to be
less sensitive to changes in nodal distance. Howewe geometric mean has serious
disadvantages too. When simulating infiltrationdry soils or high evaporation from wet
soils, the geometric mean severely underestimabes water fluxes and may cause
convergence problemZdidel and Russo 19920ther researchers proposed the use of a
harmonic mean Warrick 1991 Zaidel and Russo 1992Desbarats 1995Baker 1995
Romano, Brunone and Santini 1998he different approaches may have a signifiedfgct

on the calculated soil water fluxes.

Van Dam and Feddes, 2Qd@vestigated the effect of nodal distance andayiag of
hydraulic conductivity with SWAP (Soil-Water—-Atmdsgre—Plant). This model has been
developed at Wageningen UR from 1978 onwar@sdes, Kowalik and Zaradny 1978
Belmans, Wesseling and Feddes 138&8bat, Van den Broek and Feddes 19¢a@n Dam et
al. 1997 and simulates one-dimensional (1D), variably isdiad, water flow, solute transport
and heat flow in relation to crop development . @h¢he investigated cases concerned an
intensive rain shower on a dry sandy sdian Dam and Feddes, 2Q0@aried the nodal
distance from 0.1 to 5 cm and applied both arithereatd geometric averaging Kf At small
nodal distances the hydraulic gradient and the ameeK converge to the same value,
whatever method oK-averaging was used. They support the use of agtibnaverages in
commonly applied finite difference numerical scheme

Both finite difference and finite element methods/é been used to solve Richards’
equation for variability saturated soHdddes et al., 198&elia et al., 1990Pan et al., 1996
In two and three dimensional flow domains, finileneents are advantageous at irregular
geometries. In one dimension finite difference dvantageous because it needs no mass
lumping to prevent oscillationvV@n Genuchten, 1982Pan et al., 1996 and is easier to

conceive and to implement in numerical routines.

A Dirichlet boundary condition is taken at the sailface:

0(0,0) =0S .ovveeerrenen 3,27

A unit hydraulic gradient (free drainage) is taleez.x
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and an initial condition of
0 (z,0) =Oini ..o veeeennennnn..3.29

A popular method to solve Richards’ equation isithplicit, finite difference scheme

with explicit linearization of hydraulic conducttyiK, and water capacity C, as described by

Warrick (2003)
Consider the h-based Richards’ equation in theohg form:
ot ) oz 0z 0z

An approximation at zsand f.+1= t+At is:

Ci,n(h*_h,n)_ K sosn (Hoa™ h)+ Kooa (=) (Kiom =Ki o)

2 2 331
At (Az) (Az) Az

In (3.31), the specific water content and condiititis are at the “old” time,tand the h

values correspond to the new timg.tTheAz is assumed constant.

Az =B A, 3.32
2
Ki+ +K| Ki +KI
Kios= 12 , Ki os > - .3.33

Application of equation 3.31 results in a tridiagbmatrix:

AN,+BH+GCh,=D =1, NZ oo, 3.34
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B, C, O 0 || h D,
A B C 0 h, D,
0 h, D,
0
AN -2 BN—Z CN—2 hn—1 Dn—l
0 0 Ay, BN_l__ h; ] _Dn |
Internal nodes (i=2... nz-1)
A- - _ Ki—0.5n
i (AZ)Z
B i + Koo * Kioso
BRAN (Az )2
Co=-Niesn
i (AZ )2
D. :Ci,nh,n _(Ki+0.5n_Ki—05n)
: A R

Upper nodep (0, t) or h (0, t) given

A0 o e,

Biasabove withi=1.........ccoooiiiiiiiiiiiins
............. 3.42

G as above with i=1

Dl

At Az

(2

[Kosnbased on h(0,t) and;K]

-58-

- Cl,n hl,n _ (K1.5n -K O.Sn) + Kosn h(0,1)

...................... 3.35

................. 3.37

............. 3.38

............ 3.39

3.40
..3.41

...3.43



Chapter Three Simulation of soldtansport in_soils at_unsteady state

Lower node (unit hydraulic gradient)

Azasabove Withi=nz ..., 3.44
B __CnLn Knr&&n 3‘45
. At (Az)2 ...................................
D, :C”Z'”hnz‘”— Koz i” K mos 347
At Az

The solution of this tridiagonal system can be it by using Thomas algorithm

The soil water flow model shown above was prograchmsing MATLAB. Water
infiltration into Yolo Light Clay (same example usbyWarrick, 2003 is used to validate the
MATLAB code. The van Genuchten parameters are: Bj=Q= 1.5 m*, Ks = 1.23 x 10
m/s,0s = 0.495,0, = 0.124. The initial condition was chosen as h=-Bsulting in an initiab
of 0.24 , values oAz were 0.025 m andt was chosen 1 second initially and then allowed to
increase by 1% each time step to a maximum of 886rgl. The resulting profiles at 24 and
240h are given in figure (3.1). This figure (3.1)ows that the results obtained by the
MATLAB code are exactly the same of that obtaingd\tarrick (2003)

Water content

0,2 0,3 0,4 0,5
0
_Ql |
02 |
_0’3 |
£ 04|
N
0,5
0,6 |
0,7 |
—24 h Matlab
08 & ——240h Matlab
09} X A 24h Warrik
f‘ ® 240h Warrik
1 b

Fig (3.1) Soil water content profile for Yolo Ligltay (comparison between results obtained
by Warrick 2003and those from MATLAB code)
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3.4UNSTEFAD model
FADE at unsteady state can be writtenZsafig et al. 2006

oc_9 [D a“c} 9 (Ao IR 3.4

o oz| 9zt oz

When V and D are constants, equation (3.48) reddoestly to FADE at steady state
condition used b¥Benson et al. (20002007). The same reduction is also showndyshman
and Ginn (2000).

We first expand the variation of dispersive flux3.48) as:

.............. 3.4

a Za—l

9[ 0c]_L0°C aDaC
0z 07 0z0d7Z*

and then we approximate theando-1 order fractional derivative with a one-shift arefo-

shift Grinwald formula, respectivelifieerschaert and Tadjeran, 2004

0°C(z,t) _ 1

e :AzangkC(z—kAHAz) .................. 3.5
=0
a‘lc(z,t): 1 hilka(z—kAz,t) ........................ 3.k

Azt AT

WhereAz is the space step size, N is a sufficiently largmber of grid points, and, gfx are
the Grinwald weights

g, = "k ~a) 3.52
T .
rk-a-t)] _(k-a) 35

€= r[-(a-)]r(k+) -a

To solve equation (3.48), we use a zero- and orfeGHinwald estimate to approximate the
(0-1)- order and the-order fractional derivative (as shown in 3.50 &¥ll), respectively,

and the resulting difference equation:
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Cin+1_Cin Cn+1_

1

V ml_\(—l +

- _\/_n+1 i
At ' Az

qn+1
-1 _~ntl
Ci

Az

Dmli+1
g
Az"kz:(:) «

-k +1

Where i=0, 1... K is the grid,, = nAt is the time.

wl_ mlj
Cn+1 + D D—l f In_+1
szt &"

k

........ 3.5¢

Repeating the above equation for every grid poing gets a linear system of equations:

[A][C™ |2 [CM | 3.

Where

and[A] =] A, | is the matrix of coefficients

are defined as follows:

0
At
_DiFgo
. =V. D.
Aij = 1+Vi£+AtV' V'_l—D,A—zgl—( '
’ h h h
At At D -D _ At
., —-D —¢q,———~12 f
h D e 9 h H*H
At Di—Di_ At
_Ding—jﬂ_TlF i

While Ago =1, Ay;=0 for j=1,
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3.4.1Solution Strategy

The master program first read the input paramet&trsach time step, the master
program calls the soil water flow model. This modalculates the pore water velocity at each
node. Then, the dispersion coefficient will be odted fronD =Av, where A is the
longitudinal dispersivity. Pore water velocitiesdatispersion coefficients are taken as input
parameters by the fractional advection dispersiodeh This model furnishes the convected
concentrations at each node which will be usedtf@ next time step. The flowchart
describing this methodology is shown in figure 3.2

Start

A 4

Read input data
Background and initial concentration
Soil characteristics

Geometr

Next time J t=1, Time step ]

[ Impose the boundary conditions ]

v
[ Calculate pore water velocity and dispersion cofit ]

\ 4
[ Calculate solute concentration ]

Fig (3.2) Flowchart of UNSTEFAD solution procedure
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3.4.2Validating the UNSTEFAD model

Chloride transport through 50 cm sandy soil colunsn used for validating
UNSTEFAD MATLAB code. UNSTEFAD is used with = 2 (whena = 2, the fractional
ADE will converted to the classical ADE). The hydlia properties of the soil column were:

0= 0.044,6s=0.413,0,=0.027 /cm, n = 2.897, Ks = 21.37 cm/f,= 0.2 and the longitudinal

dispersivity = 0.2 cm. Chloride concentration i940g/I.

The results from UNSTEFAD are compared with thiogen HYDRUS-1D (Software
Package for Simulating the One-Dimensional MovenoéiWater, Heat, and Multiple Solutes
in Variably-Saturated Media). Figure (3.3) showg ttomparison between results from
HYDRUS-1D and UNSTEFAD. This figure shows that tbedes (HYDRUS-1D and
UNSTEFAD) give the same results when the value: &f 2. Also, this figure shows that
influent chloride concentration equal to effluehtaride concentration after 7,17,32,43, and

60 minutes at 10, 20, 30, 40, and 50 cm soil dep8pectively.

C (mg/l)

0 0,2 0,4 0,6 0,8 1
Time (hr)

Figure (3.3): chloride breakthrough curves at défg soil depths (H= HYDRUS and UN =
UNSTEFAD)

3.5Ge0-UNSTEFAD model
In Geo-UNSTEFAD model (Geochemical unsteady stitctional advection

dispersion model), three models are coupled togethater flow model, solute transport
model and the geochemical model. As shown in tegipus section, the flow model (section
3.2) consists of equations for water content distron, and velocity field. The partial
differential equations are discretized in time apdce using finite differences. At each time
step, a set of non-linear algebraic equations @raulated. These equations are solved using

Thomas algorithm for the tridiagonal matrix to abtthe pore water velocity along the length
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of column. The fractional transport model (sect8o8) computes the concentrations of solutes
along the soil column. This model describe the maystransport of the total aqueous
concentration. The geochemical model (chapter ssotion 2.3) will be used for studying the
speciation of solutes (i.e. studying the transpdreach component independently). These

models are coupled and solved following the procednown in the section 3.4.1.

3.5.1Solution Strategy

For Geo-UNSTEFAD model solution, we adopted thenesgprocedure used for
solving UNSTEFAD (section 3.3.1) and adding thedpmnical model after the fractional
transport model. Therefore, at each time stepnthster program read the input parameters.
Then it calls the water flow model for calculatitige pore water velocity at each node of the
soil depth. After this, the master program calasgahe dispersion coefficient for each node
depending on the pore water velocity. The pore watelocities and the dispersion
coefficients will be used as input parameters gy flactional transport model. This model
will calculate the advected concentration of sa@ude each node. Then, the master program
calls the geochemical model. This model will edprdites the chemical system using the
appropriate reactions and returns the modified @mrapt concentrations which will be
further convected by the fractional transport madehe next time step. Figure (3.4) shows

the flowchart of this procedure.
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Star

\ 4

Read input data
Background and initial concentration, Soil chardstes and
Geometry

\ 4
t=1, Timester ]

Nexi time J

g\

v
[ Impos¢ thebounday conditions ]

\ 4
[ Calculatt pore watevelocity anc dispersion coefficiel ]

) 4
[ Calculat¢ solute concentratio ]

Equilibrated l
concentration [

Geochemistry ]

Fig (3.4) Flowchart of Geo-UNSTEFAD solution prdoee

3.5.2Validating the Geo-UNSTEFAD model

Lead transport through 50 cm sandy soil columnused for validating Geo-
UNSTEFAD MATLAB code. Geo-UNSTEFAD is usedat= 2. The hydraulic properties of
the soil column are, = 0.044,6=0.413,0,=0.027 /cm, n = 2.897, Ks = 21.37 cm/i},= 0.2
and the longitudinal dispersivity = 0.2 cm. Leadhoentration is 400 mg/l. The system

contains 1.2 mmol/l of chloride (¢ 0.8 mmol/l of phosphateS(O’"), pH = 5, Roz2 = 3

mbar. By using the equilibrium reactions procedwe can derive the geochemical model for
the above system: The partial €@ressure (g2 and the pH in the soil are boundary

conditions of the model. pH andgpare linked by the dissolution of G@nh water:
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3

+ 2-
CO, + H,O—=2H"+CQ¥ K :w, logK , =-18.14........3.58

" P, Peo
2

and the considered complexation equilibria are

Pb*2 +Cl- —— PbCI' K:{Pb—cr}_ logK=1.6 ......................3.59
{Pb*z}{CI }
. ) _ {PbcCQ} ~
Pb® +CO> — PbCQ K_{Pb2+}{C032‘} log K=7.24...............3.60
- : . {pPbsq} 3
Pb*?+SQ — PbSQ K_—{Pb+z}{sq2-} log K=2.75....cccceeen 3.61

Adsorption of Lead to the soil is described witheastended Freundlich equation:
[QPb] = K, { P} { H} 362

This mass action equation can be interpreted asumhexchange equation:

NPb* + Q% + mH —— QPh H™ ™ ..o, 3.63

For each component, a mass balance can be cattulate

Y e = PO [+ POCI |+ PbSQ]+[ PbCO+[ QB T oo 3.64
Yo =[CI [#[ PBCI [ =T o0 3,65
Yo =LSA |+ POSP = T oo, 3.66

By applying the equation of ion activity coefficiefeq. 2.4) and the mass action equations
(3.64-3.66) we have:

YPb2+ :[Pb2+](l+ VeeYer Klpbcr [Cl_]-'-ypﬁ*beSQ K'PbSQ[ Sq_])
Yo Vi Konco K peq | H ] et 3,67

K (beZ* [sz+])” (yH* [ H +])m ~Toge
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Ycr = [CI_}(:H Ve Vor- K;DbCF [ Pb2+]) B Tcr

= Cl— - Cl ‘CI -
[ ] 1+ypb2*ychPbcl*[Pb2}

Yso}* :[Sq_](l-'- yPtf*beSQ K'PbSQ[ P6+])_ -Eof’

Yo #Tag oo 3.69

1+ Yo Vooso K posg [Pb2+ }

e

=[S0} |=

These equations will be solved by using Newton-Raphmethod. The results from Geo-
UNSTEFAD were compared with those from HP1 (Multqmonent Variably-Saturated Flow
and Transport Model). Figure (3.5) shows that #silts from Geo-UNSTEFAD model (for
the total aqueous lead concentration) are exabdysame of that from HP1 model. These
results shows that after one hour of simulation irb@gg, the value of C/Co was
approximately 0.875. Figure (3.6) shows the breakihh curves of each species in the
agueous system. It shows that free lead is the rmspecies in the aqueous system
(approximately 77 % of total aqueous lead concéntrp The order of the agueous species,
at pH = 5, can be arraigned as: Fre&"PPbSQ>PbCI>PbCQ.

For studying the effect of pH values on the spec@ncentration, we changed the pH
value from 3 to 10. Figure (3.7) shows that from PHo 7, the free species is the major
species in the aqueous system. The concentratialh aqueous species decreased when the
pH value becomes more than 7. While, all the comagan of the aqueous species becomes
approximately zero after pH = 10. The effect of thider geochemical factors will be

discussed with more details in chapter four.
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Figure (3.5): comparison of total aqueous leadkireaugh curve simulated by UNSTEFAD
and HP1 models
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Figure (3.6): Lead aqueous species breakthroug@ am of soil depth and pH = 5.
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Figure (3.7): Lead aqueous species at 50 cm spihdsfter 1 hour of simulation beginning at

different pH values

3.6 Conclusions

The steady state is rarely occurring in the figldgerefore the application of the
fractional model at the unsteady state conditiasndispensable. This application firstly
needs the solution of the water flow model; therefa MATLAB code was written for
solving the Richard’s equation and this code wdglaged using the data cited by Warrick
(2003). Then, new numerical model was proposed sfaving the fractional advection
dispersion equation at the unsteady state conditibhis model was linked to the water flow
model and the MATLAB code written for the new modehs validated with the famous
solute transport code HYDRUS-1D usimg 2. The results show well agreement between the
results from the MATLAB code and those obtainedHXDRUS-1D. Then, this model was
coupled with the geochemical model. The resultsftbe MATLAB code written for the new
fractional hydro-geochemical model were comparetth wie results obtained from HP1 (1D-
hydro-geochemical model). The comparison showed tha& new fractional hydro-
geochemical model well simulate the transport dfiteoin the vadose zone at the unsteady
state conditions. In the next chapter, the apptinadf this new model will be done followed

by a sensitivity analysis for determining the mafé¢cting factors.
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4.1 Introduction

In this chapter, the fractional geochemical mosldll be applied to a real case study;
also a sensitivity analysis will be done. The fisstction of this chapter contains the
description of the study area, historical backghwsvoil characteristics, and the topography
and climate of the region. The second section isf ¢hapter shows the methods adopted for
estimating the parameters of the water flow moflattional solute transport model and the
geochemical reactions model. The third section shihv sensitivity analysis and it is divided
into three subsections: sensitivity analysis ofwlager flow model, sensitivity analysis of the
fractional solute transport model, and the sengitanalysis of the geochemical model. In the

end, a short summary of this chapter will be presin

4.2 Study Area description

The Kempen region is located near the Dutch-Beldparder. It stretches across the
Belgian provinces oAntwerpandLimburg and the Dutch province ®forth Brabant(figure
4.1). There is heavy metal pollution from sevelaczre smelters in this region. The zinc
ore most often used in these smelters is sphal@hit8), which contains a wide range of other
metals: manganese, cadmium, copper, arsenic, tljurg, antimony, and thallium
(Levinson, 197% From 1880 to 1974 the chimneys of these smedteritted oxides of heavy
metals that reached the soil either by dry depwosivr with rainfall. The plants switched to an
electrolytic process in 1974; since then, atmosphamnissions have diminished drastically.
The continued input of heavy metals on the soilygh atmospheric deposition has resulted
in excessive accumulation in the topsoil in the KWem region, accompanied by increased
leaching to the groundwateB€¢untjens et al., 200BSonke et al., 2002Harmsen, 1977
Bokholt, 1992. In the following subsections, we will presensfzort historical background,
soil characteristics, topography and climate of tbgion Sonke et al., 20Q2Wilkens and
Loch, 1997.

4.2 .1Historical Background

The Belgian zinc industry was established betweg30land 1840 around Liége and
induced a maximum exploitation of Belgian zinc—leads between 1850 and 18Bximitz,
1979 Dejonghe, 1998 The Kempen’ zinc industry in Northern Belgiunarséd off with the
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first two smelters irDverpeltandBalen-Wezelbuilt in 1888 and 1889, respectively, followed
by the third smelter ihomme] built in 1904. Zinc production depended mainlyioported
ores from Germany and Australia, and later from goonwhich was a Belgian colony
between 1880 and 1960. Besides these three ma&a@uppliers, up to 20 different ores were
continuously imported in smaller quantities fromnyaother countries. Belgian, German,
Australian and Congolese mine production, as weB@gian smelter and refinery production
between 1800 and 1976 are shown in figure 4.2 igiudef 4.3 SGchmitz, 1979

VMiaandere

Hainaut)

o Neerpe t

o Overpelt

- L & Peer
e O
B Y Lecpoldsburgys

ig (.1) Map showin the location of the Kemperaanear the Dutch-Belgian border

(Google Earth).
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Fig (4.2): Zn production (fkg /year) since 1800, for Belgium, Germany, Auirand The
Congo Schmitz, 1979
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Fig (4.3): Belgian smelter and refinery productfonZn, Cu and Pb (£tkg/ year) from 1837
to 1976 Gchmitz, 1973

4.2.2Soil Characteristics

In this study, the works was focused on the regiear the zinc smelters Gfverpelt
(figure 4.1). Three fields were selected. Fieldigla 1.9 km from the nearest emission point
and the soil type is aernosol. Field (2) and (8)lacated at a distance of 2.3 and 3.5 km from
the nearest emission point, respectively, and thletype is carbic podzol. The fields were
located in the direction of the prevailing wind By-from the zinc smelters of Overpelt
(Belgium). Table (4.1) shows a general statistiiew of soil major components (pH, organic
matters, AJO3 (as proxy of clay fraction), F®; (as proxy for iron oxides and hydroxides)
and MnQ (as proxy for magnesium oxides and hydroxidegjiviés an indication of the soll

characteristics of all soil profiles. It is obviotisese soils have a low content of organic
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matter, low pH and low contents of oxides. The sainples contain less than 0.5% of the
fraction below 2um. Consequently the amount of clay minerals is igdge. Most soll
particles are in the fraction 125 to 2&th (Table 4.2).

Figures 4.4 and 4.5 present depth profiles of dogamatter content, D"
concentration, the contents of aluminum oxide, i@tide, manganese oxide, and zinc
concentration of the sampled fields. These figustesw that at field 1, there are very low
content of organic matters (about 1.5%). While fietd 2 and 3, the amount of organic
matters is about 7% at the top of soil and aboutu®% 25 cm of soil depth. After 25 cm of
soil depth, there is approximately no organic nmatimontent. Soils at the three fields are
acidic (pH~ 4). Iron and aluminum are partially removed frdme topsoil probably due to a
decrease in pH. In general, the content of alumiriton and manganese are low and increase
with the depth, which may be a result of acidificat(WILKENS and LOCH, 199Y. There is
a clear enrichment of zinc in the topsoil. Thisdise to the accumulation of zinc from the
atmospheric emissions. The average content ofimitice topsoil of the three fields is about
80 to 300ug/g. The natural background zinc content of the gemregion in the topsoil (0-6

cm) is 5-15ug/g. In general, the content of zinc decreases aéfith for the three fields.

Table (4.1): Basic statistics of the soil major paments {VILKENS and LOCH, 199y

Mean SD Min Max n
oM 1.89 2.59 0.03 20.75 369
pH 4.15 3.46 5.53 369
Al;03 1.68 0.8 0.23 6.32 401
Fe O3 0.42 0.24 0.05 1.63 401
MnO, 0.0064 0.004 0.0014 0.0287 401

Mean = arithmetic average; S.D. = standard dewviatdin = minimum value; Max = maximum value; n =mioer of
observations.

Table (4.2) Grain size distribution of a represemasoil samplesWILKENS and LOCH, 199y

Fraction pm [%0] Fraction pm [%]
1000 — 2000 0.3 50 — 105 12.8
500 — 1000 1.7 16 - 50 2.2
250 - 500 14.1 2-16 0.8
125 - 250 48.3 <2 0.5
105 -125 19.5
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4.2.3The Topography and the Climate:

The Kempen region is flat lowland with surface lev#ecreasing from south to north,
from about 40 meters to 20 meters above sea lexktre climate of the area is humid and
temperate with mean July and January temperatdirgéd and 4 °C, respectively, and annual

precipitation averaging 700 m¢man der Grift et al., in presse)

4 3Parameters Estimation

4.3.1Estimation of water flow parameters

The solution of many field-scale flow and trangpmroblems requires estimates of
unsaturated soil hydraulic properties. Direct measent of these properties is often time
consuming and expensive. An alternative is theaigeedotransfer functions (PTFs), which
estimate the hydraulic properties through the ¢aticsn with more easily measured or widely
available soil parameters. For calculating the ipatars of soil water flow model, the van
Genuchten equation (3.26) can be fitting to theewedtention data.

For the Kempen region, the soil hydraulic paranseéeée measured [Beunjens et al.
(2002) They used the non-linear least squares optinozatdde RETC for determining water

retention parametetrs, n,0s, andr. The results are shown in table (4.3).

Table (4.3) Soil water retention parameters for iemsoil Seunjens et al. 2002

O, 05 Oly n Ks
residual water| saturated water, (1/cm) ) saturated hydraulic conductivity
content content (cm/hr)
0.062 0.429 0.0187 3.03 30

4.3.2Estimation of solute transport parameters:

The relationship of the measured variances oftedtavel distance to the mean travel

distance or time (i.eg” vs X or g~ vs t) can be fitted using nonlinear model:

Y=A*XB .41
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Where Y is the variance of travel distaneg , X is the mean travel distancg f or time (t),

A and B are regression coefficients that can bel usedetermine transport parameters.
Because ADE predicts a linear increase of travsfadce o’ , the measured relationship
betweeno? and time t or mean travel distariceis often used to estimate the dispersion

coefficient or dispersivityZhou and Selim, 2003Similarly, this method is also applicable to
the parameters estimation of FADE. Accordin@enson et al. (2000a)

0322(

Whereo is the measured plume variance, D is the fractidispersion coefficient (LT); t is

2la
cos%‘ Dtj .............. 4.2

time (T) anda is the fractional order. Far = 2 both sides of Eq. (4.2) are exactly equal for
the classical ADE. Comparing eq. (4.1) and eq.)(48e can find a relationship between

regression coefficients and fractional paramet&n®( and Selim, 2003

a=2IB .................. 4.3
1/B

_ (A1) 4
‘COS(]T/B)‘

In addition, if one assumes that the molecularudifin can be ignoredZiou and Selim,

2003, the fractional dispersion coefficient can beresged as,
D=Av.................45

Where v is the pore water velocity (EY and A is the fractional dispersivity (L).
Accordingly, Eq. (4.2) become<l{ou and Selim, 2003

Ufzz(

Where X is mean travel distance, In this case, we may afgonatel according to the

2la
Ax—j Y

Vo4
COS7

measured relationship betwee andx . The fractional dispersivity is thus given by,
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1/B

_(ar2)

—W .........4.7

The inverse method is also used to determine trenpaters for given BTCs involving
several derivatives of concentration versus thampatersBenson (1998has adopted a finite
difference (FD) method to approximate those firgsten derivatives for parameters estimation.
Huang et al. (2006ndopted a semi-analytical approach to deal withsehéirst-order
derivatives. Instead of using the finite differemmoethod from the beginning, the first-order
derivatives can be analytically evaluated then @nmnt the necessary integrations
numerically. The Levenberg-Marquart proceduUrecés et al. 198Tan be used to minimize
the variance of the estimation error.

Soil dispersivity for the soil of Kempen region wagasured b$eunjens et al. (2002)
using experiments with a non-sorbing tracer (cdeyin two undisturbed 1m-long and 0.8 m-
diameter soil columns. They found that the dispégsis equal to 2cm. As a result of data
missing, several values of the fractional ordeugdli<o<2) will be taken to test its effects on

zinc transfer in the unsaturated soil zon®wgérpeltsoil (which is a part of Kempen region).

4.3.3Geochemical Reactions Parameters Estimation:

The same procedure of chapter two and three isfoseiimulating the geochemical reactions
of zinc in the soil of Kempen region. The considieeguilibrium geochemical reactions with

their formation constants are shown below (datab&&heaqgs, 2005):

Zn* +OH™ = Zn( OH)" LogK=5 TP UPUUPTRPPRPPY” X |
Zn* +20H™ = Zn(OH) , LogK =111  .ooooievciiiiieiieieeeeenn. 4.9
Zn*" +30H" = Zn( OH), Log K =13.6 s 4010
Zn* +CI” = znCI' LOgK =046  coocoveieeiiiiiiiiiieeeeen, 4011
Zn* +2CI" = zn(Cl) .. Log K =0.62  cooovveiiieieieieeenan 412
Zn* +3CI" = Zn(Cl), LogK=051 ... 4013
Zn* +4Cl" = zn(Cl)’ LogK=0.2 oo 4.14
Zn* +SQ = ZnSQ,, LOGK =23 i 4.15
Zn* +2SQF = zr( SQ). LOgK =3.6 coorriieiieee e 4.16
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Zn* +3sQ = z1( SQ); LOgK =27 i 4.17

Zn* +COF = ZnCQ,, LOGK=4.76  oovevveeeeeeeeeeeeee e, 418
Zn* + H'® +COZ = ZnHCQ' LogK=11.83 .ooooiiieeieeceeeeeeen, 4.19

Zn*" +2C07 = zn( CQ). LogK=7.3 i 4.20

AI* +OH ™ = AI(OH)* LogK=9 .. 421

Al* +CO; = AICO; Log K =8.43 e 422
Al"+S0O = AISQ Log K =3.89 s 4023
Al* +CI- = AICI* LogK=-0.391 ... 424

Mn? +OH™ = MnOH" Log K=3.4 4.25
Mn® +CO;” = MnCQ,, LogK=4.7 4.26
Mn* +SQ" = MnSQ,, Log K =2.27 e e 427

Fe” +OH™ = FeOH’ LogK=4.6 . 4.28
Fe*" +CQf = FeCQ,, Log K =4.73 PPN 1924
Fe™ +SQ = FeSQ,, Log K =2.39 PPN < 3.0
Fe” +Cl” = FeCI’ LogK=-0.3 . 4.31

-79-



Chapter four Model application and sensitivity analysis

4.4 Model Sensitivity Analysis:

The sensitivity analysis of the parameters offthetional hydro-geo-chemical model
is conducted to examine the effects of these pamm@n the simulation output. Small
changes in a parameter resulting relatively langgwut changes are indicative of parameters
sensitivity. The objectives of the sensitivity aysis are to find the parameters of great
importance affecting the transport of zinc andfasms in the unsaturated soil zone. This
section contains three sub-sections: 1) sensitatglysis of the soil water flow model, 2)
sensitivity analysis of the fractional transport dah and 3) sensitivity analysis of the
geochemical model.

4.4 .1Sensitivity analysis of the soil water flow model

The parameters considered in the sensitivity a@malyf the soil water flow model are:
saturated hydraulic conductivity Ks, saturated sedter contentds, residual soil water
contentor, initial soil water conteni, and van Genuchten, and n parameters.

Several scenarios are designed for the sensitaitglysis represents the soil of
Overpeltregion. A single soil type of sand with a depthl6D cm is considered. The values
of soil water retention parameters are shown itetéh.3). Runoff, evaporation, and plants
uptake processes are not considered in this sitty simulations are run for 8 hours. Table
(4.4) shows the values of the soil water flow pagters used in the sensitivity analysis. The
values of these parameters are changed by +10%25%.

Table (4.4) values of van Genuchten parameters fasdde sensitivity analysis

parameters

Ks Os O Oini oy n

(cm/hr) () () () (1/cm) )
-25 % 225 0.322 0.047 0.15 0.014 2.273
-10 % 27 0.386 0.056 0.18 0.0168 2.727
Baseline 30 0.429 0.062 0.2 0.0187 3.03
+10 % 33 0.472 0.068 0.22 0.0206 3.333
+25 % 375 0.536 0.078 0.25 0.0234 3.788
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Basic soil hydraulic profiles

The basic soil hydraulic profiles resulting frohetrun of the soil water flow model
for 8 hours using the baseline values of van Geiemcharameters are shown in figure (4.6).
This figure shows the profiles of soil water heashil water content, soil hydraulic
conductivity and pore water velocity at differemhé steps (0.2, 0.4, and 0.6 hours). All the
profiles shown in figure (4.6) show that the saillenn of 100 cm reach to the saturation state
after 0.6 hours (36 minutes) of simulation begignifthe profile of the pore water velocity
shows that the water velocities decrease with timt a constant velocity (at the saturation
condition). This is due to the differences in tlodl pressure head; because the pore water

velocity according to Darcy law is proportional iydraulic gradient, v = [(dh/dz)+1].

Table (4.5) shows the hydraulic gradient, soil ewatontent, soil hydraulic
conductivity and pore water velocity values at 5 afrthe soil depth at different simulation
times. It clearly shows that the values of the pweger velocity decrease with the time of
simulation until a constant value (at the saturationditions).

From the above analysis one can concluded thagidrewater velocity change rapidly
at the beginning of the simulation time until abd¢astate. In our case, the stable state in pore
water velocity can be achieved after 36 minutessiofulation beginning (i.e. from the
beginning of water flow). The behaviors of the athgdraulic profiles shown in figure (4.6)
are oppositely to the behavior of pore water vé&joprofile (i.e. the soil water content, soil

head pressure and soil hydraulic conductivity iaseewith time until the saturation state).

Table (4.5) soil hydraulic properties at 5 cm sl@pth

Simulation time (hours)
0.2 0.4 0.6
oh/ a2 0.4 0.217 0.001
0 0.429 0.429 0.429
K (cm/hr) 30 30 30
v (cm/hr) 42 36.5 30
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Scenario A: Effect of saturated soil hydraulic condtivity (Ks)

In scenario A, the values of saturated soil hylitazonductivity change by £10% and
+25%. The other parameters are fixed at the baseltues. The results are shown in figure
(4.7). It shows the variation of soil water contesuil water head, and pore water velocity
with respect to time at 100 cm of soil depth. Thgure shows that there are adversely
relationship between the value of saturated sadkréwlic conductivity and the time needed to
reach the saturation state. When the value othgditaulic conductivity increases by 25%, the
time needed to mak®e= 6s is 29 minutes. In the other hand, when the vafusil hydraulic
conductivity decreases by 25%, the time neededakerth = 6s is 46 minutes. The effect of
saturated soil hydraulic conductivity appears mdearly on pore water velocity. When the
values of the saturated soil hydraulic conductigivange by £10% and +25%, the values of
pore water velocity will be changed by the sameg@atiages, respectively. As a consequent,
one can concluded that the saturated soil hydraohcluctivity is a sensitive parameter in the

soil water flow model.

Scenario B: Effect of saturated soil water conte#s)

In scenario B, the values of saturated soil watetent change by +10% and +25%.
The other parameters are fixed at the baselineegsallhe results are shown in figures (4.8)

Figure (4.8) shows the effect of saturated soilewaontent on the values of the soil
water content, soil water head, soil hydraulic aariivity and pore velocity. It shows that
there are direct relationships between the timele@¢do reach the saturation state and the
other parameters (soil water content, soil hydcabkad and pore water velocity). In other
word, the time needed to reach the saturation sateease when the value of the saturated
soil water content decrease and vice versa. Frgurdi4.8-A and 4.8-B, the times needed to
reach the saturation state are 52 minutes at 258édsing irf)s value and 22 minutes at 25%
decreasing irfs value. The pore water velocity reaches the velaai the saturation state
lately by 18 minutes when the valuesfincrease by 25% and early by 12 minutes wisen
decrease by 25%. As a consequent, one can condhdethe saturated soil water content is

also a sensitive parameter in the soil water floadat.
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Fig (4.7) saturated soil hydraulic conductivityesffs on A: soil water content, B: soil water
head and C: pores water velocity at 100 cm ofdsyith

-84-



Chapter four Model application and sensitivity analysis

0,6
A
0,5 -
0,4
S 03
© ——25%
E 02 —a—10%
—a— Baseline
0,1 - -10%
—¥—-25%
O T T T T 1
0 0,2 0,4 0,6 0,8 1
time (hr)
0
-10 1 B
_20 _
_30 _
_ "5‘8 ] ——25%
5 :60 : —a—10%
< 70 - —a—Baseline
-80 - -10%
-90 1 —¥—-25%
_100 T T T T
0 0,2 0,4 0,6 0,8 1
time (hr)
—
P
©
o
©
>
|3 ——25%
g —a—10%
g —a—Baseline
o —o—-10%
—¥—-25%
0 0,2 0,4 0,6 0,8 1

time (hr)

Fig (4.8) saturated soil water content effects orsdil water content, B: soil water head and
C: pores water velocity at 100 cm of soil depth
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Scenario C: Effect of residual soil water conter@ir}

In scenario C, the values of soil residual watertent changed by +10 and +25%. The
other parameters are fixed at the baseline valtesresults are shown in figure (4.9).

Results shown in figure (4.9) show that there aweeffects offr variation on the
values of soil water content, soil water head amiek pvater velocity. This is due to the small
value of the residual water content. This smalugabf the residual soil water content is a
direct result of the sandy nature of theerpeltsoil.

Scenario D: Effect of initial soil water conten®{ni)

In scenario D, the value of the initial soil watemtent change by +10 and £25%. The
other parameters are fixed at the baseline valttesresults are shown in figure (4.10).

Figure (4.10) shows the effect of solil initial wat®ntent on the soil water content,
soil water head and pore water velocity. It shoat the time needed to reach the saturation
state will be increased by 10% when the valuesefinitial soil water content increased by
25%. In the other hand, when the value of init@l water content decrease by 25%, the time
needed to reach the stable state will be decrdas&0%.

After 30 minute of the simulation beginning, thel seater content reaches to the
value of saturated soil water content when theaingoil water content decrease by 25% (in
the baseline condition8,= 0s after 36 minutes). In the other hafd; 6s after 41 minutes of
the simulation beginning when the initial soil wat®ntent increases by 25%. The same
simulation periods (30 and 41 minutes) are neededake the pore water velocity equal to
those at the saturation conditions when the inisiall water content changes by +25%
respectively. As a consequent, one can concludgdthere are direct relationships between
the initial soil water content and the other hydiaparameters (soil water content, soil water
head and pore water velocity).
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Fig (4.9) Residual soil water content effects onsail water content, B: soil water head and
C: pores water velocity at 100 cm of soil depth
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Fig (4.10) Initial soil water content effects on gail water content, B: soil water head and C:
pores water velocity at 100 cm of soil depth
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Scenario E: Effect of van Genuchtea, parameter

In scenario E, the values of van Genuchigparameter changed by +10 and +25%.
The other parameters are fixed at the baselineegsallhe results are shown in figure (4.11).

Figure (4.11) shows the variation of soil watentemt, soil water head and pore water
velocity with respect to time at different valudsran Genuchten, parameter. The effects of
av value appear clearly after 18 minutes of the &wan beginning. The value afv has
adversely effects on the values of the pore waddwcity. For example, after 30 minutes of
simulation beginning, the pore water velocity w&s5lcm/hr when the value af increased
by 25% and it was 29.6 cm/hr when the valuenofdecreased by 25%. Also, for the same
period of the simulation (30 minutes), the pore evatelocities were 18.7 and 25.8 cm/hr
when the values adv changed by +10%, respectively. The pore wateoarsl reaches the
constant value (at the saturation condition) agérminutes of the simulation beginning
regardless the percentage of changevinalue.

Also, av has the same effects on the values of soil waiatent and soil water head
(i.e. adversely effects). For example, the valuesod water content after 30 minutes of the
simulation beginning were 0.38, 0.41, 0.423, amBOvhen the values afv changed by
+25%, +10%, -10%, and +25%, respectively. Soil watntent and soil water head reached
the maximum valued (= 0.429 and h = 0) after 36 minutes of the simaitabeginning.
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= 0,3+ .
% 0,25 - —e—25%
|S 0,2 —a—10%
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time (hr)
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Fig (4.11) van Genuchtem, parameter effects on A: soil water content, Bl sa@iter head
and C: pores water velocity at 100 cm of soil depth

Scenario F: Effect of van Genuchten n parameter

In scenario F, the values of van Genuchten n pasancbange by +10% and +25%.
The other parameters are fixed at the baselineegsallhe results are shown in figures (4.12).

Figure (4.21) shows the effect of van Genuchteralme on soil water content, soll
water head and pore water velocity. It shows that @ffects of n value on the pore water
velocity are oppositely to the effects @f value. In other word, there is a direct relatiups
between n value and the value of the pore watewscitgl while av value has adversely
relationship with the value of the pore water vélod-rom figure (4.12), one can notice that
the values of the pore water velocity (after 30 utis of the simulation beginning) are 28.4,
25.2, 17.35, and 4.5 cm/hr when the value of n gadrby +25%, +10%, -10%, and -25%,

respectively.
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The soil water content and soil water head has ladiected in the same manner by
the value of n (i.e. their values increase with ithereases in n value and vice versa). For
example, the soil water content values (after 3Auteis of the simulation beginning) were
0.427, 0.4216, 0.404, and 0.3224 when the valuesabfanged by +25%, +10%, -10%, and -
25%, respectively. The same thing for the soil whtsad, it values were -14.8, -18.6, -24.4,
and -49.8 cm when the values of n changed by +23%%, -10%, and -25%, respectively.

The pore water velocity, the soil water contentl ahe soil water head reach the
maximum value ( at the saturation conditions) & shme time (36 minutes) for all cases

except in the case where the value of n decreaszb®y ( it need 42 minutes to reach the

maximum value).
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Fig (4.12) van Genuchten n parameter effects osofl:water content, B: soil water head and
C: pores water velocity at 100 cm of soil depth

Summery

The soil water flow model was applied for calculgtihe pore water velocity and the
other hydraulic parameters at 100 cm of the sqgitldat different simulation times. Then, a
sensitivity analysis is made for determining thesmeffective hydraulic parameters that
affecting the pore water velocity. The adopted wsialprocedure depends on the parameters
of van Genuchten model (K8s, 0r, n, anda,) and the initial soil water contenii). For
testing the sensitivity of each parameter, its @atuchanged by £10% and £25%.

The results show that the values of pore waterctgi@re sensitive to the change in
the values of soil hydraulic properties; exceptha case ofr variation. The effects of the
hydraulic parameters on the pore water velocitylmamrranged by the following order: Ks >
0s >0ini > n >av > 0r. The time needed to reach the pore water veldoitthose at the
saturation state is more sensitive to the saturedddwater content as shown in table (4.6)
which shows the differences in the time needecéahn the saturation state (dt) at a specific
parameter values and at the baseline values. Dits tmmall value, the residual soil water
content has no effects on the values of the poterwalocity or on the time needed to reach
the saturation state.

Table (4.6) difference in time needed to reachstitaration state.

parameter dt (%) parameter dt (%) parameter %odlt
+25% -16.7 +25% +50 +25% 0
Ks +10% 0 0s +10% +16.7 or +10% 0
-10% +16.7 -10% -16.7 -10% 0
-25% +20 -25% -33 -25% 0
+25% -16.7 +25% +16.7 +25% 0
oini +10% 0 o +10% +16.7 n +10% 0
-10% +16.7 v -10% 0 -10% 16.7
-25% +16.7 -25% 0 -25% 16.7
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4 .4.2Sensitivity analysis of the fractional solute trangort model

In this section, the sensitivity of the fractiorslute transport model will be tested.
The fractional orderof) and the dispersivity coefficient) will be used as the key factors for
testing the sensitivity of FADE. Three scenariodl Wwe used for the purpose of sensitivity
analysis. In the first scenario, the valuest@hange fromu=1 toa=2 by increment of 0.1(i.e.
a=1, 1.1, 1.2... 2) and the value ofvill be constant (2 cfif). In the second scenario, the
fractional order will be constant£1.7) and the values of dispersivity change fromt0. 4
cm*! (i.e.r =4, 35,3,25,2,1.5, 1, 0.75, 0.5, 0.25, Ori}he third scenario, bothand
will be changed according to table (4.7) and ta@s). Soil pore water velocities were
calculated in the previous section (4.4) by using baseline soil hydraulic properties. Soil
depth used is 100 cm, the duration of simulatid® ®urs, and the simulation didn’t take into
consideration the effect of the vegetation zonek(gffect). The effect of the geochemical
reactions will be discussed in the next sectionggiity analysis of the geochemical model).
The input zinc concentration in the top of soillviaé taken as 2400g/l (van Base et al., in
press).
Table (4.7): Third scenario for testing the sewmsitiof FADE; procedure A

Third Scenario

case | a1l b c d e f 9 h i g K
name
M 1| 11| 12| 13| 14| 15 16 1.7 1.8 1l9 2
ey | 4| 35| 3 | 25| 2| 15| 1| 075 05 025 o

Table (4.8): Third scenario for testing the sewmsitiof FADE; procedure B

Forth Scenario

case

L | M N O P Q R S T w X
name

o 1111 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1,9 :

L4

A(cm™) [ 0.1]0.25/ 0.5 | 0.75 1 1.5 2 2.5 3 3.5 4

Scenario A: Effect of the fractional orderd):

Figure (4.13) shows the breakthrough curves ot zah 100 cm of soil depth at
different values of the fractional order)( It contains two parts, the first part represtm
breakthrough curve of zinc from the beginning uBtB hours of the simulation time. This
part of figure (4.13) shows that the concentratwdérzinc at 100 cm of soil depth increases
rapidly when the value af is small. For example, the concentration of zifiereone hour of

simulation beginning is equal to 491/l when the value ofi = 1. At the same time of
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simulation (1 hour), the concentrations of zinc B9 and 0.@wg/l when the values af were
equals to 1.5 and 2, respectively.

The second part of figure (4.13) represents tleakihrough curve of zinc from the
time of 3.3 hours until the end of the simulatidhis part of figure (4.13) is oppositely to the
first part. In other word, the concentration of zireaches to the soil depth of 100 cm is
proportional to the value af (when the value af increase the reached concentration of zinc
will increase also). For example, the concentratibminc at 100 cm of soil depth and after 5
hours of simulation beginning is equal to 235§ when the value of equal to 2. In the
other hand, the concentrations of zinc at the spem®d of simulation (5 hours) and at the
same soil depth (100 cm) are equal to 1740 and &84Qvhen the values af were equal to
1.5 and 1, respectively.

The normalized concentration (g/ds equal to 0.5 after 3.3 hours of the simulation
beginning. At this time, the concentrations of zare equivalent regardless the valuenof
(zinc concentration= 120@y/1).

2500

—e—alpha=1
%: 2000 | —=—alpha=1,1
E alpha=1,2
= alpha=1,3
= 1500 - eresesssssssssssss | —¥—alpha=1,4
% """ —e—alpha=1,5
o 1000 - —+—alpha=1,6
3 ——alpha=1,7
g 500 | alpha=1,8
N —e—alpha=1,9

=— alpha=2

0 R T T T T p
0 1 2 3 4 5 6 7 8
time (hr)

Fig (4.13) effect of fractional orden) values on zinc breakthrough curves at 100 cm of
Overpelt sand soil.

Scenario B: Effect of dispersivity coefficieni)

In scenario B, the value of dispersivify) thanges from 0.1 to 4 &hwith a constant
a value ¢=1.6). The simulation results of 8 hours at 100 swoit depth are shown in figure
(4.14). Zinc breakthrough curves shown in figutel4) can be divided in two parts also; the
first part beginning from t = 0 to t = 3.3 hoursid part shows that concentration of zinc at
100 cm of soil depth has a direct relationship \lid value of. In other word, the amount of
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zinc reaches the soil depth of 100 cm will be greathen) has relatively large value. For
example, the concentration of zinc reaches to thedepth of 100 cm after 2 hours of
simulation beginning is equal to 313/l when the value ok equal to 4 ciit. When the
values ofx are 2 and 0.1 ctit, the concentration of zinc reaches the same spihd(100 cm)
at the same time of simulation (2 hours) are etjuabD9 and 0.Qug/l, respectively.

The second part of figure (4.14) represent thakireough curve of zinc from t = 3.3
to the end of the simulation time. The second péfigure (4.14) is oppositely to the first
part. When has relatively small value, the amount of zincches to the soil depth of 100
cm is relatively big and vice versa. For examphe, ¢oncentration of zinc reaches to the soil
depth of 100 cm after 5 hours of the simulationibeing is equal to 240Qg/l when the
value of\ equal to 0.1 cffit. For the same conditions (t = 5 hours and soil deptd0 cm),
the reached concentrations of zinc are 2140 an@ 1§41 when the values of are equal to 2
and 4 crfi’. At t = 3.3 hours, the concentration of zinc iu@qto 1200ug/! (c/c;=0.5)
regardless the value of

From the above analysis, one can conclude thagffieet of A on the amount of zinc
reached to the soil depth of 100 cm is adverselthéoeffect ofa. Also, the breakthrough

curves of zinc with different values afhave more sharply forms from those with different

values.
2500 ——lam=0,1
— —s—|am=0,25
E” 20001 ——lam=0,5
= lam=0,75
-% 1500 - —x—lam=1
E —e—lam=1,5
§ 1000 4 ——lam=2
8 ——lam=2,5
g 500 | lam=3
N lam=3,5
—=—lam=4
0 m

time (hr)

Fig (4.14) effect of dispersivity\J values on zinc breakthrough curves at 100 cm\adfrelt
sand soil (lamk)
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Scenario C: Effect of Bothd) and ():

In scenario A and B, the effects @fand on the amount of zinc reached to the soil
depth of 100 cm were studied separately (by changie parameter and fixing the other). In
scenario C, botln and A values will be changed together for studying ifiea on zinc
transfer in the soil. The values @fand\ are shown in tables (4.7) and (4.8). The simufatio
results are shown in figure (4.15) for the valuetable (4.7). The breakthrough curves shown
in figure (4.15) shows that the fractional orde)y has more effect than the dispersivity (
because its shapes and values are nearest toithiopere (4.13). The breakthrough curves in
figure (4.15) are more sharply from those in fig4el3) and this is due to the effectsiof
values.

Figure (4.16) shows the results of zinc transporulation with the values af and\
shown in table (4.8). The breakthrough curves gure (4.16) shows that the effect of
values can be approximately equilibrated by theatfbfA values. This result is due to the
oppositely effects ofr andA on the zinc transport breakthrough curves. Theosipely
effects ofa andA are shown in the previous section (II).

2500 a
sssssssssssssssssaEERssRndddeed e
e ANSOIISRIGOR ——0D
> 2000 - pRRRRRR .
3 D K7
C 7 :’:/ 00RO d
g 1500 | WK 00007 T idcddchckokkk .
= 28 i R
5 o
e 1000 g
: ——0nh
2 500 |
N i
0 »» | ’
0 1 2 3 4 5 6 . o
time (hr)

Fig (4.15) effect of botlw and\ values (according table 4.7) on zinc breakthroagives at
100 cm of Overpelt sand soil.
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Fig (4.16) effect of botlw and\ values (according table 4.8) on zinc breakthroagives at
100 cm of Overpelt sand soil.

Summary

The values ofa and A have very significant effects on the concentratainzinc
reached to the soil depth of 100 cm. They have sipglg effects on the value of zinc
concentration. The amounts of zinc (after 8 hodrsimulation beginning) are 2400, 2270
and 1400ug/l when the values af equal to 2, 1.5 and 1, respectively. In the otfeerd, the
concentrations of zinc (after 8hours of simulatimyginning andw = 1.7) are 2400, 2390, and
2300ug/l when the values ofare 0.1, 2, and 4 ¢,

The effect of the relatively small and big valudsh with a specifica value on the
amount of zinc reached to the soil depth of 100veas studied. Aty = 1, the results shows
that the concentrations of zinc were 1300 and 34§)0when the values ¢ were 0.1and 4
cm™?, respectively. At = 2, the results shows that the concentratiorsaf were 240Qug/l
when the values 6f were 0.1and 4 cfft.
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4 .4 .3Sensitivity Analysis of geochemical reactions model

The sandy soil of Kempen region is acidic (pH) and it has low content of organic
matter and metals oxides as shown in section (4.2A2 a consequent, there are no
considerable geochemical reactions can be occumitigs conditions and the free ion of zinc
(Zn?") is the major species in the aqueous solution.

As shown in section (4.3.3), the geochemical sgdtem in the Kempen region

consists of:Zn*", CI', SG" OH ~andCOZ . Several scenarios are proposed for studying the

sensitivity of the geochemical model. In the fisstenario, the effect of pH value on the
speciation of zinc will be studied by considerihg toncentration of zinc reached to the soill
depth of 100 cm after 8 hours of simulation begignequal to 2400 pg/l (the output from the
fractional transport model will be used as inputadia the geochemical model). The other

scenarios test the sensitivity of the other compt€1 ~,SO’,CQ~, AP, Mrf", andre®")

on the speciation of zinc using different concerdres of each component and fixing the
concentration of the others. The baseline conceoisaof these components shown in table

(4.9) are collected from different references.

Table (4.9): The baseline concentration of eachpmorant in the geochemical soil system

component | H zn** cr sSo” | co” | AP Mn®* Fet

concentration
_ 10* | 3.67x10° | 1.2x10° | 8x10* | 0 5x10% | 1.165x10° | 0.15
(morality)

Scenario A: pH effects

A wide range of pH values (pH = 3, 4, 5, 6, 798and 10) are used for illustrating the
effects of the pH on the speciation of zinc. Theutes shown in figure (4.17) indicate that the
free zinc (ZA") is the major species when the pH is in the acidice and Zn(OH)is the
major species when the pH is in the basic zonee Eré" represents about 90% of the total
zinc concentration when the pH = 7. The concemmatif free ZA* decreases with the acidity
of the soil solution (pH >7). The concentration £fi(OH), species increases when the
alkalinity of the soil solution increases. At pH9=and 10, the concentration of Zn(QH)
represent 84% and 96% of the total zinc conceptratiespectively. The percentages of the

other species of zinc are shown in figure (4.17).
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Speciation of Zn Speciation of Zn Speciation of Zn

Remainder Remainder Remainder

free Zn 2+ free Zn 2+ free Zn 2+
Zn(SO4) (aq) Zn(S04) (aq) Zn(S04) (aq)

Speciation of Zn Speciation of Zn Speciation of Zn
free Zn 2+
free Zn 2+ free Zn 2+ Zn(OH) +
Zn(SO4) (aq) Zn(S04) (aq) Zn(OH)2 (aq)
Remainder Remainder Zn(S04) (aq)
Remainder
pH=6 pH=7 pH=8
Speciation of Zn Speciation of Zn Speciation of Zn

free Zn 2+

Zn(OH) + Zn(OH)2 (aq) ;n(gn)i (aq)

Zn(OH)2 (aq) Remainder n(OH)3 -

Remainder Remainder
pH=9 pH=10 pH=11

Figure (4.17): effect of pH on the speciation afczi

Scenario B: Cl effects

Different concentrations d€l~ (ranging from 0.0012 to 2 M) are used for testing

effects of Cl ~concentration on the speciation of zinc. The néyravalue is used (pH = 7)

and the simulation results are shown in figure §t.1The results shows that there no effects
of ClI~ concentration on the speciation of zinc if the aaniration ofCl~ is below of 0.5
molarity. At this case@l ~< 0.5 molarity), the free Zi represents approximately 89% of the
total zinc concentration. The concentration of ffe@" decreases with the increases@f
concentration.ZnClI?~ is the major species when the concentratio€Iof is greater than or
equal to 1.5 molarity. As a consequent, one carcladed that the higher concentration of

Cl™ , at a neutral pH value, is significantly affeth&e speciation of zinc. The other zinc

species are shown in figure (4.18).
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Speciation of Zn Speciation of Zn Speciation of Zn

free Zn 2+ free Zn 2+

Zn(S04) (aq) Zn(S04) (aq)
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free Zn 2+
ZnCl +
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ClI'=0.0¢

Speciation of Zn Speciation of Zn

free Zn 2+

ZnCl +

ZnCI2 (aq)
Remainder
Clr=0.:t

free Zn 2+
ZnCl +
Remainder

CI'=0.1

Speciation of Zn Speciation of Zn Speciation of Zn
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el el ZnCI2 (aq)
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ZnCI3 - ZnCI3 -

ZnCl4 2- ZnCl4 2- ZnCl4 2-

Remainder Remainder Remainder
Cl' = Cl=1.F Cl =2

Figure (4.18): the effects @l ~concentration (in mol/l) on the speciation of zinc.

Scenario C:SO,>effects

The effects of SO;” on the speciation of zinc are tested by using wlifferent
concentrations o807 (0.0008 to 2 molarity). The results illustratedfigure (4.19) shows
that the concentration of free Zrdecreases with the increase®®? concentration, while,
the concentration oZn(SQ);Zincrease with the increasing 8f07” concentration. The free
Zn®* represents 88% of the total zinc concentrationrwtie concentration 080 was
0.0008 molarity. This percentage decreases as 69%, 28%, 16.8% and 0.0% when the
concentrations 060;” were 0.004, 0.008, 0.04, 0.08 and 1.5, respectivAly a consequent,

one can concluded that there is adversely reldiiprizetween free Zi concentration and the

concentration 6O} . In the other hand, there is direct relationshépazen Zn(SQ);Z and

the concentration of SO~ at the neutral pH. The percentages of the otheriep are shown

in figure (4.19)
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Figure (4.19): the effects O] concentration (in mol/l) on the speciation of zinc.

Scenario D:COs>effects

In this scenario, the concentrations @07 are changed from 0 to 3 molarity for
examining its effects on the speciation of zincdhe geochemical soil system. The results

shown in figure (4.20) shows that the concentradnCOZ is significantly affects the

speciation of zinc. The free Zhis the major species (89%) when the concentraifd@OZ"
was 0 molarity. This percentage is severely changeth 89% to 14% when the

concentration ofCO’” increased from 0 to 0.4 molarity. At this concatibn of COZ™ (0.4
molarity), ZnH (CQ,)" is the major species which represent 50% of tte# tmncentration of
zinc. When the concentration 607" equal to 1.6 molarity, the concentration of freé'Zn
approximately zero and the major zinc species hoset associated with th@OZ . The

percentages of all species in the geochemicakgstem at differen€O;~ concentrations are

shown in figure (4.20).
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Figure (4.20): the effects &O.™ concentration (in mol/l) on the speciation of zinc.

Scenario E:Al%*, Mn?* and FeZ effects

The effects of A", Mn?* and F&" on the speciation of zinc are studied by changing

their concentrations. The results are shown inrégy4.21), (4.22) and (4.23), respectively.

Figure (4.21) shows that the concentration of Al&inging between 0 — 0.05 molarity) dose

not affect significantly the speciation of zinctlre geochemical soil system. The fre€'Zis

the major species of zinc. It represents approxma8% of the total concentration of zinc.

The effects of Mfi” concentration on the speciation of zinc are shifigure (5.22).

As in the case of A3 the variation in MA" concentration has no grand effects on the

speciation of zinc in the geochemical soil systd@ime concentration of free Zhrepresents

88% of the total concentration of zinc when theasmration of MA" was zero molarity and

it represent (86 %) when the concentration of Mu&s 5 molarity.

Figure (4.23) shows that Feconcentration effects on the speciation of zina'do
differ from those of Mn2and AF*. The results show that the change in th€ Fem 0 to 1.5

molarity will decrease the percentage of freé"Zsy 5% only. The concentration of the free

Zn** represents 98% of the total concentration of zinc.
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Figure (4.21): the effects &kl * concentration (in mol/l) on the speciation of zinc.
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Figure (4.22): the effects d¥in** concentration (in mol/l) on the speciation of zinc.
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Figure (4.23): the effects dfe®* concentration (in mol/l) on the speciation of zinc.
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Summary
The pH value is the only factors that affecting gpeciation of zinc in the soil of

Overpelt (in the Kempen region). At pH less thanh®, free ZA" is the major species in the
geochemical soil solution (it represent approxinya®®% of the total zinc concentration). At
pH> 8, Zn(OH} is the major species (85% of the total zinc cotregion). Cl~ has no effect

on zinc concentration when its concentration belo molarity and the major species is the
free Zrf* .The concentration of the free Zrdecreases when the concentratiolCbf above

0.5 molarity. When the concentration®f > 1.5, the major speciesZaCl." .
The concentration of Zf decreases with the increasing$®}  concentration. As a
consequent, the concentration Z)ﬁ(SQ);Z will be increased. The free Zhrepresent 88%

and 0.0% when the concentrations®;~ were 0.0008 and 1.5 molarity, respectively.
The percentage of the free Zrconcentration changed from 89% to 14% when the
concentration of CO;™ increased from 0 to 0.4 molarity. AZOZ" concentration of 1.6

molarity, all zinc forms in the aqueous system eoted to carbonate forms. The other
metals (Af*, Mn** and F&" have no significant effects on the zinc speciatin the
geochemical soil system and the major speciesifréle ZA*,

4.5 Conclusion

The soil of Kempen region is heavily polluted I theavy metals. This pollution is
due to the pollutant emission from the zinc smsltecated in the region from 1880. Due to
the acidic sandy prosperities of the soil, theeelaw content of organic matter.

The Geo-UNSTEFAD model was applied for this regami a sensitivity analysis was
done. The results show that the values of porerwalecity are sensitive to the change in the
values of soil hydraulic properties; except in ttese offr variation. The effects of the
hydraulic parameters on the pore water velocitylmamrranged by the following order: Ks >
s > 0ini > n > av > Or. The values ofa and A have very significant effects on the
concentration of zinc. They have oppositely effemtsthe value of zinc concentration. pH
value is the key parameter for the speciation i€.zin the acidic media, free zinc is the major

species, while in the basic media; Zn(@HkH the major species. The concentration of free
Zn** has adversely relationship with the concentratiohsSO? ,Cl andCOZ . The other

metals (Af*, Mn** and Fé&") have no significant effects on the zinc speciatio
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General conclusions and recommendations

The main objective of this study was to developmathematical model which
simulates flow and transport processes within wmagtd soil zone taking into consideration
the geochemical reactions occurring during thesjpart processes. This thesis contains four
parts.

The first part deals with the bibliographical arsé. It consists of four sectionthe
zinc (origin, production-utilization, and toxicityjhe geochemical reactions modehemical
equilibria, chemical reactions codes, and specgiatiozinc),water flow mode(formulations
and water flow codes), anéractional advection-dispersion mod€ADE, FADE and
comparison between them). This part shows thatldssical ADE has some limitations in the
simulation of solutes transport in the heterogesebeld soils and the fractional ADE
replaces the classical ADE for overcoming thesetdiions. Also, the solutes transport
models don’t take into considerations the geochaimieactions processes; therefore the

fractional ADE should be coupled with the geochahinodel for overcoming this problem.

The second part deals with the application of FAIDEhe steady state and its coupling
with the geochemical reactions model. It considtdwn sections:STEFADE (analytical
solution of FADE at the steady state and modeldatibon) andGeo-STEFADEcoupling the
geochemical model with the analytical solution A= at the steady state and model
validation). The results obtained from the applaabf these models showed their capability
to giving more details about the solute concerdratand its species (forms) in the soil

solution.

The third part deals with the application of FADIE the unsteady state and its
coupling with the geochemical reactions model. dngists of four sectionsfractional
derivatives(general introduction of the fractional derivasyewater flow modelRichards
equation solution and model validatio®)NSTEFADE mode{numerical solution of FADE
and model validation), an@eo-UNSTEFADHKcoupling the geochemical model with the
numerical solution of FADE at the unsteady statd arodel validation). The results from
these models were compared with those obtained H¥MRUS-1D and HP1 software. This
comparison showed that UNSTEFAD and Geo-UNSTEFADde® well simulates the
transport of solutes in the unsaturated soil zarbeaunsteady state.
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The fourth part concerns the application of ther neodel and the sensitivity analysis.
It consists of three sectionssteady area description(historical background, soil
characteristics, and topography and climgp@yameters estimatiofwater flow parameters,
FADE parameters, and geochemical parameters). &atlusoil hydraulic conductivity (Ks)
has adversely effects on the time needed to réechaturation state. The value of pore water
velocity changes by the same percentage of thegehiarthe value of Ks. Saturated soil water
content @s) has a direct relationship with the time neededeach the saturation state.
Residual soil water content hasn’t any effects lenwater flow model and this is due to its
relatively small value.

The fractional ordero) has two oppositely effects on the concentratibaioc. The
first effect started from the beginning of simubatitime until the time where c/co = 0.5. At
this period,a value has adversely effect on the reached zincerdration. After this point
(c/co = 0.5),a value has a direct effect on the value of reactied concentration. The effect
of the dispersivity value)j is oppositely to those of the fractional ordey. (The effect ofu
value is greater than the effectiovalue.

pH is the most affecting geochemical factor. FZeé" is the major species in the
agueous geochemical system when pH < 8; while Zn{@&+Hhe major species when pH >8.
The concentration of free Zhhas adversely relationship with the concentratiafis

SO/, Clrandco?”. The concentrations of the other cational*(,Mn*,Fe*) have no

significant effects on the speciation of zinc ie eiqueous solution.

Several aspects in this study needs more reséanchthese: the estimation method
of the fractional ordero and the fractional dispersion coefficient (D)e thffects of the
vegetation zone, the effect of contaminant typel Hre use of FADE in two and three

dimensions.
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