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... ZUM wassergebundenen

Stoffkreislauf

Mass transport processes

e Advection
e Dispersion

N

Source: Domenico & Schwartz, 1990
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Chemical, nuclear, and biological processes

e Acid-base reactions ”

e Solution, volatilization, and precipitation
e Complexation _~

e Sorption reactions Q

¢ Oxidation-reduction reactions
e Hydrolysis reactions

e |sotopic reactions
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The principle idea of considering water and solute cycles is
based on the application of system theory to environments.

Input Qutput
Q(t), €M), Et) Q), €, E(t)
effective precipitation runoff
environmental Iracers ss— concentration/properties of
artificial tracers natural and artificial tracers

Source: Leibundgut et al., 2009
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“dissolved” | “particulate”
045pm 2 um 63 pm
1,000 30,000 MW UF filters “clay” I silt I sand
10-10 10-9 10-8 10-7 106 10-5 10-4

Diameter (meters)

g5 A —— (Colloids — Suspended

o sediments
\ —
o\ b =
T Clays and & Aggregated
o 5 N colloids

clay-organic complexes

® Metal oxides

o Natural organic matter
o &
O - Virus Bacteria

Simple . @ #\f Organic filaments

“Eid.'; H umic
substances

Cell fragments
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The ‘load’ of water — properties, constituents (isotopes),
solutes, particles — contain and represent information.

They are tracers.

Environmental tracers Artificial tracers

Utilization Application

Environmental 1sotopes Chemicals

Hydrochemical substances Biological substances

Pellution tracers Drift substances

Characteristics: Characteristics:

Spatial input via precipitation, geogenic punctual input (injection), defined by time, place,
SOUTCES hydrological situation

Pollution tracers (e.g. CI7 5F; CFCs)

Source: Leibundgut et al., 2009
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Environmental traces

Artificial traces

Environmental isotopes Solvents
Stable Radioactive Salts
Deuterium ‘H Tritium NatCl™
Oxygen-18 0 K+CI™
Carbon-13 13C LitCl-
“He

Helium-3 15N HEO,
Nitrogen-15
Sulfur-34 S
Radioactive Drifting particles Fluorescence tracers
Tritium H
Carbon-14 I Uranine
Argon-39 B Ar Lycopodium spores Eosine
Krypton-85 FKr Fluorescent particles Naphtionate
Silicium-32 254 Bacteria Pyranine
Chlorine-36 (] Viruses Amidorhodamine

seochermical 1 Phages Rhodamines

Pollution Tracers, for example CFCs, . ..

heavy metals, phosphate, radicactive compounds
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e hydrological process studies: identification of runoff components, subsurface flow
mechanismes, direct or indirect recharge mechanisms;

® guantitative determination of flow components: estimation of evaporation from open
water surface, hydrograph separation;

Source: Leibundgut et al., 2009
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Hydrochemische Prozesse &
Einzugsgebiete

L

Catchement scale
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@ evaporation
mixing of water

@Ieaching of fertilisers, manure
(9 poliution
@que/seu biological processes

@ transpiration

@selective uptake by vegetation
@ oxidation/reduction

(® cation exchange

(®) dissolution of minerals
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Pore scale

Mineral reactions
Gas exchange

organic matter reactions
Cation exchange

B b

@precipitution of secondary minerals
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Elektroneutralitat, Massenbilanz, Genauigkeit der Messung:

Ladungsbilanz = (Summe Kationen — Summe Anionen)

(Summe Kationen+Summe Anionen)
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Konzentrationen
mol/L Konzentration, mit einer der Avogadro-Anzahl

entsprechenden Masse des Stoffes pro Liter Wasser

meq/L Konzentration, mit einer der Avogadro-Anzahl
entsprechenden Menge von Elektronen pro Liter

Menge in g, die mit einem g Wasserstoff
reagiert.

Berechnung: mol * Valenz = Eq

N Normalitat: Equivalent / Liter
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Grundlagen

Stoffe

The dissolved constituents in groundwater classified

according to relative abundance*

Major constituents (greater than 5 mg/L)
Bicarbonate
Calcium
Chloride
Magnesium

Minor constituents (0.01-10.0 mg/L)
Boron
Carbonate
Fluoride

Organic compounds (shallow)
Humic acid
Fulvic acid
Carbohydrates
Amino acids

Organic compounds (deep)
Acetate
Propionate

Silicon
Sodium
Sulfate
Carbonic acid

Nitrate
Potassium
Strontium

Tannins
Lignins
Hydrocarbons

*Modified from Davis, S.N., and R.J.M. DeWiest, 1966, Hydrogeol-
ogy. Copyright © 1966 by John Wiley and Sons, Inc. Reprinted by

permission of John Wiley & Sons, Inc.
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Trace constituents (less than 0.1 mg/L)

Aluminum
Antimony
Arsenic
Barium
Beryllium
Bismuth
Bromide
Cadmium
Cerium
Cesium
Chromium
Cobalt
Copper
Gallium
Germanium
Gold
Indium
Iodide
Lanthanum
Lead
Lithium
Manganese

Molybdenum
Nickel
Niobium
Phosphate
Platinum
Radium
Rubidium
Ruthenium
Scandium
Selenium
Silver
Thallium
Thorium
Tin
Titanium
Tungsten
Uranium
Vanadium
Ytterbium
Yterium
Zinc
Zirconium
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Gleich gewichtskonzentratim—len
Ionenstirke von 0

riffe

Umweltbundesamt 1988/89)

Wa

(nach Alloway u.

asser

& nat

turlic

!_-

che

in Wasser fiir 25°C, Atmosphirendruck und

Ayres 1996, Sigg u. Stumm 1994,

Gas 'Volumen % Henry Konstante Konzentration im Gleichgewicht
Ky (25°C) in mol
kg kPa
N, 78.1 6.40'10° 0.50 mmol/L 14.0 mg/L
0, 20..9 1.26'107° 0.26 mmol/L 8.43 mg/L
Ar 0.943 1.37-107 12.9 pmol/L 0.515 mg/L
CO, 0.028 ... 0.035 33910 Folgereaktionen  [Folgereaktionen
Ne 0.0018 4.49.107° 8 nmol/L 0.16 ng/L
He 0.51:1073 3.76-107 19 nmol/L 76 ng/L
CH, 1.710:° 129107 0.19 nmol/L 35 ng/L
N,O 0.304'10° 2.57.10 0.078 nmol/L 3.4 ng/L
INO - 1910 Folgerecaktionen  [Folgereaktionen
NO, 10 bis 22107 1.01074 Folgercaktionen  [Folgereaktionen
INH1 0.2-2:10” 0.57 Folgerecaktionen  [Folgereaktionen
SO, 101107 bis 1910 0.0125 Folgereaktionen  |Folgereaktionen
0 1010”7 bis 100107(9.4'10 0.094 ... 0.94nmol/L4.5 ... 45 ng/L

aus Merkel B.J. & Planer-Friedrich B. (2002): Grundwasserchemie.

Springer. 219 p.
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Loslichkeit von Gasen in Wasser in mg/L unter Atmosphérendruck (Rosler u.
Lange 1975)

Tempera- | 0°C 5°C 10°C 15°C 20°C i
tur

N, 22.88 20.25 18.09 16.37 15.10 14.00
O, 14.46 12.68 11.24 10.10 9.18 8.43

aus Merkel B.J. & Planer-Friedrich B. (2002): Grundwasserchemie. Springer. 219 p.
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Ca Na+ K HCO;+ CO,4 Cl
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100

Water fram

» Peripheral bedrock

o Alluvial fans and outer
basin fill

» Salt flats

Anion diagram

Cation diagram
Cl-50,~HCOy

MNa-Mg-Ca

80

/K .
-
/ W
u/\ 0
100 80 100
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cation anion cation  anion

10026
Nﬂ+k Cl Nﬂ+k Cl

Meq/l SO, SO,
- 1.5 or as %o -
HCO; HCO;

Ca (Ca
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NGRS NS

HGCQ&

10000 mg/L
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M

S0,

HCO,

Eathily  Hda+h izl

Ca

[mimaleciL)
holiy
100 4
01
0.01 -
0.001
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Fig 1.- Diagrama de¢ Schoeller-Berkzloff Sobooban b bal el B
correspondients a los valores miximos, . . . HCO
medios ¥ minimos. (A): Aguas superficiales, Ca Mg Na 1 S04 .
(B): Acuifero Carbonatado del Alto Anda- 000
rax v (C): Acuifzro Detritico en ¢l Medio '
Andarax.
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Na + K —t—tsdony 4 Stiff-Diagramme

- Vorteil: Verteilung und Konzentration
- Nachtell: Interpretation umstandlich

Stiff Diagram

o HCDs

] I i I 1 | 1 1 1
3 25 220 15 10 5 0 5 10 15 20 25

Cations (milliequivalents/L) Antons (millisquivalents/L)

) Institut fiir Hydrologie, Albert-Ludwigs-Universitat Freiburg
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Legend
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Transport- Wechselwirkungsprozesse Zerfalls-
prozesse prozesse

Wasser Wasser- Wasser- Wasser-

(phasen- Gestein organische Gas

intern) Substanz

——

1. konvekti- 1. Mischpro- 1. Sorption/ 1. Sorption/ 1. Losung/ 1. radioaktiver

ver Trans- zesse Desorption Desorption Entgasung Zerfall
port ein- 2. Losung/ 2. lonenaus- 2. Ionenaus- 2. Redoxpro- 2. Absterben
schlieBlich Fillung tausch tausch zesse der Bio-
hydrodyna- 3. Komplex- 3. Protolyse 3. Minerali- 3. Komplex- masse durch
I bildung 4. Losung/ sierung — Alterung
Dispersion und Zer- Fallung organischer Nahrungs-
. Diffusions- fall 5. Redoxpro- Substanz mangel
4. Dissozia- zesse . Néhrstoff- Nahrungs-
tion/Re- 6. Dissoziation/  entzugdurch konkurrenz
kombi- Rekombina- Pflanzen- unglinstige
nation tion wurzeln Okologische
5. Protolyse 7. Hydratation/ 5. Protolyse Bedingungen
6. Redoxreak-  Dehydra- 6. Komplexbil- . Koagulation
tionen tation dung/-zerfall emulgierter
. katalytische Stoffe
Redoxpro-
zesse
ii: Institut fiir Hydrologie, Albert-Ludwigs-Universitét Freiburg
S ALBERT-LUDWIGS Fahnenbergplatz hydrology@hydrology.uni-freiburg.de
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Kinetics
Flow velocity control
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Equilibrium
Mass balance control
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When the equilibration time T, is small compared to the
residence time T, hydro-chemical fingerprints represent the
geochemical environment.

meq/l
o
{

Na*+ K* HCO, cr

7 ;3_ Institut fiir Hydrologie, Albert-Ludwigs-Universitét Freiburg
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sea | ]
ground water | |
lakes | |
soil moisture [ |
I | rivers
| preciptation
recristallisation | ]
redox reactions | ]
dissolution | |
hydrolysis |
| (de-) sorption
[ | gas-water
| solid-water
] solid-solid
Secs Mins Hrs Days Mos Yrs 106Yrs

Reaction rates, ti, ——>=

A comparison of reaction half-times (¢,,;) for many of the common
reactions in aqueous systems (from Langmuir and Mahoney, 1984).
Reprinted by permission First Canadian/American Conference on
Hydrogeology. Copyright © 1984. All rights reserved.

Quelle: Stumm & Morgan, 1996

%B Institut fiir Hydrologie, Albert-Ludwigs-Universitit Freiburg
[y i
S\ LBERT-LUDWIGS Fahnenbergplatz hydrology@hydrology.uni-freiburg.de

UNIVERSITAT FREIBURG D-79098 Freiburg www.hydro.uni-freiburg.de



Thermodynamik: lonenstarke,
Aktivitat iH
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*_Soiute-solute e - Gas- .
Solute-water Water
- Hydrolysis of multivalent -
, ions (polymerization)

e

. rpuon Mineral-water

equilibria
Mineral
recrystallization

Secs Mins Hrs Days Mos Yrs 106Yrs

Reactionrates, t, ——>

A comparison of reaction half-times (¢,,;) for many of the common
reactions in aqueous systems (from Langmuir and Mahoney, 1984).
Reprinted by permission First Canadian/American Conference on

Hydrogeology. Copyright © 1984. All rights reserved.
Quelle: Stumm & Morgan, 1996
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Grenzwerte durch
Sattigung

Hier: Beispiel Fluorid
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Figure 3.1. The stability of fluorite and the saturation of groundwaters from Sirohi, W. Rajasthan, India
(modified from Handa, 1975). The evolution in water chemistry upon addition of gypsum is described
by the pathway A, B to C as discussed in the text.
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Appelo C.A.J. & Postma D. (1996) Geochemistry, groundwater and pollution. Balkema, 536 p.
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Ton ﬁ(’_‘ﬁ‘i-‘ﬁ}‘ P roduct = [‘4]::1171;:1& * [-B ]mmpfe
The ratio between the 1on activity product and solubility product X, indicates the saturation
state with respect to that muneral. In general, the logarithm of the saturation state is used,

called the saturation index

ion activity product
K

-
-

saturation Index (SI)=log

Quelle: Kills, 2000
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Equilibrium reactions and constants for mineral phases APPELO & POSTMA (1996) at

25°C.

Calcite CaCO; < Ca”™ + CO;™ K. =10°%

Magnesite ~ MgCO; <> Mg™ + CO;™ K, =105

Dolomite CaMg(CO3), < Ca™™ +Mg™ +2C0," K, = 107165

(disordered) Ky = 107170

Gypsum CaSOy < Ca’t + SDf' K, = 10438
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Thermodynamik: lonenstarke,
Aktivitat o
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K=t-" ¥

l4f *[BF

where a, b, ¢, d represent the stochiometric constants of the reaction and where the respective

activities are given in brackets. Equilibrium constants can be calculated thermodynamically

The activity coefficient y is a function of the ionic strength 7 of the solution. defined as
I= 0.52;*?3:. :r.:

JI

logy, =—Az,’| ——=-031

l+ﬁ

A4 1s a temperature factor. corresponding to 4=0.5085 for 25°C (typical conditions for

groundwater in Namibia).
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Thermodynamik: lonenstarke,
Aktivitat
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T (°C) A B (<10%)
0 0.4883 0.3241
5 0.4921 0.3249
10 0.4960 0.3258
15 0.5000 0.3262
20 0.5042 0.3273
25 0.5085 0.3281
30 0.5130 0.3290
40 0.5221 0.3305
50 0.5319 0.3321
60 0.5425 0.3338

Ion a, (<107
Ca”™” 5.0
Mg~ 5.5
Na® 4.0
K. CI 3.5
SO~ 5.0
HCO;5". CO;™ 5.4
NH, 2.5
Sr't, Ba®' 5.0
Fe”" . Mn~", Li 6.0
H' AT, Fe™™ 9.0
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Concentration Factor

Appelo C.A.J. & Postma D. (1996) Geochemistry, groundwater and pollution. Balkema, 536 p.
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The dissolved concentration ¢; (mol/l) of the gas is calculated according to Henry’s law
as a function of partial pressure p; (Pa) and of the Henry constant kg; (mol/1*Pa)

c; = kpi"p
pi=xi(p — pH,0)

where x; is the volumetric ratio of gas in air (pptv). A correction for atmospheric
moisture py,o (Pa) i1s taken into account. The dissolution constant ky; depends on
temperature and for saline water also on salinity S (%o mass ratio). The water temper-
ature T (K) can be taken into account (IAEA, 2006) according to:

2

100 T T T

In k= +asl — V4SS | b+ | — |+ | —
nkp= ﬂ1—|—ﬂz( T) a3 ﬂ(“:) [ 1 2(1{]{]) 3(1[}[})]
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