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HP 1
(a coupled numerical code of the HYDRUS 1D and PHREEQC-2 programs)

EXAMPLE 1 (STADS)

Problem: Transport of linearly adsorbed solute with steady-state water flow (STADS)
Purpose: Understanding the role of the HYDRUS and PHREEQC modules

General Information: We consider transport of single linearly adsorbed component (Conf) under
saturated steady-state water flow through a soil column of 100 cm length for 100 days. The soil has
1.5 g/cm® bulk density, and the saturated volumetric water content is 0.5. Water flux is 1 cm/d and
inflow concentration of Cont is 0.01 mol/I (0.01 mmol/cm®). Solute dispersivity is 1 cm, assuming no
molecular diffusion. The distribution coefficient for linear adsorption K, is 5 cm®/g.

Governing equations: The one-dimensional solute transport equation for adsorbing chemicals
without decay under steady-state water flow can be written as:
oc, . oc.. 0O Oc, . oc, .
1,i +& ai _ 7 Diw 1,i _g 1 (1)
o 0 ot Ox ox 6 Ox
where i (= 1,...N,,) is the aqueous species number (N, is the total number of aqueous species), c,; IS
the adsorbed concentration of the i species [MM™], p, is the bulk density [ML™], ¢;; is the aqueous

concentration phase of the i species [ML™], @is the volumetric water content [L3L"], ¢ is the water
flux [LT™] and D;” is the dispersion coefficient for the i species (L°T™).

In HP 1, the equation for the same problem has the form:
oC, . oC, . oG, .
li a [Dw l,tj_z 1,i +R

Ot ox

where C;; is the total dissolved concentration of the i/ species, and R; is the general source/sink term

— ) 2
ox 0 oOx ' @)

due to geochemical reactions for the i species [ML*T™]. This sink/source term R; indicates
heterogeneous (between two different phases, e.g. solid — solute) equilibrium reactions and
homogeneous (between same phases, e.g. solute — solute) and heterogeneous Kinetic reactions. In case
of adsorbing chemicals, the rate of adsorption (the second term of the right side of Eq.(1) ) becomes

the sink term:

aC,, :i D" 9C,, _gacl,i _&aca,i 3)
o  Ox ox 0 ox 6 ot

If adsorption is instantaneous and described with the linear Freundlich equation:

Ca,i = KdCl,i (4)
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where K, is the distribution coefficient [L*M™].

Linear adsorption in PHREEQC: As the PHREEQC solves the tasks on the base of thermodynamic
equilibrium or kinetic reaction equations, we express the linear adsorption process as a thermodynamic
equilibrium equation. In PHREEQC, since all the concentration is given per unit volume of water, Eq.
(4) is rewritten in terms of the amount adsorbed per unit volume of water:

Cﬁ;:ﬁ%ﬁ%cli:ﬁd?cﬁ (5)

where K, is the adsorption constant in mass per unit volume of water. Eq. (5) corresponds to the
following mass action reaction:

Sor + Cont = SorCont (6)
, SorCont ”
K) = W [SorCom‘] =K, [Sor][Cont] (7)

where Sor is adsorptive surface, and SorCont represents the adsorbed contaminant, and [ ] is the
concentration per unit volume of water (ML™). If the amount of adsorption sites [Sor] is very large,
[Sor] does not change significantly when the concentration of adsorbed species [SorConf] remains

small. Therefore the term K;V[Sor] in Eqg. (7) remains constant and the adsorbed concentration is

linear function of the solution concentration.
Finally, we have
k' = Ky

[Sor]
In this example, assuming [Sor]=1E+100 [mol/l] with K,=5 [cm*/g] and p,=1.5 [g/cm?] results in
logK," = —99.1249.

(8)

Remarks on coupling procedures: HP 1 incorporates modules simulating (i) water flow in
variably-saturated media, (ii) transport of multiple components and (iii) mixed equilibrium /kinetic
geochemical reactions. In HP 1, flow and transport problems are evaluated in the HYDRUS 1D
module while biogeochemical problems are considered in the PHREEQC module. Therefore many of
the solute transport features in HYDRUS 1D are not used and same is true for the advection-dispersion
features in PHREEQC. The numerical coupling procedure of HP 1 is based on a non-iterative
sequential approach solving firstly physical flow and transport processes with HYDRUS1D and
subsequently chemical process with PHREEQC. In fact, solute transport in the HYDRUS 1D module
is modeled as transport of inert (nonreactive) tracers since reactions are considered in the PHREEQC
module.
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I.  HYDRUS-1D module settings

File->Project Manager-> Projects: Button: New

o |

Cancel |

New Project ﬁ
Praject
Marmne: IW
Dezcription: |J-state flaw and tranzport of linearly adsorbed Con?
Directory: |D:\USSL'\HYDHUS1 D_4%\Frojects\HF1-October Browsze

Main Processes

. S

.
Main Processes

Heading:
|Stead_l,l-state flowe and kranspart of linearly adsorbed Cont

Simulate
[ “water Flaw
I
o
[V Sclute Transport
(" General Salute Tranzport

=

7 Majar lan Chemistry
(+ HP1 [PHREEQL) DK

[ Heat Tranzpart Cancel

Name: STADS

Description: Steady-state flow and transport of

linearly adsorbed Cont

Button: "OK"

Note: HP 1 code starts with the HYDRUS-1D
module settings and then with the PHREEQC
module settings!

Heading: Steady-state flow and transport of linearly adsorbed

Simulate: Solute Transport and check "HP1 (PHREEQC)"

g Cont
[ Bootwater Uptake N
Nest ...
[ Foot Graowth
Help
optlon.
Geometry Information
Geometry Information
Length Units —
1 Mumber of Soil Materials
T mm
& om 1 Mumber of Lavers for Mazs Balances Cancel
 m 1 Decline fram Wertical Axes Erevious ..

100 Depth of the Soil Profile

Length Units: cm
Depth of the Soil Profile: 100 cm
Button: "Next"

Hext ..
Help
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Time Information

i

Time Information .
-

Tirme Unitz Tirme Dizcretization

" Seconds Initial Time n

" Minutes 3 3 Cancel
= Final Time 100

" Hours =

& Daps Initial Time Step Qoo Previous ...

7 Years Minimum Time Step  |1&-005 Mest ..

b aximum Time Step (004 Help

Boundary Conditions

B
| Eors |
_ Hew. |
[T

[~ Time*ariable Boundary Conditions

-
=
- < Time Units: Days
m Final Time: 100 days
0 Maximum Time Step: 0.04
’ Leave other values on default

ke

Note: Since the HYDRUS-1D has self-adjusting time marching scheme, the value in the "Maximum
Time Step" could be set relatively big and this will not influence on the accuracy of the HYDRUS
final results. PHREEQC does not have such time marching scheme, so we recommend smaller
maximum time steps to be used for the accuracy of the HP 1 final results. In general, the exact value of
the maximum time step depends on the particular simulation. Note that HP 1 considers as a time
marching accuracy criterion the “performance index” (the product of Peclet and Courant numbers).
Therefore the value of the performance index could also be used for time calculation management. For
more information refer to HP 1 User Manual, p. 36 and 37 regarding Peclet number, Courant number,
and the performance index.

Print Information
Number of Printed Times: 4
Note: Don't forget to change the "Select Print Times" option! Leave other values on default.

Iteration Criteria
Note: Leave all options on default

Soil Hydraulic Models
Single Porosity Models: check "van Genuchten-Mualem" (usually on default)
Hysteresis: check "No hysteresis™ (usually on default)
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Water Flow Parameters

Input the data as shown below:

Water Flow Parameters Lé,l‘
Mat Qr Qs Alpha n Ks | |
1 0.078 0.5 0.036 1.56 1] 0.5

Soil Catalog - Meural Network Prediction | ™ Temperature Dependence

ak. | Cancel | Previous ... | Mest ... |

Help |

%

Note: In case of steady-state flow, h=0
through the profile including at the
both boundaries, the "Ks" value
represents the infiltrating flux.

Steady-state flow with infiltration rate of 1 cm/d is given with h=0 at the upper and lower boundaries

and with Ks = 1 cm/d. Since 0s = 0.5, the pore water velocity v is 2 cm/d.

Water Flow Boundary Condition

Upper Boundary Condition.: Constant Pressure Head

Lower Boundary Condition: Constant Pressure Head

Solute Transport — General Information

he

Solute Transport

Time *Weighting Scheme Space Weighting Scheme

o * Galerkin Finite Elements

@+ Crank-Michalzon Scheme ™ Upstream Weighting FE

" Implicit Scheme " GFE with Atificial Dizpersion

Mazz Unitsr  {mmol Stability Criterion; 2

Dependence an Ervironmental Factars
[~ Temperature Dependence of Transport and Reaction Parameters
[ ‘wiater Content Dependence of Tranzpart and Reaction Parameters

Monequilibrium Solute Transport Models
(¥ Equilibriurm Madel

Diual-Parazity [Mobile-Immobile ‘water) Model [Phyzical Monequilibriun)

T Ty T T

Iteration Criteria - Only far Manlinear Problems

i} Absolute Concentration T olerance

a Relative Concentratin Tolerance Number of Solutes:
1 t amirrurn Murber of [teration Pulze Duration:

v Use Tortuosgity Factar

Cancel

Previous ...
Mest ...
Help

—

Mass Units: mmol
Number of Solutes: 1
Pulse Duration: 100
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Note: When using HP 1 code, we only
have to specify the "Mass Units", the
"Number of Solutes”" and the "Pulse
Duration" options! Leave other values
on default.



HP1 Components and Database Pathway

HP1 Components and Database Pathway

Databaze Pathiway:

'

|D:'\USSL'\HYDF|US1D_4'\HF'1 Databazes\PHREELC. DAT Browse
Eamponsn Bl Eissels ‘wharring: The PHREEQIC.IN file specifving the
1 Tatal H] chemical composition and chemical reactions

needs o be wiitker using PHREEQC.GUI and
copied into the HYDRUS project folder.

The default PHREEQC. trp (1]
file zan be created using the
cammand below, Cancel

Create default

" PHREEQC tmp file B o

Meut ...

dil

Help

he

User needs to specify the pathway to the Database and the name of all considered components.
Database pathway: D\USSL\HYDRUS1D_4\HP1 database\PHREEQC.dat

Component: Cont (Note: It will be shown further how to add a user-defined component).

Solute Transport - Transport Parameters
Bulk D.: 1.5 g/lcm®

Disp.: 1 cm

Note: Leave other values on default

Solute Transport - Reaction Parameters
Note: Leave all values on default. When using HP 1, all optional values are considered in the
PHREEQC module!

Solute Transport Boundary Conditions

Upper Boundary Condition: Concentration Flux BC

Lower Boundary Condition: Zero Gradient

Solute Concentration: 0.01 mol/kgw Note that the dimensions here are constrained by default to

mol/kgw or mol/l resp.

HYDRUS-1D - Profile Information

Menu: Conditions-> Initial Conditions>Pressure Head: Set all points ath =0 cm

Menu: Conditions-> Initial Conditions>Observation Points: Insert OP's at 25, 50 and 100 cm.
Leave other options on default.
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Menu: File->Save Data
Menu: File->Exit

Soil Profile - Summary
Button "OK"

Comment: A user-defined component can be included in the listbox by manually editing of the

"Species.in" file

HP1 Components and Database

Pathway

Databagze Pathwaay:

|D:\L|SSL\HYDF|US'I D_#HF1 Databazes\FHREEQC.DAT

Browse

'

Component _ Presels | |y aming: The PHREEGC.IN file specifying the
1 Tatal HIi... chemizal compozition and chemical reactions
Total H ritten using PHREEQC.GUI and
- o the HYDRUS project folder.
Total_O |
Charge REEQC. trrp oK,
Ca ted using the
bl Cahcel
Mg
I . Previous
Ma mp file
K Hest ..
Fe(2) Help
L Fe(3) ;

1. Open the STADS folder

& =[] « pirect » 51205

- |"f| | Search

‘ Organize = Views ~ (@ Bumn
Folders v | Name Date modified Type Size
. Infitr » | E|DESCRIPT.TXT 19.5.2008 r.16:12 u.  Text Document 1KB
J Infitrs |7|HYDRUSID.DAT 1952008 r.16:21 v.  DAT File 1KB
J InfitrS3l || PROFILE.DAT 19.5.2008 r. 16:21 v, DAT File 14 KB
. InfitrS3l-A || SELECTORIM 19.5.2008 r. 16:21 u.  INFile 3KB
InfitrS31-B | LZ/SPECIESIN 19.5.2008 r. 16:21 4. INFile 1KB
| InfitrS3lss |i|
y LSP-51
. LSP-52
y LSP-53
. LSP-W1
. Onestep
ROOTUPTK
. STADS sl @ " r
l 5 items
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Note: As there is not the
component as Cont in the
presented listbox, use the

following three steps procedure
to enter a new component.



2. Open the "SPECIES.IN™ file with Notepad, and enter the new component Cont as shown
below:

g 3
| SPECIES.IN - Notepad = [
file Edit Format View Help |
Pcp_File_version=>5 -
D:EUSSL\HYDRUSlD_—i\HPl Databases'PHREEQC. DAT

Cont|

3. Close the HYDRUS-1D window of the project STADS and reopen it.
Then the new component Cont will be automatically entered.

Il. PHREEQC module settings

Chemical composition and chemical reactions have to be specified in a "Phreeqc.in" file. We
recommend using the PHREEQC software for creating the file. The PHREEQC program is not
included in the HP 1 code, so the wuser can download it freely from the site
<http://lwww.xs4all.nl/~appt/index.html>. Use the software to make a new file and save it in the
HYDRUS-1D subdirectory STADS folder as "Phreeqc.in".

= 5 ]
p— P madfs Y 5 Beae
@uv| | « Projects » Direct » STADS - |¢1~| Search p|
‘ Organize v Views ~ (& Burn
Folders w | MName B Date modified Type Size Tag
. InfitrS3l-A » | [= DESCRIPT.TXT 1952008 r. 16:12 .  Text Document 1KB
. Infitrs31-B | 7|HYDRUSID.DAT 1952008 r.16:26 4.  DAT File 1KB
. InfitrS3lss 7| Phreeqc.in 1552008 r.18:35 4. IM File 1KB
J LSP-S1 | |Z|PROFILE.DAT 19.5.2008 r.16:21 u.  DAT File 14 KB I
LSP-52 L4 || SELECTOR.IM 19.5.2008 r.1&:21 u.  IN File 3KB
| LSP-53 | ®| SPECIES.IN 19.5.2008 r.16:27 u.  IN File 1KB
. LSP-w1
. Onestep
I . ROOTUPTK
. STADS > |4l I " r
l 6 items
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The "Phreeqc.in" file must contain the following data:

TADS\PI 1
& PHREEQC for Windows - D:\USSL\HYDRUSlD_4ijm\D[md\ﬂADthw
e —

File Edit View Calculations Help

DEHIVREX[© l

Inpuit lDatabase] Grid ] Chart ]

SCOLUTICN MASTER_SPECIES | E- PHREEQLC Keywords o
Cont Cont 0.0 Cont 1.0 DEEEEELEIZ&?; VALLES I
[#- _
SCLUTICN SPECIES
Cont = Cont ESEABASE
Log k 0.0 B EQUILIBRIUM_PHASES
[ EXCHANGE
SCLUTICN 1-101 - ExCH&MNGE_MASTER_SPECIES
units mel/kgw [#- EXCHANGE_SPECIES
| Cont 1le-15 - GAS_PHASE
i —water 0.5 - INCREMENTAL_REACTIONS
- INVERSE_MODELING
- 1S0TOPES
SURFACE MASTER SPECIES JSOTOPE ALPHAS
Sor Sor - |SOTOPE_RATIOS =
I [ KINETICS
[l SURFACE_SPECIES [H- KNOBS
Sor = Sor (- LLML_&QUECOUS_MODEL_PARAME
Leg k 0.0 - Wi
Sor + Cont = SorCont ""E::SESS—EXPHESSMNS
[#-
I Log k —-99.125 G PITZER
- PRINT
SURFACE 1-101 - RATES
—equilibrate 1 - BEACTION
| Sor 1e100 1 1el00 - REACTION_TEMPERATURE
TRANSEPORT - SELECTED_OUTPUT
—eells 101 - SOLID_SOLUTIONS i
- SOLUTION_MASTER_SPECIES
PRINT & SOLUTION_SPECIES
“resst false - SOLUTION_SPREAD
[+ SURFACE
SELECTED_OUTPUT - SURFACE_MASTER_SPECIES
-reset false - SURFACE_SPECIES i
-time true < S | r
—solution true
-distance true Defines initial salutions. =
-totals Cont . -
-molalities SorCont E)E)al_rlr_]ﬁl'l%[\]‘l—'lﬂ )
pH E.05 [ I
END -~ |pe 148
< [ 3 -units mo/L o

40: 5 Maodified Insert

Comment: General information about the PHREEQC work. The input for the PHREEQC is arranged
by keyword data blocks. Each data block begins with a line that contains a keyword (e.g.
SOLUTION_MASTER_SPECIES) followed by additional lines related to it. Keywords and their
associated data are read from a database file (phreegc.dat file) at the beginning of a run to define the
elements, exchange reaction, etc. After the database file is read, data are read from the input file
(phreeqc.in file) until the first END keyword is encountered, after which the specified calculations are
performed. Each keyword data block may have a number of identifiers (the identifiers are words that
specify options or information to the keyword blocks, e.g. "Log_k", "-distance", "-molalities", "-time",
etc.) many of which are optional. The identifiers may be entered in any order. Default values for
identifiers are obtained if the identifier is omitted (missing). For more information see the PHREEQC

Manual, p. 63.

In this example:
The new solution species (Cont) and the surface species (Sor) are not included in phreeqc.dat, so we
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need to wuse the

PHREEQC

keywords:  "solution_master_species”, "solution_species",

"surface_master_species”, and "surface_species" to define these new items.

Iltem

Description (Meaning)

SOLUTION_MASTER_SPECIES

This keyword is used to define the correspondence between element

names and agueous master species.

Cont Cont 0.0 Cont 1.0

Element name (this is the name from the listbox), master species
(formula for the master species, including its charge), alkalinity, gram
formula weight (default value used to convert input data from mass
units to mol units) or formula (chemical formula used to calculate

gram formula weight), gram formula weight of element.

SOLUTION_SPECIES

This keyword is used to define chemical reaction and

activity-coefficient parameters (log k) for each aqueous species.

Association reaction for aqueous species. The defined species must be

Cont = Cont the first species to the right of the equal sign. The association reaction
is an identity reaction for each master species.
log k 0.0 log k (note that log k must be 0.0 for master species, i.e. K =1).

SOLUTION 1-101

This keyword data block is used to define the temperature and
chemical composition of initial solution. The number (1-101) is to
designate the following solution composition. (In fact, we must
specify the solution/s for all cells of the modeled profile, in our case
100).

units - mol/kgw

Concentration units for the simulation.The default value is mmol/kgw

(millimoles per kilogram water).

Cont 1e-15

Element list (an element name, which must correspond to the items in

the first column in SOLUTION _MASTER SPECIES), initial
concentration (note that it is recommended to enter some very small

concentration instead of zero, otherwise the PHREEQC could ignore

Cont).

-water 0.5

Mass of water in the solution in kg (note that the water content
expressed in [L’L”] in HYDRUS is transferred in PHREEQC in
kilogram of water per 1000 cm’ soil. In fact, every cell of the
PHREEQC discretization always has the volume of 1000 cm’.
Practically, the important thing is the ratio of the water and the entire
node/cell volume, which has to be the same both for a node

(HYDRUS) and for a cell (PHREEQC).

SURFACE_MASTER_SPECIES

This keyword data block is used to define the correspondence

between surface binding-site names and surface master species.
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S s Surface binding-site name (name of a surface binding site), surface
or or
master species (formula for the surface master species).

This keyword is used to define a reaction and log K for each surface
SURFACE_SPECIES o ] )
species, including surface master species.

Association reaction for surface species. The defined species must be
Sor = Sor the first species to the right of the equal sign. It is an identity reaction

for the master species.

log k 0.0 log k (note that log k for a master species is 0.0).

Association reaction for the mass action Equation (6) (note that as we
Sor + Cont = SorCont
use surface complexation reaction, here is the place for the reaction).

log_k -99.125 log k (note that k = K,*).

This keyword is used to define the amount and composition of each
SURFACE 1-101 _
surface in a surface assemblage

Number ("-equilibrate” indicates that the surface assemblage is
o defined to be in equilibrium with a given solution composition),
-equilibrate 1
number (solution number with which the surface assemblage is to be

in equilibrium).

Surface binding-site name (name of the surface binding site), sites
(total number of sites for this binding site, in moles),
Sor 1e100 1 1el100 specific_area_per_gram (specific area of surface, in m’/g), mass
(mass of solid for calculation of surface area, in g; surface area is

"mass" times "specific_area_per_gram").

This key data block is used to simulate 1D transport processes. In
PHREEQC the flow path is divided in a number of cells 1-n for
which SOLUTION 1-n must be defined. The flow velocity in each
TRANSPORT cell is specified by the length of the cell divided by the time step.
However, this option is not used in HP 1 but for spatial integration
and connection with the transport module (HYDRUS) only the

number of cell needs to be specified.

Indicates the number of the cells in the profile (note that this number
-cells 101 must be equal to the number of nodes determined in the HYDRUS

module).

PRINT This keyword data block is used to select which results are written to
the output file.

Changes all print options (identifiers) listed on lines 2 through 15 to
fal true or false (see PHREEQC Manual, p. 120). If false is used all data
-reset  false
blocks on line 2 through line 15 will NOT be printed in the output

file.
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SELECTED_OUTPUT

This keyword data block is used to produce a file that is suitable for

processing by spreadsheets and other data-management software.

Change print options for all identifiers from line 6 to line 20 (if the

-reset  false statement "false" is used only the identifiers marked "true" will be
printed (see PHREEQC Manual, p. 137)
) Prints to the selected—output file the cumulative transport time since
-time  true

the beginning of the run or other defined options.

-solution  true

Prints solution number used for the calculation in each line of the

selected-output file.

-distance true

Prints to the selected-output file the X-coordinate of the cell.

-totals  Cont

Element list ("-totals" is an identifier allows definition of a list of total
concentrations [mol/kgw] that will be written to the selected-output
file) element list (list of elements, element valence state, exchange
sites or surface sites for which total concentrations will be written to
the selected-output file). Elements, element valence state, exchange
sites or surface sites must have been defined in the first column of
SOLUTION_MASTER_SPECIES, EXCHANGE_MASTER_SPECIES, or
SURFACE_MASTER_SPECIES input. In the example, we define the

concentration of Cont in the solution phase.

-molalities  SorCont

Species list ("-molalities” is an identifier allows definition of a list of
species for which concentrations [mol/kgw] will be written to the
selected-output file), species list (list of aqueous, exchange, or surface
species for which concentrations will be written to the selected-output
file). Species must have been defined by SOLUTION_SPECIES,
EXCHANGE_SPECIES, or SURFACE_SPECIES input. In the example,

we define the adsorbed concentration of Cont in the solid phase.

END

This keyword ends the data input for a simulation

Note: For more information see the PHREEQC Manual for the relevant topic.

Remark: By default, HP 1 creates two types of selected-output files: *'nod_inf_chem.out" and

"obs_nod_chem.out". In the first one, the concentrations in the solute (-totals) and solid

(-molalities) phase through the profile according to the Print Time steps (defined in the

HYDRUS module) are presented. In the second one, the changes of concentrations with

the time are presented in the both phases according to the observation nodes (also defined
in the HYDRUS module).

Go back to HYDRUS-1D GUI and execute HP1.
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When the program finishes, open the STADS folder:

= [ [ [ ] |
@Qv| | « HYDRUSID 4 » Projects » HP1-October » STADS = | 44 || search o
‘ Organize™ TEws B Ope 13 Burn
Folders w | Name Date modified Type Size =
B Desktop - Unspecified (21) ~
[EF Dimitar || [¥]BALANCE.OUT 410.2008 r.11:30 . OUT File 4 KB
| Public ‘ ‘ || DESCRIPT.TXT 19.5.2008 r.16:12 u.  Text Document 1KB
1% Computer |=!| [Z]HYDRUSID.DAT 410.2008 r.11:20 u.  DAT File 1KB
& os(c) |7 | 7| I_CHECK.QUT 410.2008 r.11:29 4. OUT File 19 KB
[ DATAPARTL (D:) ‘ ‘ |7 NOD_INF.QUT 4102008 r.11:30 v.  OUT File 82 KB
My Documents |2 ned_inf_chem.out 410.2008 r.11:30 4. OUT File 34 KB
@y Share |7 obs_nod_chem26.0ut 4102008 . 11:30 v.  OUT File 165 KB
LSSt |7 obs_nod_chem51l.out 4102008 r.11:30 4.  OUT File 165 KB
ELRLGLD 2 obs_nod_cheml0l.out 410.2008 r.11:30 4.  OUT File 165 KB | £
: H\;zi‘lsllij || oBs_MODE.OUT 410.2008 r.11:30 . OUT File 350 KB
 GUI20508 | Phreeqc.in 48,2008 r.17:24 u, IM File 1KE
i P databines || phreegec.log 257.2008 r.09:37 4.  Text Document 0 KB
Projects || phreegc.out 410.2008 r.11:30 w.  OUT File 2KB
Direct || PROFILE.DAT 410.2008 r.11:29 w.  DAT File 14 KB
HP1-October | 7| PROFILE.OUT 410.2008 r.11:29 u.  OUT File 12 KB
CATEX || RUN_INF.OUT 410.2008 r.11:30 . OUT File 241 KB
. DECAY | selected.out 2572008 r.09:37 u.  OUT File 1KB
| NITRG || SELECTORIN 410.2008 r.11:28 u. M File KB 4
| STADS |7 solutel.out 410.2008 r.11:30 . OUT File M3IKB
| Inverse - | |3 SPECIESIN 410.2008 r.11:28 u.  IN File 1KB -
N 4 items selected Date modified: 4.10.2008 r.11:30 4, Date created: 4.10.2008 r. 11:27 4.
v Size: 526 KB

HP 1 creates specific files in which the final results are stored. Get the species results from the
"nod_inf_chem.out" and "obs_nod_chem.out" files. Note that for each observation node there is a
separate output file.

Results can also be received from HYDRUS 1D output files:

Post-processing

Observation Points

Observation Nodes ﬁ
Horizontal W ariable: |Time j
Wertical Variable: | Concentration j
Observation Nodes: Concentration
0.00010 —+
0.00008 +
o
g
= 0.00006 +
3
E
= 0.00004 +
5
o
0.00002 The graph shows the Cont concentration
0.00000 = = = = ' according to the time at the observation
0 20 40 60 80 100
Time [days] points. At the first point of the profile (at 25
cm depth) the concentration is about 10
Defaul B {Previous cl . . .
I i N — times smaller from the infiltrating one.
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Profile Information

Basic Profile Information [_th

Horizortal W ariable: | Profile Information: Concentration

Yertical Variable: | Depth

Profile Information: Concentration

0 f t ; : {
——
20 _/

40 +

Depth [em]

50+

80 +

-100

Conc [mmaol/fem3]

0.000 0002 0004 0006 0008 0010

Default | Print |

| LCloze |

Possible modification of the example

These graphs show the Cont concentration
distribution through the profile at the initial plus
at the printed time steps (four in the example).
At the last time step (100 d, the light red graph)
the concentration through the whole profile is
equal to the zerot at the 30 cm.

Steady-state transport of nonlinearly adsorbed contaminant (STADSNON)

Necessary starting information:

For this modification we assume only heterogeneous reactions of a contaminant with the sorbing

surface and also that adsorption process is instantaneous and described with the Freundlich equation of

nonlinear type:

C,=K,C"

(9)

where C, is the adsorbed chemical concentration [MM™], C, is the dissolved (aqueous) chemical
concentration [ML], K, is the distribution coefficient [L*M™], and ny is the empirical Freundlich

coefficient [-] and for this modification it is equal to 0.8.

The Eg. (9) from the viewpoint of the mass action conservation (for the needs of PHREEQC module)

can be written:

Sor +n,.Cont = SorCont

and equilibrium constant:

(10)
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v [SorCont]

= 11
! [Sor][Cont]nF ()

where all terms are similar as in the previous example.

Note that the adsorption constant K" is the same as in the previous example, because in the Eq. (8)

the term [Cont]" is not included.

HYDRUS-1D module settings
File->Project Manager-> Projects
Mﬁ@

o e - e ' s

Project Groups ~ Projects |

Cument Project Group
Name: HP1-October
Description:  HP1 Bxamples October meetinng
Directory: DAUSSLN\HYDRUS1D_4'\Projects\HP 1-October
Mame | Description | Date =
CATEX Steady-state flow and Cation Exchange 07.10.08
DEGRAD Modeling of first-order degradation 071008
DEGRAD-H' Modeling of first-order degradation with HYDRUS 04.10.08
NITROG Modeling Nitrogen Transport 07.10.08
Steady-state flow and transport of lineary adsorbed Cont 13.10.08
F H " n H
" Click on "STADS" project
" {1}
MNew M Copy Y Rename Delete Open Close ButtOl’l N Copy
| = ]

(S5

Copy Project P ———

Project

0ld Mame: IST.-'l'n.DS
M e Marne: IST.-'-‘I.DSNEIN

Descrptiorn: IStead_l,l-state flove and tranzport of nonlinearly adsorbed Cant

(1] I Cancel
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New Name: STADSNON

Description: Steady-state flow and transport of nonlinearly adsorbed Cont

Button: "OK"

Button: "Open” from "Project Manager" window

Note: There is no need for any change in the HYDRUS module.

PHREEQC module settings

For entering the new Eq. 12, open with PHREEQC program the "Phreeqc.in" file in the STADSNON

folder.

Change in the SURFACE_SPECIES keyword data block: (i) the equation Sor + Cont = SorCont with
the new Sor + 0.8Cont = SorCont and (ii) include two new identifiers: "-no_check" and

"-mole_balance SorCont" as shown below:

Cont Cont 0.0 Cont 1.0

SOLUTION SPECIES
Cont = Cont
Log k 0.0

SOLUTION 1-101
units mol/kgw
Cont le-153

—water 0.5

SURFACE_MASTER_SPECIES
Sor Sor

SURFACE SPECIES

Sor = Zor

Log k 0.0

Sor + 0.8Cont = SorCont
-no check
—moIe_]:alance SorCont
Log_k -99.125

SURFACE 1-101
—equilibrate 1
Sor 1lel00D 1 lel0O

TRRENSEPORT
-cells 101

PRINT
-reset false

SELECTED_ OUTPUT
-reset false

-time true
-solution true
—distance true
-totals Cont
-molalities SorCont

END

« [
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a PHREEQC for Windows - D:\USSI\HYDRUS1D_4\Projects\DirecthSTADSNOM\Phreeqc.in - S | B
Eilemy Ediip\iewmpG-keulatioram el
w2
Lo $+0EX O
Input IDatabase} Grd | Chatt |
SOLUTION MASTER_ SPECIES 4 | B- PHREEQLC Keywords -

[#- ADVECTION
CALCULATE _WealLLES
- COPY
- DATABASE
END
[+ EQUILIBRIUM_PHASES
EXCHANGE
- EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
[+ GAS_PHASE
INCREMENTAL_REACTIONS
[ INVERSE_MODELING
[+ 1S0TOFES
- |SOTOPE_ALPHAS
-~ |S0TOPE_RATIOS
KIMETICS
[+ KNOBS =
LLNL_&QUEOUS_MODEL_PARAME
o MK
NAMED_EXPRESSIONS
[#- PHASES
PITZER
= PRINT
[+ RATES
RE&CTION
-~ REACTIOM_TEMPERATURE
SEVE
[+ SELECTED_OUTPUT
SOLID_SOLUTIONS
[+ SOLUTION
SOLUTION_MASTER_SPECIES
¥ SOLUTION_SPECIES
[+ SOLUTION_SFREAD
[#- SURFACE
-~ SURFACE_MASTER_SPECIES
SURFACE_SPECIES
- TITLE
TRANSPORT
- SE -
4 m 3

Defines initial solutions. -~

m

Example:
SOLUTION 1-10
pH 6.05

-units gL -

42:5 Modified Insert

Save "Phreeqc.in" file and execute HP 1:
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Note: "-no_check™ since the
mole balance of the
reaction equation is not
fulfilled due to
nonlinearity  of  the
Freundlich isotherm;

"-mole_balance



Post-processing

Observation Points
The concentrations are zero at the observation points.

Profile Information
Basic Profile Information l_J& )

Horizontal Y ariable: | Prafile Information: Concentration j
=l

Vertical Wariable: | Depth

Profile Information: Concentration

0 : + s f {

20 4

40 1

Depth [cr]

B0 +

a0 4

-100 f t f t !
0.000 0002 0.004 0006 0008 0.010

Conc [mmaol/cma3]

| Cloge |

Diefault | Frint |

These graphs show the Cont concentration
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distribution through the profile at the initial
plus at the printed time steps (four in the
example). After 100 days the concentration into
the soil is equal to zero at the 15 cm from the
top of the profile. Hence, the retardation
properties of a soil are bigger when the
nonlinear adsorption is taken into account.



HP 1
(a coupled numerical code of the HYDRUS 1D and PHREEQC-2 programs)

EXAMPLE 2 (CATEX)

Problem: Exchanging solute transport with steady-state water flow (CATEX)
Purpose: Understanding the role of the HYDRUS and PHREEQC modules

General Information: Transport of CaCl, (calcium chloride) solution under saturated steady-state
water flow through a soil column of 100 cm length is calculated for 100 days. The soil has 1.5 g/cm®
bulk density, and the saturated volumetric water content is 0.5. Water flux is 1 cm/d, and inflow
concentration of CaCl, is 0.006 mol/kgw (0.006 mmol/cm®). Solute dispersivity is 1 cm assuming no
molecular diffusion. The soil initially contains a Na-K-Cl (sodium-potassium-chloride) solution in
equilibrium with the cation exchange sites. The initial concentrations are: Na 1.0E-04, K 2.0 E-05, and
Cl 1.2E-04 [mol/I]. Cation exchange capacity CEC (total amount of exchange sites) is 0.73 mmol./kg
soil.

Governing equations: In HP 1 the general solute transport equation for steady-state water flow has
the form:

C . C, . C, .
h Q[Dwa I,|j_ﬂa |'|+R-

= 1
OX 6 oOx ' @)

ot OX

where i (= 1,...Np) is the aqueous species number (N, is the total number of aqueous species), C,; is
the total dissolved concentration of the i"" species [ML™], 00 is the volumetric water content [L3L™], g
is the water flux [LT"] and D" is the diffusion-dispersion coefficient (L’T™?), R; is the general
sourse/sink term due to geochemical reactions for the i species [ML™T™]. In this example, four
transport equations for four components (Ca, Cl, Na and K) have to be solved at the same time:

oC oC oC
I,Ca =i Dga I,Ca _H I,Ca + RCa (2)
ot OX OX 6 Ox
oC oC oC
1cl :i py Se g G +Ry 3)
ot OX OX g oX
oC oC oC
I,Na :i DK‘\/a I,Na _g I,Na +RNa (4)
ot OX OX 6 OX
oC oC oC
1K :i py £k Qi IR, )
ot OX OX 6 ox

where Rca, Rei, Rna @and Rg represent the specific sink term due to the cation exchange interactions
(competative adsorption), and namely Eqgs. 6 to 12:

0.5Ca’* + Na-X <> 0.5Ca-X, + Na* (6)
[CaX,]"*[Na"]

[NaX][ ca* }0'5

(7)

with equilibrium constant K, =
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0.5Ca** + K-X < 0.5Ca-X, + K* (8)

— e, [K ]
with equilibrium constant K, = : ][ 5 ]05 9)
KX]| Ca™ |
K* + Na-X <> K-X + Na* (10)
— _[kx][Na’ ]
with equilibrium constant K, . = W (11)
a

where X denotes the exchange site, [CaXy], [NaX], and [KX] are the adsorbed concentrations, [Ca®*],
[Na'], and [K"] are the concentrations in the solution phase.

As Eq. (11) is given with Eq. (7) divided by Eq.(9) it is not informative from a mathematical point of
view. However, an additional relationship can be derived from the adsorption electrical neutrality,
namely the total amount of exchangeable cations are equal to cation exchange capacity:

[Ca-X,]+ [Na-X]+ [K-X]= CEC (12)

Note that Egs. (2) to (5) have to be solved simultaneously, because terms Rc,, Rna and Ri are
not independent but interact each other due to the exchange process (also known as “competitive
adsorption”) and the term “exchange” involves replacement of one chemical for another one at the
solid surface. Note also that R, is equal to zero because CI is a nonreactive component.

lon exchange equation in PHREEQC: The PHREEQC program solves Egs. (6) to (11) with the so-
called half reaction terms:

Ca® + 2X o Ca-X, (13)
. I [CaX, ]
with equilibrium constant K, = m =6.31 (14)
Ca™ || X
Na* + X < Na-X (15)
ith equilibri tant K [NaX] 1.00 (16)
with equilibrium constan == =1
" [Natx]
K"+ X < K-X (17)
L [KX]
with equilibrium constant K, = =——===—=="5.01 (18)

(K1)

where [CaX,], [NaX], and [KX] are the adsorbed concentrations in mol per kilogram water, [Ca*'],
[Na'], and [K*] are the concentrations in the solution phase in mol per kilogram water, as well as [X]
is the amount of exchange sites (quantity of exchange site) in moles. Note that all dimensions are with
the assumption of water density equal to 1.

For example: dividing Eq. (14) to Eq. (16) leads to:
[CaX,]”"[Na"] ks

=2t 25119 (19)
[Nax][ca® " Ku
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where the term Kc.>%/Kya represents the equilibrium constant Kcana from Eq. (7). Note that for
convergence the Egs. (14) and (16) are written in mol of charge form.

Remark: The cation exchange capacity CEC is generally expressed as amount of charges per unit kg
soil in “mol of charge” per kilogram soil [mol./kg soil] (or mol. per 100g soil). Note that in HP 1 (i.e.
in the PHREEQC module) the amount of exchange sites is given in moles per cell of the model.
Taking into account that the volume of each cell is always 1000 cm®, the CEC in the PHREEQC
module is express always as concentration [mol/1000 cm?] or [mol/litre]. Therefore, the user must
always consider the fact that the amount of the exchange sites (exchange capacity) in one cell are in
moles per 1000 cm?® (or litre). Recalculating CEC from unit soil to unit volume becomes as
multiplying it by the bulk density of the soil: CEC [M/M] x p, [M/L®] = CEC [M/L?], thus, it could be
said that the CEC dimension in HP 1 is moles per 1000 cm?® soil.

So, in the example CEC =0.73 [mmolc/kg soil] and p, = 1.5[g/cm®], therefore CEC in M/L® = 0.0011
[mol/1]. Note that in PHREEQC the amount of the exchange sites (X") is considered with a valence of
one.

In the database of the program (phreeqc.dat file) various types of thermodynamic data exist. In this
example, we will simulate exchange reactions (such as Ca+2 + 2X- = CaX2), which are included in
the "EXCHANGE SPECIES" part database. Therefore, there is no need to specify any reactions in the
phreeqc.in file /PHREEQC module/ (for more details see PHREEQC Manual, p. 293/p. 304).

Note that the initial composition is in equilibrium with the exchange sites in the beginning of
the simulation. The values of initial solution are: Na 1.0E-04, K 2.0 E-05, Ca 1.0E-10 (note that there
is a need of nonzero value) and Cl 1.2E-04 all in mol per kilogram water (or litre). The values of the
adsorbed components are: Ca-X2 8.39E-06, Na-X 5.41E-04, and K-X 5.42E-04 all in mol per
kilogram water and their sum represents the X value: 0.0011 mol.

The initial data must be included in the program modules as follows:

v' Basic Transport parameters: geometry and time information has to be specified in the
HYDRUS module,

v' Water Flow parameters: soil hydraulic model and parameters as well as the water flow
initial and boundary conditions — HYDRUS module;

v Solute Transport parameters: bulk density, dispersivity and molecular diffusion coefficient
in free water — in HYDRUS module, note that the diffusion coefficients for all components
have to be with the same value;

v" Solute Transport and Reaction parameters: all parameters have to be specified in the
PHREEQC module;

v Solute Transport Initial Conditions: this information has to be specified in the PHREEQC
module;

v Solute Transport Boundary Conditions: note that these values have to be specified in the
HYDRUS module and the dimensions are constrained by default to mol/kgw.

53



HYDRUS-1D module settings

File->Project Manager-> Projects: Button: New

Rename Project Iﬁ

Project

Oid Mame: CATEX
Mew MName: CATEX

Description: |Bteady-state flovs ahd Cation Exchange

ok | Cancel

Main Processes
Main Processes . @

Heading:
|Steady-state flows and Cation E schange

Simulate
[~ water Flow
r
r
IV Salute Transpart
" General Solute Transport
" Maijor lon Chernistry
& HP1 (PHREEGC) ik

™ Heat Transport Cancel
™ Boot'water Uptake
[~ Root Growth

Heading: Steady-state flow and Cation Exchange
Simulate: Solute Transport and check "HP1 (PHREEQC)"
option.

Mewxt ..

Rl

Help

Geometry Information

Geometry Information

Length Unitz
1 Mumber of Soil M aterialz
" mm

& cm 1 Murnber of Layers for Mass Balances Cancel
©om 1 Decline from Yertical Axes Erevious ...
. . Mewt ...
100 Depth of the Sail Profile — .
Help Length Units: cm

Depth of the Soil Profile: 100 cm
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Time Information

Boundary Conditions
[ Time-Yarable Boundary Conditions
I
{+
@,

== : L]
Time Information &
Time Units Time Digcretization
" Seconds Imitial Time 0
" Mirutes Firel e 100 Cancel
" Hours -
G [ Iritial Time Step 0.0071 Previous ...
" Years Minimum Time Step |1e-005 Ment ..
M asirurn Time Step  |0.04 Help

Print Information

Number of Printed Times: 4
Button: "Select Print Times"
Button: "Next"

Iteration Criteria
Note: Leave all options on default

Soil Hydraulic Models

Time Units: days

Final Time: 100

Initial Time Step: by default
Minimum Time Step: by default
Maximum Time Step: 0.04

Single Porosity Models: check "van Genuchten-Mualem" (usually on default)
Hysteresis: check "No hysteresis" (usually on default)

Water Flow Parameters
Input the data as shown below:

|
Water Flow Parameters : Iéj
Mat Qr Qs Alpha n Ks 1
1 0.078 0.5 0.036 1.56 1 U.5|
Soil Catalog - Meural Metwork Prediction | ™ Temperature Dependence
Cancel | Previous ... | Hest ... | Help
L
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Solute Transport — General Information

Solute Transport [éJ
Time 'w'eighting 5 cheme Space “Weighting Scheme
f'“ {* Galerkin Finite Elzments

*  Crank-Nicholson Scheme " Upstream Weighting FE Cancel
" Implicit S cheme (™ GFE with Artificial Dispersion -
Previous ...
Masz Units:  |mmal Stahility Criterian: 2
Dependence an Enviranmental Factars %

[ Iemperature Dependence of Transport and B eaction Parameters Help

[ ‘water Content Dependence of Transport and R eaction Parameters

Monequilibrium S olute Transport Models
* Equilibrium Maodel

Dual-Paorazity [Mabile-lmmaobile W ater) Maodel [Physical Moneguilibriunm)

0 I e e e T T

-

Iteration Criteria - Only for Monlinear Problems .
Y W Usze Toruosity Factar

a Abzolute Concentration Tolerance MaSS UnitSS mmOI
[i] Bielative Concentratin Tolerance Number of Solutes: 4 Number of Solutes: 4
1 Masimum Number of lteration Pulse Durstior 100 Pulse Duration: 100 days

e

Note that for the specified Number of Solutes the same number of transport equations will be solved.

HP1 Components and Database Pathway

HP1 Components and Database Pathway LéJ
Database Pathway:
D:WUSSLAHYDRUS1D_4%HP1 D atabases\PHREEQC.DAT Browse |
(EomponenmiResel “warning: The PHREEGC.IN file specifying the
1 ] chemical compazition and chemical reactions
2 Cal ... needs to be wiitten using PHREEQC. G and
3 Mal ... caopied inta the HYDRUS praject falder.
4 | Kl
The default PHREEQLC tmp (u]
file can be created uzing the
command below, ﬂ
r Create default Previous ... .
RULEEREplis " Note: User needs to specify the pathway to the
Mest ... .
e | Database and the name of all considered
Hel
L b | components.
In our case:

Database pathway: D:\\USSL\HYDRUS1D_4\HP1 database\PHREEQC.dat

Specify components: CI (chlorine), Ca (calcium), Na (sodium), and K (potassium)
Note that all elements are presented in the listbox.

Solute Transport - Transport Parameters

Bulk D.: 1.5 g/cm®

Disp.: 1 cm

Difus. W. /diffusion coefficient in free water/: 0 cm?/d. Note that the diffusion coefficients for all
components must have the same value /zero or different/, for more details see the HP 1 Manual, p. 15.
Leave other values on default
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Solute Transport - Reaction Parameters
Note: Leave all values on default. When using HP 1, all optional values are considered in the
PHREEQC module!

Solute Transport Boundary Conditions

Solute Transport Boundary Conditions &J ]
Upper Boundam Condition
Name Bound. Cond,
" Concentration BC Cl 0.0012
' Concentration Flus BC ﬁa U'UUUS Eancel
a
" Stagnant BC for Wolatile Salutes K ,_[] Previous |
Lower Boundary Condition w
€ Congentration BC =h Upper Boundary Condition: Concentration Flux
" Cancentration Flux BC BC with concentrations: Cl 0.0012, Ca 0.0006,
& Zero Concentration Gradient Na 0, K 0 [mol/kgW]

Lower Boundary Condition: Zero Gradient

HYDRUS-1D - Profile Information
Initial Conditions>Pressure Head: Set all pointsat h=0cm
Menu: Conditions-> Initial Conditions>Observation Points: Insert one point at the middle of profile
(z=-50).
Leave other options on default.

Note that even though we have Initial conditions of the concentrations (the Na-K-ClI solution),
we must define them in the PHREEQC module and not here!

Menu: File->Save Data
Menu: File->Exit

Soil Profile - Summary
Button "OK"

PHREEQC module settings
Use the PHREEQC software to make a new file and save it in the HYDRUS-1D subdirectory CATEX
folder as "Phreeqc.in".
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The "Phreeqc.in" file must contain the following data:

@ PHREEQC for Windows - DAUSSL\HYDRUS1D_4\Projects\HP1-October\CATEX\PHREEQC.in _u s e e
File Edit View Calculations Help
. SN
LDEH2EXQ
Input lDatabase] Grid ] Chart ]
TITLE Example 2. Transport and cation exchange. » | B PHREEQC Kepwords -
[H- ADVECTION
SOLUTICON 1-101 Initial solution for column [ CALCULATE VALUES
—units mmol/kgw Egﬁ‘:BASE
—pH 7.0 charge - EMD
| -water 0.5 - EQUILIBRIUM_FPHASES
Il Na 0.10 - ANGE
N E 0.02 - EXCHAMGE _MASTER_SPECIES
Ca 0.0000001 - ExCHAMGE_SPECIES E
cl 0.12 - GAS_PHASE
- INCREMEMTAL_REACTIONS
FXCHLNGE 1-101 - INWVERSE_MODELING
1 —equilibrate 1 - 1SOTOPES
M - - ISOTOPE_ALPHAS
x  0.0011 - ISOTOPE_RATIOS
- KIMETICS
TELNSPORT - KMOBS
i —cells 101 [ LLML_saQUEQUS_MODEL_PARAMETERS
i M
i PRINT Iy ES:EI;EES_EXPHESSIDNS
-reset fal .
aise - PITZER
- PRIMT
| SELECTED CUTPUT & RATES
-file PHEEEQC .hse - REACTION
—reset false - REACTION_TEMPERATURE
—time true - GAVE
—distance true +- SELECTED_OUTPUT =
l “tetals  Cl Ca Na K Defines the amount and compositian of -
—molalities ClX CaX2 NaX EX exchangers. =
| END Example:
# Option 1: Exchangers ¥ and ' in equilibrium
~ |with solution &
« [ 3 EXCHAMNGE 1-10 o

1:1 Insert

In this example:

Item

Description (Meaning)

TITLE Example 2. Transport and
cation exchange

This keyword data block is used to include a comment for a simulation in
the output file.

SOLUTION 1-101

This keyword data block is used to define the temperature and chemical
composition of initial solution. The number (1-101) is to designate the
following solution composition. (in fact, we must specify the solution/s for
all cells of the modeled profile, in our case 100). The example assumes
that the same solution is initially associated with each node, but this is not
necessary.

Units mmol/kgw

Concentration units for the simulation.The default value is mmol/kgw
(millimoles per kilogram water).

pH 7.0 charge

Indicates pH is entered on this line, pH value, charge (indicates that pH is
to be adjusted to achieve charge balance, note if charge is specified for
pH, it may not be specified for any other element).

Mass of water in the solution in kg (note that the water content expressed

water 0.5 in [L3L®] in HYDRUS is transferred in PHREEQC in kilogram of water
per 1000 cm® soil.
Na 0.1 Element list (an element name), initial concentration.
K 0.02 Element list (an element name), initial concentration.
Ca 0.0000001 Element list (an element name), initial concentration.
Cl 0.12 Element list (an element name), initial concentration.

EXCHANGE 1-101

This keyword data block is used to define the amount and composition of
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an assemblage of exchangers. 1-101 is the positive number to designate
the following exchange assemblage and its composition. In our case we
define the same exchanger for all nodes, namely exchange site X'.

X 0.0011

Exchange site (only the name of the exchange site needs to be entered),
amount (quantity of exchange site, in moles). Note that the dimension is
by default always in moles. This means that every cell possesses 0.0011
mol of the exchanger (see the Remark®).

-equilibrate 1

“-equilibrate™ indicates that the exchange assemblage is defined to be in
equilibrium with a given solution composition), number (solution number
with which the surface assemblage is to be in equilibrium).

TRANSPORT

This key data block is used to simulate 1D transport processes. However,
this option is not used in HP 1 but for spatial integration (integration of
the profile) and connection with the transport module (HYDRUS) only the
number of cell needs to be specified.

-cells 101

Indicates the number of the cells in the profile (note that this number must
be equal to the number of nodes determined in the HYDRUS module).

PRINT

This keyword data block is used to select which results are written to the
output file.

-reset false

Changes all print options listed on lines 2 through 15 to true or false (see
PHREEQC Manual, p. 120). If false is used all data blocks on line 2
through line 15 will NOT be printed in the output file.

SELECTED_OUTPUT

This keyword data block is used to produce a file that is suitable for
processing by spreadsheets and other data-management software. The
selected-output file contains a column for each data item defined through
the identifiers of SELECTED OUTPUT.

-file PHREEQC.hse

“-file” (identifier allows definition of the name of the file where the
selected initial information (results) will be written), file name (file name
where selected results will be written). Note: the file name may have
extensions "*.hse", "*.out", or "*.sel". In the example, the initial aqueous
concentrations (CI, Ca”*, Na', and K%) and the initial adsorbed
concentrations (CaxX2, NaX, and KX) are printed.

Change print options for all identifiers from line 6 to line 20 (if the

-reset false statement “false” is used only the identifiers marked “true” will be printed
(see PHREEQC Manual, p. 137)
time true Prints to the selected—output file the cumulative transport time since the

beginning of the run or other defined options.

-distance true

Prints to the selected-output file the X-coordinate of the cell.

-totals Cl Ca Na K

Element list (“-totals” is an identifier allows definition of a list of total
concentrations that will be written to the selected-output file) element list
(list of elements, element valence state, exchange sites or surface sites for
which total concentrations will be written to the selected-output file in
mol/kgw after each calculation). Elements, element valence state,
exchange sites or surface sites must have been defined in the first column
of SOLUTION_MASTER_SPECIES, EXCHANGE _MASTER_SPECIES, or
SURFACE_MASTER_SPECIES input. In the example, we define the
concentration of CI', Ca?*, Na*, and K* in the solution phase. Note that the
four components exist in the PHREEQC data base.

-molalities CIX CaX2 NaX KX

Species list ("-molalities” is an identifier allows definition of a list of
species for which concentrations [mol/kgw] will be written to the
selected-output file), species list (list of aqueous, exchange, or surface
species for which concentrations will be written to the selected-output
file). Species must have been defined by SOLUTION SPECIES,
EXCHANGE_SPECIES, or SURFACE_SPECIES input. In the example, we
define the adsorbed concentration of CI, Ca**, Na*, and K* in the solid
phase. Note that the four exchange species exist in the PHREEQC data
base.

END

This keyword ends the data input for a simulation.

Note: For more information see the PHREEQC Manual for the relevant topic.
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Remark®: The number of exchange sites at each node is 0.0011 mol , and the initial composition of
the exchanger is calculated such that it is in equilibrium with solution 1, i.e. cations Ca®*, Na*, and K*
are at all times in equilibrium with the exchanger. In the example, the initial exchange composition is
calculated assuming that the composition of solution 1 is fixed; the composition of solution one is not
changed when calculating the initial exchange-composition

Go back to HYDRUS-1D GUI and execute HP1.

HP 1 creates specific files in which the final results are stored. Get the species results from the
"nod_inf_chem.out" and "obs_nod_chem.out" files. The first one presents the concentrations in the
solute and solid phases through the profile according to the Print Time steps. The second one presents
the changes of concentrations with the time in the both phases according to the observation nodes.

Results can also be received from HYDRUS 1D output files:

Post-processing

Observation Points
Cbservation Nodes lth

Honzontal Wanable: | Time ﬂ
=l

Vertical Vanable: |.~'-‘«II Concentrations

EAII Concentrations j

0.0012 4

0.0010 + a

0.0008 +

0.0006 +

Cone [mmolcm3]

0.0004 +
0.0002 + ]K
0.0000 t f f

Time [days]

These graphs show the Na* (green), CI" (black),
K" (red), and Ca®* (blue) concentrations
Defait | it | Previous | | oo~ ] according to the time at the bottom of the profile.

Chloride is a conservative solute and arrives in the effluent at about 20 d (a breakthrough time). The
sodium (constant K with the exchange sites X" equal to 1, log_K = 0.0, resp.) initially presents in the
column exchanges with the incoming calcium (constant K with the exchange sites X" equal to 6.3,
log K = 0.8, resp.) and it is eluted as long as the exchanger contains sodium. Because potassium
(constant K with the exchanger X equal to 5.0, log_K = 0.7, resp.) exchanges with calcium more
strongly than sodium (larger log K in the exchange reaction), potassium released after sodium. The
peak of the potassium concentration (0.0012 mmol/cm?) is due to the initially well absorbed K* cations
on the exchange sites. Finally, when all of potassium has been released (the exchange sites are filled
up with the Ca?* cations) and the concentration of calcium increases to a steady-state value equal to
the concentration of the applied solution.
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Profile Information
&J ] Basic Profile Information &J ]

Basic Profile Information

Huorizontal W ariable: |Pr0file|nf0rmation: Concentration - 1 j Harizartal arisble: |Pr0file|nf0rmation: Concentration - 2 j
Wertical W ariable: | Depth j Wertical Wariable: | [epth j
Profile Information: Concentration -1 Profile Information: Concentration -2
0 t t | 0 t t 1
o0 4 20 _/_J
§ 407 § 407
= =
=3 =1
& 607 & 60 ’—y
-80 1 -80 T
-100 t t | -100 t t |
0.0000 0.0005 0.0010 0.0015 0.0000 0.0002 0.0004 0.0006
Conc [mmaolfcm3] Conc [mmolicm3]

LClose

LCloze Default FErint Previous

The Ca®* concentration in the solute phase
through the profile at the initial time (zero
value) and at the printed time steps.

Diefault Frrint Previous

The CI" concentration in the solute phase
through the profile at the initial time (the black
graph) and at the printed time steps.

Profile Information
Basic Profile Information LéJ Basic Profile Information LéJ
Horizental Variable: | Profile Information: Concentration - 3 | Horizental Variable: | Profile Information: Concentration - 4 |
WVertical ¥ ariable: | Depth j WVertical ¥ ariable: | Depth j
Profile Information: Concentration - 3 Profile Information: Concentration - 4
0 t t | 0 t t |
-20 —-\ 20 Y
§ A0+ § 404
= =
F=, F=,
& 601 g 60 4
e
-80 _-K -80 | //J
-100 t t | -100 t t |
0.0000 0.0005 0.0010 0.0015 0.0000 0.0005 0.0010 0.0015
Caonc [mmaolicm3] Caonc [mmaolicm3]
Default | FPrint | Previous LCloze | Default | FPrint | Previous | | LCloze |

The Na* concentration in the solute phase The K" concentration in the solute phase through
through the profile at the initial time (the the profile at the initial time (the black graph)
black graph) and at the printed time steps. and at the printed time steps.

Note that the same process can be simulated with the UNSATCHEM code.
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HP 1
(a coupled numerical code of the HYDRUS 1D and PHREEQC-2 programs)

EXAMPLE 3 (DEGRAD)

Problem: Transport of linearly adsorbed component with first-order chain degradation under
steady state water flow condition (DEGRAD)

Purpose: Understanding the role of the HYDRUS and PHREEQC modules in modeling
first-order degradation process

General Information: Transport of the component Conta with first-order decay chain through a soil
column of 100 cm length for a period of 100 days is simulated. The soil has 1.5 g/cm?® bulk density,
and the saturated volumetric water content is 0.5. Water flux is 1 cm/d and inflow concentration of
Conat is 0.01 mol/l (0.01 mmol/cm?®). Solute dispersivity is 1 cm neglecting molecular diffusion.
Conta is degraded to Contb with first-order decay constant value of 0.02 d™. The daughter product
Contb also decays into a new species Contc with first-order decay constant of 0.015 d™*. Finally, Contc
decays with first-order decay constant of 0.01 d* as well. Those three components are linearly
adsorbed with distribution coefficients K4 of 5.0 for Conta, 2.5 for Contb, and 0.75 [cm®/g] for Contc

(Fig. 1).

Governing equations: In HP 1 the general equation describing the solute transport with various
chemical reactions has the form:

aCl,i 0 (Dw aCI.i j_g acl,i

+R 1
ot Oox @

B ox ) 0 ax

where i (= 1,...N,,) is the aqueous species number (N, is the total number of aqueous species), C;; is
the total dissolved concentration of the i species [ML™], 0@ is the volumetric water content [L°L?], ¢
is the flux [LT™] and D" is the diffusion-dispersion coefficient (L°T™), R; is the general source/sink
term due to geochemical reactions for the i species [ML*T™].

In this example, the term R; considers two type of reactions: adsorption and first-order decay
(degradation) process (Fig. 1):

. oC,,
R =-p,— )
ot
and
R =-uC, 3)

where C,is the adsorbed concentration [MM™], p, is the bulk density [ML™®], x is the first-order
degradation constant with dimension of reciprocal time [T-1], C; is the total concentration of the i
species [ML™].
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Taking into account that (neglecting the gas phase)

C,=0C,, +p,C,, 4)
equation (3) can be re-written as:

R =—(1,0C,; +u,p,C,,) (5)

where u,, and u; are the first-order degradation constants for the component (species) in the liquid and
solid phases, respectively.

We assume that adsorption process is instantaneous and described with the linear Freundlich
equation:
C =K,C, (6)

where K is the distribution coefficient [L3M™].

Conta 42> Contb 2> Contc%’L»

1<(1.l Kd.2 J K{l,}
& > <&
l M l W € l %

Q
SorConta SorContb SorContc

Fig. 1. The processes scheme for first-order decay chain of linearly adsorbed conponents Conta, Contb

and Contc.

Transport equations for each component are described with:

6C'I,Conta _ 0 w aCl,Conta _1 6C'I,Conta _ aCI,Conta . HC
- Conta b d 1 w,1 [,Conta
ot ox ox 6 oOx ot @)
= 10K 411G cona
aCl Contb 0 ) 6Cl Conth q aC/ Conth @C, Contb
,Lon - w ,Lon _ 1 ,Con _ ,Con + v HC )
or o | Comt T o 0 ox Pl o Hy 19 conta (®)
+ 110K 411G comta = 1 29C, o — My 2P K 4 2C con
aClc t 0 6Clc 1 qaClC tc aC/c t
,onc: w ,Lontc _ 1 ) 07!(,_ K ,OI’lC+ 7 HC )
81 ax ( Contc 8)(: 9 ax pb d,3 81 /“lw,Z 1,Contb (9)

+ 1, 205K 4 5C, conin = M 39C, cone = 1 305K 4 3C) conte

63



The linear adsorption process and its simulation in HP1 is described in details in Example 1, thus here
we will explain only the first-order decay process. In PHREEQC the first-order decay is modeled with
kinetics reactions using the keywords RATES and KINETICS. In the RATES keyword data block
the Kkinetic reaction is defined by using short BASIC language program. The KINETICS data block
defines the produced elements and the exact parameter values of the kinetic reaction (for more details
see the PHREEQC Manual, p. 106/p. 124).

Following parameter values are used in this example: p,=1.5 [g/cm®], K,;; =5.0 [cm*/g], K., =2.5
[cm®/g], K5 =0.75 [cm*/g], [Sor]rew=1E+100 [mol/I], and resp. logK, ,"=-99.1249, logK, ,"=-99.4259,
logK,;"=-99.9488, and decay constants are same both in the liquid and solid phases, u,; = us; =
0.02/d, py,> = ug> =0.015/d and w3 = ue3 =0.01/d .

I.  HYDRUS-1D module settings

File->Project Manager-> Projects: Button: New

New Project lé]
: Name: DEGRAD
Project
e DEGRAD Description: Modeling of first-order decay
Description: |M0deling of firzt-order degradation Button: "OK"
Diirechany: |D:\L|SSL\HYDF|LIS'ID_4'\F'miects'\HF"I-Dct0bel Note: HP 1 code starts with the HYDRUS-1D

module settings and then with the PHREEQC

k. Cancel | module SettingS!

Main Processes
Main Processes . lé] ]

Heading:
|M0deling of first-order degradation

Simulate
[~ wiater Flow
r
u
v Salute Transport
(" General Solute Transport
" Maijor lan Chemnizty

Heading: Modeling of first-order degradation

oK

- He;t"iransport Cancel Simulate: SOIUte Transport and CheCk "HP1 (PHREEQC)"

[~ Bootwater Uptake

Mext ... i
[ Root Growth e Optlon-

Help

di

Button: "Next"
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Geometry Information

Geometry Information

Length Units

1 Mumber of Soil Materials

~ mm L ]
T & 1 Mumber of Lavers for Mazs Balances Cancel
m 1 Decling from Mertical Axes Brevious .. Length Units: cm

00 Depth of the Sail Prafile _ et | Depth of the Soil Profile: 100 cm
Help

Button: "Next"

Time Information

T oot .
ime Intormauon -

Time Units Time Discretization

" Seconds Iritial Time 0

" Minutes - - Carncel
= Einal Time 100

" Hours .

& Days Initial Time Step 0.001 Erevious ...

" Years Minimum Time Step  |1e-005 Mest ...

Maximum Time Step  |0.04 Help

Boundary Conditions

4l

[ Time-ariable Boundary Conditions

o
- Time Units: Days
; Final Time: 100 days
o Maximum Time Step. 0.04
T

Leave other values on default

Print Information
Number of Printed Times: 4

Iteration Criteria
Leave all options by default

Soil Hydraulic Models
Single Porosity Models: check "van Genuchten-Mualem” (usually by default)
Hysteresis: check "No hysteresis" (usually by default)
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Water Flow Parameters
Input the data as shown:

[ Water Flow Parameters &J‘
Mat Qr Qs Alpha n Ks 1
1 0.078 0.5 0.036 1.56 1 0.5

Soil Catalog - Meural Network, Prediction | [” Temperature Dependence
Ok | Cancel | Previous ... | Nest . | Help

Water Flow Boundary Condition
Upper Boundary Condition: Constant Pressure Head
Lower Boundary Condition: Constant Pressure Head

Solute Transport — General Information

r

Solute Transport

Time Weighting Scheme Space Weighting Scheme
0 * Galerkin Finite Elements

{* Crank-Nicholzon Scheme ™ Upstream "Weiahting FE B
™ Implicit Scheme (" GFE with &rtificial Dispersion .
Previous ..
Mazs Units: | mmol Stability Critenion: 2
. Hest ...
Dependence an Environmental Factors

[ Temperature Dependence of Tranzport and Reaction Parameters Help

[~ “water Content Dependence of Transport and R eaction Parameters

MHonequilibrium Solute Transport Models
* Equilibrium Model

Dwal-Porosity [Mobile-l mmobile 'water) Model [Physical Moneguilibrium)

5 TS TS I b Tl b

~

Iteration Criteria - Only for Monlinear Problemns .
i [v Uze Tortuosity Eactor
0 Abzolute Concentration Tolerance

a Belative Concentratin Tolerance gt alies: 3
1 Masirnum Nurber af [beration Pulse Duration: 1an

e

Mass Units: mmol
Number of Solutes: 3
Pulse Duration: 100
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HP1 Components and Database Pathway

HP1 Components and Database Pathway ' &J

Database Pathway:

DAUSSLAHYDRUS1D_4%HPT D atabazes\PHREEQC.DAT Browse |

Component | Fresets | | yyaiing The PHREEGC.IN file specifving the
1 Conta ... chemical compaszition and chemical reactions
2 Conth e needs to be written using PHREEQC.GUI and
3 Corte ... copied into the HYDRUS project folder.

The default FHREEQC tmp
file can be created using the | | <

command below, Cancel
Create default :
" PHREEQC tmp fle _ Brevioss.._|
Mest ...
Help

User needs to specify the pathway to the Database and the name of all considered components.

Database pathway: D:\USSL\HYDRUS1D_4\HP1 database\PHREEQC.dat

Component: Conta, Contb, Contc (Note: If the number of new components are more than one they can
be directly added to the listbox).

Solute Transport - Transport Parameters

Bulk D.: 1.5 glcm®

Disp.. 1 cm

Difus. W, [diffusion coefficient in free water/: 0 cm?/d
Note: Leave other values by default

Solute Transport - Reaction Parameters
Note: Leave all values on default. When using HP 1, all optional values are considered in the
PHREEQC module!

Solute Transport Boundary Conditions

Upper Boundary Condition: Concentration Flux BC

Lower Boundary Condition: Zero Gradient

Solute Concentration: 0.01 mol/kgw (mmol/cm?). Note that the value must be in mol per kg water:

HYDRUS-1D - Profile Information

Menu: Conditions-> Initial Conditions>Pressure Head: Set all points ath =0 cm

Menu: Conditions-> Initial Conditions>Observation Points: Insert OPs at 25, 50 and 100 cm.
Leave other options by default.

Menu: File->Save Data
Menu: File->Exit
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Soil Profile - Summary
Button "OK"

Il. PHREEQC module settings

Chemical composition and chemical reactions have to be specified in a "Phreeqc.in" file. We
recommend using the PHREEQC software for creating the file. The PHREEQC program is not
included in the HP 1 code, so the wuser can download it freely from the site
<http://www.xs4all.nl/~appt/index.html>. Use the software to make a new file and save it in the
HYDRUS-1D subdirectory DECAY folder as "Phreeqc.in".

The "Phreeqc.in" file must contain the following data:

% PHREEQC for Windows - DAUSSL\HYDRUS1D 4\Projects\HP1-October\DEGRAD\PHREEQC.IN =[1E) [
File Edit View Calculations Help
. 1N
AEHREBX
Input lDatabase] Grid | Chart |
SOLUTICN MASTER SPECIES » | @~ PHREEGC Keywords
Conta Conta 0.0 Conta 1.0 (- ADVECTION
Contb Contb 0.0 Contb 1.0 EJ"E‘S;5UMTE—VALUES
Contc Conte 0.0 Contec 1.0 - DATARASE
- EMD
SOLUTION_SPECIES & EQUILIBRIUM_PHASES
Conta = Conta [+ EXCHANGE
log k 0O - EXCHANGE_MASTER_SPECIES
£ [ EXCHANGE_SPECIES
Contb = Contb - GAS_PHASE
log k 0 - INCREMENTAL_REACTIONS
- - INVERSE_MODELING
— - 1SO0TOPES
Contc = Conte - I50TOPE_ALPHAS
log k 0 - |S0TOPE_RATIOS
G- KINETICS
SOLUTION 1-101 | 4 - KNOBS
—units mol/kgw [ LLML_AQUEOUS_MODEL_PARAMETERS
Conta 1E-15 - MIX
Contbh 1E-15 ----E::gggEXPHESSIDNS
[+
?Zzt:rlﬁ ;5 & PITZER
N - PRINT
- RATES
- REACTION
SURFACE_MASTER_SPECIES - REACTION_TEMPERATURE
Sor Sor - SAVE
- SELECTED_OUTPUT
SURFLACE SDECIES - SOLID_SOLUTIONS
Sor = Sgr G- SOLUTION
log k 0 - SOLUTION_MASTER_SPECIES
— - SOLUTION_SPECIES
G- SOLUTION_SPREAD
Sor + Conta = SorConta M- SURFALCE
leg k -95.125 - SLRFACE_MASTER_SPECIES
- SURFACE_SPECIES
Sor + Contb = SorContb - TITLE
log k -95.426 - TRANSPORT
- USE
Sor + Contc = SorContc - USER_GRAPH
- USER_PRINT
log k -99.945 - ISER_PUNCH
- PHREEQC BASIC statements
Surface 1-101 - GEMERAL BASIC statements
—equilibrate 1 - - —
Sor 12100 1 12100 Defm_esth_e rate expressian far kinetic -
reactions in BASIC staternents. ‘—‘
ERTES . Example: m
Contadegradation BATES
-start] - |Quarz
< [ G -start - '
46:7 Insert J
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and

SorContcdegradation

—-start

10 rem parm(l) first-order degradation coefficient (d-1)
20 rate rm{l) *tot ("water") *mol("SorConte™)

30 moles=-rate*timg

[

@ PHREEQC for Windows - DAUSSL\HYDRUS1D_4\Projects\DirechDECAY\PHREEQCIN R EIEIQ
File Edit View Calculations Help
Do REX|O
Input |Dalabase| Girid ICharl |
RATES = | E- PHREEQL Keywords
Contadegradation - ADVECTION
_start - CALCULATE_VALUES
10 rem parm(l) first-order degradation coefficient (d-1) :giiéA%
20 rate rm(1l) *tot ("water") *mol("Conta"™) EMD
30 moles=-rate*tims - EQUILIBRIUM_PHASES
40 save moles - EXCHAMGE
—end - EXCHANGE_MASTER_SPECIES
- EXCHAMGE_SPECIES
SorContadegradation B GA5_PHASE
—start - INCREMENTAL_REACTIONS
10 rem parm(l) first-order degradation coefficient (d-1) D E;EgiEMDDEUNG
20 rate rm{l)*zot ("water") *mol("SorConta™) [?IISDTDPE ALPHAS
30 moles=-rate*time . ISOTOPE_RATIOS
40 save moles Al - KIMETICS
—end H- KNOBES
- LLNL_AQUEDUS_MODEL_PARAMETERS
Contbdegradation Sl
—start - NAMED_EXPRESSIONS
10 rem parm(l) first-order degradation coefficient (d-1) SEF‘[AZSEE:\S
20 rate=parm(l)*tot("water") *mol("Contb") = PRINT
30 moles=-rate*t - RATES
40 save moles E REACTION
—end -- REACTION_TEMPERATURE
- SAVE
SorContbdegradation - SELECTED_OUTPUT
—start B S0LID_SOLUTIONS
10 rem parm(l) first-order degradation coefficient (d-1) Dggtﬁﬁg: MASTER SPECIES
20 rate=parm(l)*tot("watexr") *mcl("SorContb") [}SDLUHDN_QECES_
30 moles=-rate*times L4 []--SDLUT\DN:SF’HEAD
40 save moles - SURFACE
—end - SURFACE_MASTER_SPECIES
- SURFACE_SPECIES
Contcdegradation - TITLE
-start & TR&MSPORT
10 rem parm(l) first-order degradation coefficient (d-1) [;HgEHGHAPH
20 rate=parm(l)*tot("water") *mol("Contc"™) DdBEHkHWT
30 moles=-rate*tims - USER_PUNCH
40 save moles - PHREEQLC BASIC statements
—end [ GENERAL BASIC statements

Defines the rate expression for kinetic
reactions in BASIC statements.

Example
RATES
Cuarz
-start

| 89: 20 | | Insert |

RN

and
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& PHREEQC for Windows - DAUSSL\HYDRUS1D_4\Projects\Direct\DECAY\PHREEQC.IN i SRAEE X

File Edit View Calculations Help

DEHY2EX O

Iriput ]Dalabase] Grid I Chart ]
10 rem

(1) first-order degradation coefficient (d-1) » | B PHREEQC Keywords

20 rate=g m (1) *tot ("water™) *mocl("SorContc™) E- ADVECTION
20 moles=-rate*time [+ CALCULATE _VALLIES
40 save moles - COPY
—end - DATABASE
END

- EQUILIERIUM_PHASES
EINETICS 1-101 - EXCHANGE
Contadegradation - EXCHAMGE_MASTER_SPECIES
-formula Conta 1.0 Contb -1.0 [#- EXCHANGE_SPECIES
-parms (.02 [ GAS_PHASE

INCREMEMNTAL_REACTIONS

SorContadegradation INVERSE_MODELING

BB

ISOTOPES
—formula SorConta 1.0 Contb -1.0 1SOTOPE ALPHAS
-parms (.02 -~ |SOTOPE_RATIOS
- KINETICS
Contbdegradation - KNOBS
—formula Contb 1.0 Contc -1.0 LLML_AQUEOUS_MODEL_PARAMETERS
-parms 0.015 - Mk
- NAMED_EXPRESSIONS
SorContbdegradation ' Eﬁ";SEiES
-formula SorContb 1.0 Contc -1.0 PRINT
-parms 0.015 - RATES
REACTION
Contcdegradation - REACTION_TEMPERATURE
-formula Contc 1.0 - SAVE

SELECTED_OUTPUT
SOLID_SOLUTIONS
SOLUTION
SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

-parms 0.01

H
et
B

SorContcdegradation
—formula SorContc 1.0

“parms 0.01 - SOLUTION_SPREAD
- SURFACE
TRANSECRT - SURFACE_MASTER_SPECIES
—eells 101 [ SURFACE_SPECIES
- TITLE
PRINT - TRAMSPORT
reset fal=e | USER_GRAPH
3 - USER_PRINT
SELECTED CUTPUT [#- USER_PUNCH
—file PHREEQC.hse [+ PHREEQLC BASIC statements
-reset fal=se (- GEMERAL BASIC statements
-time true
-solution  true Specifies kinetic reactions. chemical formulas  «
—totals Conta Contb Conte of reactants and reaction pararmeters.
-molalities SorConta SorConb SorContc E
Example:
KINETICS 1-10
ENE* - |Calcite
« [ b Hormula CaC03 1.0 -l

1324 Insert |

In this example:

The new solution species (Conta, Contb and Contc) and the surface species (Sor) are not included in
phreegc.dat, so we need to use the PHREEQC keywords: "solution_master_species”,
"solution_species", "surface_master_species", and "surface_species" to define these new items.

Item Description (Meaning)

This keyword is used to define the correspondence between
SOLUTION_MASTER_SPECIES )
element names and aqueous master species.

Element name (this is the name from the listbox), master species
Conta Conta 0.0 Conta 1.0

Contb Contb 0.0 Contb 1.0
Contc Contc 0.0 Contc 1.0

(formula for the master species, including its charge), alkalinity,
gram formula weight (default value used to convert input data

from mass units to mol units) or formula (chemical formula used
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to calculate gram formula weight), gram formula weight of

element.

SOLUTION_SPECIES

This keyword is used to define chemical reaction and

activity-coefficient parameters (k) for each aqueous species.

Conta = Conta

Association reaction for aqueous species. The defined species
must be the first species to the right of the equal sign. The
association reaction is an identity reaction for each master

species.

log_k 0.0

log k (note that log k must be 0.0 for master species, i.e. K =1).

Contb = Contb

Association reaction for aqueous species. The defined species
must be the first species to the right of the equal sign. The
association reaction is an identity reaction for each master

species.

log k 0.0

log k (note that log k must be 0.0 for master species, i.e. K =1).

Contc = Contc

Association reaction for aqueous species. The defined species
must be the first species to the right of the equal sign. The
association reaction is an identity reaction for each master

species.

log k 0.0

log k (note that log k must be 0.0 for master species, i.e. K =1).

SOLUTION 1-101

This keyword data block is used to define the temperature and
chemical composition of initial solution. The number (1-101) is
to designate the following solution composition. (In fact, we
must specify the solution/s for all cells of the modeled profile, in

our case 100).

Units  mol/kgw

Concentration units for the simulation. The default value is

mmol/kgw (millimoles per kilogram water).

Conta 1e-15
Contb 1e-15
Contc 1e-15

Element list (an element name, which must correspond to the
items in the first column in SOLUTION MASTER SPECIES),
initial concentration (note that it is recommended to enter some
very small concentration instead of zero, otherwise the

PHREEQC could ignore the component).

-water 0.5

Mass of water in the solution in kg (note that the water content
expressed in [L’L”] in HYDRUS is transferred in PHREEQC in
kilogram of water per 1000 cm’ soil. In fact, every cell of the
PHREEQC discretization always has the volume of 1000 cnr’.
Practically, the important thing is the ratio of the water and the
entire node/cell volume, which has to be the same both for a

node (HYDRUS) and for a cell (PHREEQC).
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SURFACE_MASTER_SPECIES

This keyword data block is used to define the correspondence

between surface binding-site names and surface master species.

Sor  Sor

Surface binding-site name (name of a surface binding site),

surface master species (formula for the surface master species).

SURFACE_SPECIES

This keyword is used to define a reaction and log K for each

surface species, including surface master species.

Association reaction for surface species. The defined species

Sor = Sor must be the first species to the right of the equal sign. It is an
identity reaction for the master species.
log k 0.0 log k (note that log k for a master species is 0.0).

Sor + Conta = SorConta

Association reaction for the mass action equation for the linear
adsorption (note that as we use surface complexation reaction,
here is the place for the reaction). Note that the dimension of

SorConta is mol/kgw.

log_k -99.125

lOg k (note that k= dew). Kd1W: Kd,]*Pb/[SO”]

Sor + Contb = SorContb

Association reaction for the mass action equation for the linear

adsorption process.

log_k -99.426

lOg k (nOte that k = Kdgw). Kd2w: Kdlz*p;/[SOI"]

Sor + Contc = SorContc

Association reaction for the mass action equation for the linear

adsorption process.

log_k -99.949

ZOg k (I’lOte that k= de’W)' Kd_gw: Kdvj’*pb/[SOl"]

SURFACE 1-101

This keyword is used to define the amount and composition of

each surface in a surface assemblage

-equilibrate 1

Number (“-equilibrate” indicates that the surface assemblage is
defined to be in equilibrium with a given solution composition),
number (solution number with which the surface assemblage is

to be in equilibrium)

Sor 1e100 1 1el00

Surface binding-site name (rame of the surface binding site),
sites (total number of sites for this binding site, in moles),
specific_area_per_gram (specific area of surface, in m’/g), mass
(mass of solid for calculation of surface area, in g; surface area

. ‘“ 2 ) ‘“ . Ead
is “mass” times “specific_area_per gram”).

RATES

This keyword data block is used to define mathematical rate
expressions for kinetic reactions. Note that general rate
formulas are defined in the RATES data block and specific
parameters for transport kinetics are defined in the KINETICS
data block.

Contadegradation

name of rate expression — alphanumeric character string that
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identifies the rate expression.

-start

identifier marks the beginning of a BASIC program by which
the moles of reaction for a time subinterval are calculated.

BASIC language program is written from lines 10 to 40.

10 rem parm(1) first-order degradation
coefficient (d-1)

numbered BASIC statement — rem is only a comment (without
effect on the calculations) indicating the meaning of the first

parameter, which is first-order degradation coefficient

20 rate=parm(1)*tot("water")*mol("Conta")

numbered BASIC statement — rate defines the rate of
degradation in the liquid phase, parm(1) is the first-order rate
constant, zor("water") and mol("Conta'") are the amounts of

water and solute concentration in the cell.

30 moles=-rate*time

numbered BASIC statement — moles integrates the rate over the
time subinterval with the special variable zime. Note that the
negative sign results in a negative amount of moles saved in the
last statement (line 40). In general, a negative sign means that
elements will be removed from the solution (i.e. precipitation,

degradation, or decay).

40 save moles

numbered BASIC statement — save the moles of reaction during

the time interval are saved

-end

Identifier marks the end of the BASIC program by which the
number of moles of a reaction for a time subinterval is
calculated. Note the hyphen is required to avoid a conflict with
the keyword END.

SorContadegradation

name of rate expression — alphanumeric character string that
identifies the rate expression. In this case, it represents the

degradation of the solid (adsorbed) phase of the component.

-start

identifier marks the beginning of a BASIC program by which
the moles of reaction for a time subinterval are calculated.

BASIC language program is written from lines 10 to 40.

10 rem parm(1) first-order degradation
coefficient (d-1)

numbered BASIC statement — rem is only a comment (without
effect on the calculations) indicating the meaning of the first

parameter, which is first-order degradation coefficient

20 rate=parm(1)*tot("water")*mol(*'SorConta")

numbered BASIC statement — rate defines the rate of
degradation in the solid phase, parm(1) is the first-order rate
constant, tot("water") and mol("SorConta") are the amounts of
water and adsorbed concentration in the cell. Note that, as we
defined the adsorbed concentration (“SorConta™) in mol/kgw,

this equation is the same as the equation in "Contadegradation"
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data block.

30 moles=-rate*time

numbered BASIC statement — moles integrates the rate over the
time subinterval with the special variable fime. Note that the
negative sign results in a negative amount of moles saved in the
last statement (line 40). In general, a negative sign means that
elements will be removed from the solution (i.e. precipitation,

degradation, or decay).

40 save moles

numbered BASIC statement — save the moles of reaction during

the time interval are saved

Identifier marks the end of the BASIC program by which the

number of moles of a reaction for a time subinterval is

ene calculated. Note the hyphen is required to avoid a conflict with
the keyword END.
Contbdegradation the same as for the Contadegradation data block
-start the same as for the Contadegradation data block

10 rem parm(1) first-order degradation

coefficient (d-1)

the same as for the Contadegradation data block

20 rate=parm(1)*tot("water")*mol(*"Contb")

the same as for the Contadegradation data block

30 moles=-rate*time

the same as for the Contadegradation data block

40 save moles

the same as for the Contadegradation data block

-end the same as for the Contadegradation data block
SorContbdegradation the same as for the SorContadegradation data block
-start the same as for the SorContadegradation data block

10 rem parm(1) first-order degradation
coefficient (d-1)

the same as for the SorContadegradation data block

20 rate=parm(L)*tot("water")*mol("SorContbh")

the same as for the SorContadegradation data block

30 moles=-rate*time

the same as for the SorContadegradation data block

40 save moles

the same as for the SorContadegradation data block

-end

the same as for the SorContadegradation data block

Contcdegradation

the same as for the Contadegradation

-start

the same as for the Contadegradation

10 rem parm(1) first-order degradation
coefficient (d-1)

the same as for the Contadegradation

20 rate=parm(1)*tot(""water")*mol(*'Contc")

the same as for the Contadegradation

30 moles=-rate*time

the same as for the Contadegradation

40 save moles

the same as for the Contadegradation

-end

the same as for the Contadegradation

SorContcdegradation

the same as for the SorContadegradation data block
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-start

the same as for the SorContadegradation data block

10 rem parm(1) first-order degradation
coefficient (d-1)

the same as for the SorContadegradation data block

20 rate=parm(L)*tot("water")*mol(""SorContc")

the same as for the SorContadegradation data block

30 moles=-rate*time

the same as for the SorContadegradation data block

40 save moles

the same as for the SorContadegradation data block

KINETICS 1-101

This keyword data block is used to identify kinetic reactions and
to specify reaction parameters to a specific cell. The number
(1-101) is to designate the following set of kinetic reactions to

the number of cells.

Contadegradation

name of rate expression. The rate name must correspond to the

RATES data block

Chemical formula or the name of the phase to be added by the
kinetic reaction, Conta; stoichiometric coefficient 1, defines the
mole transfer coefficient for formula per mole of reaction
progress evaluated by the rate expression in RATES). Note that
the user should identify which solution species appear or
disappear. The stoichiometric coeff. *“1.0” after the Conta has
positive sign which means Conta disappears . The stoichiometric
coeff. “-1.0” after the Contb represents the mole trasfer

coefficient and the sign is negative which means Contb appears.

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

name of rate expression. The rate name must correspond to the

RATES data block

-formula Conta 1 Contb -1.0
-parms 0.02
SorContadegradation
-formula SorConta 1 Contb -1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, SorConta; stoichiometric coefficient 1, defines
the mole transfer coefficient for formula per mole of reaction
progress evaluated by the rate expression in RATES). Note that
the user should identify which species appear or disappear. The
stoichiometric coeff. "'1.0"" after the SorConta has positive sign
which means SorConta disappears. The stoichiometric coeff.
"-1.0" after the Contb represents the mole transfer coefficient

and the sign is negative which means Contb appears.

-parms 0.02

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

75




Contbdegradation

name of rate expression. The rate name must correspond to the
RATES data block

-formula Contb 1 Contc

-1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, Contb; stoichiometric coefficient 1, defines the
mole transfer coefficient for formula per mole of reaction
progress evaluated by the rate expression in RATES). Note that
the user should identify which solution species appear or
disappear. The stoichiometric coeff. “-1.0” represents the mole

transfer coefficient.

-parms  0.015

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

SorContbdegradation

name of rate expression. The rate name must correspond to the
RATES data block

-formula  SorContb 1 Contc

-1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, SorContb; stoichiometric coefficient 1, defines
the mole transfer coefficient for formula per mole of reaction
progress evaluated by the rate expression in RATES). Note that
the user should identify which species appear or disappear. The
stoichiometric coeff. **1.0"" after the SorContb has positive sign
which means SorContb disappears. The stoichiometric coeff.
"-1.0" after the Contc represents the mole transfer coefficient

and the sign is negative which means Contc appears.

-parms 0.015

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

Contcdegradation

name of rate expression. The rate name must correspond to the

RATES data block

-formula Contc 1

Chemical formula or the name of the phase to be added by the
kinetic reaction, Contc; stoichiometric coefficient 1, defines the
mole transfer coefficient for formula per mole of reaction

progress evaluated by the rate expression in RATES).

-parms  0.010

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

SorContcdegradation

name of rate expression. The rate name must correspond to the

RATES data block

-formula  SorContc 1.0

Chemical formula or the name of the phase to be added by the
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kinetic reaction, SorContc; stoichiometric coefficient 1, defines
the mole transfer coefficient for formula per mole of reaction

progress evaluated by the rate expression in RATES).

-parms 0.01

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

TRANSPORT

This key data block is used to simulate 1D transport processes.
However, this option is not used in HP 1 but for spatial
integration (integration of the profile) and connection with the
transport module (HYDRUS) only the number of cell needs to

be specified.

-cells 101

Indicates the number of the cells in the profile (note that this
number must be equal to the number of nodes determined in the
HYDRUS module).

PRINT

This keyword data block is used to select which results are

written to the output file.

-reset  false

Changes all print options (identifiers) listed on lines 2 through
15 to true or false (see PHREEQC Manual, p. 120). If false is
used all data blocks on line 2 through line 15 will NOT be
printed in the output file.

SELECTED_OUTPUT

This keyword data block is used to produce a file* that is
suitable for processing by spreadsheets and other

data-management software.

-file PHREEQC.hse

“-file” (identifier allows definition of the name of the file where
the selected initial information (results) will be written), file
name (file name where selected results will be written). Note:

the file name may have extensions "* hse", " *.out", or "' *.sel".

Change print options for all identifiers from line 6 to line 20 (if

-reset  false the statement "false" is used only the identifiers marked "true"
will be printed (see PHREEQC Manual, p. 137)
) Prints to the selected—output file* the cumulative transport time
-time  true

since the beginning of the run or other defined options.

-solution  true

Prints solution number used for the calculation in each line of

the selected-output file.

-totals Conta Contb Contc

Element list ("-totals” is an identifier allows definition of a list
of total concentrations [mol/kgw] that will be written to the
selected-output file) element list (list of elements for which total

concentrations will be written).
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Species list ("-molalities” is an identifier allows definition of a
list of species for which concentrations [mol/kgw] will be
-molalities  SorConta SorContb SorContc | written to the selected-output file), species list (list of aqueous,
exchange, or surface species for which concentrations will be

written to the selected-output file).

END This keyword ends the data input for a simulation

Note: For more information see the PHREEQC Manual for the relevant topic.

Go back to HYDRUS-1D GUI and execute HP1.

When the program finishes, open the DEGRAD folder:

HP 1 creates specific files in which the final results are stored. Get the species results from the
"nod_inf_chem.out" and "obs_nod_chem.out" files. Note that for each observation node there is a
separate output file.

Results can also be received from HYDRUS 1D output files:

Post-processing

Observation Points

Observation Nodes &J ]
Harizontal Y ariable; | Time ﬂ
Wertical Wariable: |AII Concentrations ﬂ
All Concentrations
These graphs show the components concentration
0.0035 &= = ]
0.0030 4 according to the time at the observation point 1 (25
T 0.0025 cm of the profile). At the end of the simulation
§ 0.0020 4 period the second degradation daughter product has
L]
% 0.0015 ¢ the biggest impact. Its value is almost 30% of the
§ 00010 infiltrating concentration of Conta. The first
oo daughter product (Contb) is only 7% from the
0.0000 <= t
0 20 Conta. Hence, only the Contc concentration has to
Time [days] be considered as the value of Conta (the infiltrating
component) is practically zero and Contb (first
Default Frint Previous | | LClose | i
daughter product) is very small.
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Profile Information

Basic Profile Information léy
Harizantal ¥ aniable: |Profile|nformation: Concentration - 1 ﬂ
Vertical Variable: | Depth j
Profile Information: Concentration -1

0 4 t m—— |
20 //
5 40+
=
k=1
& 60 +
80 +
-100 t f f t {
0000 0002 0004 00086 0.008 0010
Conc [mmolfem3]
Default | Print | Previous Cloze

Profile Information

Profile Information: Concentration -2

0 /_’_) — - E—— {
20 4
5 40
=
=3
& 60 7
80 +
-100 t f f t {
0.000 0.001 0.002 0.003 0.004 0.005
Conc [mmolfem3]
Drefault | Erint | Previous Cloze

9
Basic Profile Information li_:-J
Harizankal Y ariable: |F'rofi|e Infarmation: Concentration - 2 j
Vertical Yariable: | Depth ﬂ

These graphs show the Conta concentration

distribution through the profile at the initial plus
at the printed time steps (four in the example).
Approximately from 15 cm of the profile, the
Conta concentration is equal to zero.

These graphs show the Contb concentration
distribution through the profile at the initial plus
at the printed time steps. The maximum value of
Contb is at 10 cm from the top of the profile and
it is almost equal to the half of the infiltrating
one. At the middle of the profile Contb

concentration is zero.
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Profile Information

|
Basic Profile Informaticn léj
Huorizantal Yariable: |F'r0fi|e Information:  Concentration - 3 j
Yertical Variable: | Drepth ﬂ

Profile Information: Concentration -3

0 . t t |
20 ?
g 40
éﬂ -60
50 | These graphs show the Contc concentration
distribution through the profile at the initial plus
'm%_m n_nirn 0_0'02 0_503 0_0:04 at the printed time steps. At the first quarter of
Conc [mmol/cms] the profile the concentration is at maximum
(0.0034 mmoI/cm3), which is one-third from the
Default | Frint | Previous | | LClose Inflltratlng one.

The same problem could be simulated with HYDRUS 1D code.

HYDRUS 1D Project manager-> New project DECAY-HYD

Main Process

- "y
Main Processes &J

Heading:
|Modeling first-arder decay with HYDRUS-10

Simulate
[~ water Flow
o

=
[v Salute Tranzpart

[ Irwerse Solution ?

* General Solute Transport
" Majar lan Cherizty

" HP1 [PHREEGL) s Heading: Modeling of first-order decay with HYDRUS 1D
B e Tt Lance Simulate: Solute Transport and check "General Solute
[ Bootw ater Uptake

Memt .. " .
[~ Foot Growth Transport Optlon.

Help

dil

Button: "Next"

Use the same values as in the example, change only:
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Time Information

Maximum Time Step: 50

Solute Transport and Reaction Parameters — Solute 1

[ Solute Transport and Reaction Parameters - SGILIEE i @1
Mat | SinkSolid1 | SinkGas1 |SinkWater1'| SinkSolid1® | SinkGas1'
1 0 0 0.02J0.02 | 0
1] | »
ak. | Cancel Previous ... Mext . Help |

Solute Transport and Reaction Parameters — Solute 2

[ Solute Transport and Reaction Parameters - SGILIEE 2 @1
Mat | SinkSolid1 | SinkGas1 |SinkWater1'| SinkSolid1® | SinkGas1'
1 0 0 0.015]0.015 | 0
1] | »
ak. | Cancel Previous ... Mext . Help |

Solute Transport and Reaction Parameters — Solute 3

[ Solute Transport and Reaction Parameters - Solthle 3 ﬁ1
Mat Beta Henry SinkWater1 | SinkSolid1 | SinkGasi
1 1 0 0.01J0.01 | 0
| | »
ak | Cancel Previous ... Mest .. Help |
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Kd: 5 g/lcm®
SinkWaterl: 0.02 d*
SinkSolidl : 0.02 d*

Kd: 2.5 glem®
SinkWaterl : 0.015 d*
SinkSolidl : 0.015 d*

Kd: 0.75 glem®
SinkWaterl: 0.01 d*
SinkSolidl: 0.01 d*



Solute Transport Boundary Conditions

Solute Transport Boundary Conditions : Ié]

Upper Boundary Condition

Sol. No. Bound. Cond.
" Concentration BC 1 0.01 =
* Concentration Flux BC i g Cancel

(" Stagnant BC for Yolatile Solutes Previous
Lower Boundary Condition ﬂ
" Concentration BC %

" Concentration Flux BC

* Zero Concentration Gradient

Bound. Cond : 0.01 mmol/cm?®

Execute HYDRUS 1D

Post-processing

Observation Nodes

9
Observation Modes @

Harizontal Y ariable: | Time ﬂ

Vertical Wanable: |.-’-‘AII Concentrations j

All Concentrations

0.0035 +
0.0030 +
0.0025 +
0.0020 4 Contc

0.0018 +

Cont [mmolcm3]

0.0010 +

0.0005 + y
0.0000 . . . : |

0 20 40 60 80 100 These graphs show the components concentration
Time [days]

according to the time at the observation point 1

Default | Frint | Previous | | Close |

(25 cm of the profile). Note that the results are
identical with the HP 1 code results.
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Profile Information

Basic Profile Information &
Horizantal Y/ ariable: |meile Infarmation: Concentration - 1 ﬂ
Yertical Yariable: | Diepth ﬂ

Profile Information: Concentration -1

0 } et |
-20 /
5 404
2
2 60
80 +
These graphs show the Conta concentration
-100 t t t t |
0.000 0002 0004 0006 0008 0.010 distribution through the profile at the initial plus
C lflem3 . .
on [mmolfcms} at the printed time steps. Note that the results are
identical with the HP 1 code results.
Default | FErint | Previous Cloze
Profile Information
Basic Profile Information Ié]‘
Huorizontal Wariable: |F'l0file Information: Concentration - 2 j
Yertical Variable: | Depth ﬂ

Profile Information: Concentration -2

0 /_) R ,
20 1
T 40
;ﬂ -60 A
80 4

-10%_000 0001 0002 0003 0004 0008 These graphs show the Contb concentration

Conc [mmolicm3] distribution through the profile at the initial plus

at the printed time steps. Note that the results

Defaut | B | Previous _ Gee | are identical with the HP 1 code results.
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Profile Information

Basic Profile Information & ]
Harizontal Y ariable: |F'mfile Information: Concentration - 3 j
Yertical Y anable: | Depth j
Profile Information: Concentration -3

0 — t t |
-20 -?
5 40+
=
=2
& 60 7
a0 4
-100 f f t {
0.000 0.001 0.002 0.003 0.004
Conc [mmol/icm3]
Drefault | Frint | Previous | | Cloze

These graphs
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show the Contc concentration
distribution through the profile at the initial
plus at the printed time steps. Note that the
results are identical with the HP 1 code results.



HP 1
(a coupled numerical code of the HYDRUS 1D and PHREEQC-2 programs)

EXAMPLE 4 (NITROG)

Problem: Transport of linearly adsorbed organic nitrogen with first-order chain decay with
cation exchange under steady-state water flow (NITROG)

Purpose: Understanding the role of the HYDRUS and PHREEQC modules due to nitrogen
transport modeling

General Information: Transport of organic nitrogen fertilizer (Org-N) with steady-state water flow
through a soil column of 100 cm length is simulated for 100 days. The soil has 1.5 g/cm?® bulk density,
and the saturated volumetric water content is 0.5. Water flux is 1 cm/d. The soil initially contains a
Na-K-Cl (sodium-potassium-chloride) solution in equilibrium with the cation exchange sites. The
initial concentrations are: Na 1.0E-03, K 1.0 E-03, and ClI 2.0E-03 in mol/l. The soil has cation
exchange capacity CEC of 6.7 mmol/kg soil. Solute dispersivity is 1 cm assuming no molecular
diffusion.

The inflow concentration of Org-N is 0.001 mol/l (0.001 mmol/cm®). The organic nitrogen is
adsorbed with distribution coefficient K,;; =5.0 [cm®/g]. Due to the nitrification process the organic
nitrogen transforms to ammonium ion (NH,") with the first-order degradation constant value of 0.02
d*, and then to nitrate ion (NO3) with 0.015 d. Finally, due to the denitrification process nitrate
transforms to nitrogen gas (N,) with the first-order constant of 0.01 d™.

Governing equations: In HP 1 the general equation describing the solute transport for steady-state

water flow has the form:
aC],[ 0 (DW aCl,i j_g aCl,i

+R, 1
0 o )

or  ox o

In this example, the term R; includes three types of reactions — first-order decay (degradation),
adsorption, and cation exchange processes (Fig. 1):

0rg_N W&N 4+£g£zia_twg NOs_ deg;a:zj’atig‘n ]\[2

o o
Ka &)\\ lon &o‘\ No
&/ exchange & /. sorption
bﬁf’o s &Q"’ ¥

SorOrg N  NH4-X = SoNE;

Fig. 1. The processes scheme for first-order degradation chain of linearly adsorbed component Org-N,
NH4+, NOg-,and No.
In order to simplify the model we make the following assumptions:
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(i) Adsorption process of the Org-N is instantaneous and described with the Freundlich equation of
linear type:

C,=K,C, )

where C, is the adsorbed concentration [MM™], C, is the solution concentration [ML™], and K, is the
distribution coefficient [L’M™].

(if) The ammonium ion adsorption is fully described with the cation exchange process and therefore is
connected with the value of the Cation Exchange Capacity (CEC):

nNH,"* + Cation-X, = nNH4-X + Cation™ (3)

[NH4-X]" | Cation™ |

with equilibrium constant K, 4/ cuion = -
[Cation-X, ]| NH4" |

(4)

where X represents the amount of exchange sites in [MM™] or [ML™®], Cation™ represents any cation
in the soil profile, [NH4-X], [Cation-X,] are the adsorbed concentrations in [MM™], and [NH4'],
[Cation™] are the concentrations in the solution phase in [ML™].

(iii) there is no adsorption of the nitrate ion to the solid phase, i.e. K4 = 0 (Fig. 1).

Tranport equations for each component can be discribed with:

DW
Org—N
¢ ox

Ot ox

0 ox T g
- luw,lecl,Org—N - Ius,lpbKd,lcl,Org—N ®)

aCl,Org—N _ 0 ( aCI,OrgNJ q aCI,OI‘ng K aCl,Org—N

oC 0 e oC oCy,, _
I,NH, [ [,NH, j_i LNH, _ il +,uw,10Cl,0rg—N

ol ™ )0 a7 a
+ 1Py K 4 1C o = M0 29C vm, — M 2P5Crvm, —x (6)

oc 5 ocC oC
1,NO; w 1,NO; q 1,NO;
= _[D J__ +/'lw,20CI,NH4 + 1 20, Crprax

ot ox| Mo ox 6 oOx @)
- /uw,39C1'N03*
oC oC oC
1,Na — i D;;Iva [,Na _1 [,Na + RNa (8)
ot ox ox 0 ox
oC oC oC
L _ O pn x| 4%k | p ©)
Ot Oox ox 0 ox
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9C,q _0 (Dw ac/,czj_gacz,cz +R, (10)

o ox 9 oax ) 0 ox
where Ry, Rg ,and R¢,represent the specific sink terms due to the cation exchange (not considered for
the chloride).

In this example, ternary cations, i.e., NH,", Na*, and K", exchange each other and the exchange
reactions can be described with following equations:

NH4* + Na-X <> NH4-X + Na* (11)

[NH4-X][ Na* |

with equilibrium constant K, ., = [N X][NH4+] (12)
a_
NH4" + K-X <> NH4-X + K" (13)
- _[NHaX][K ]
with equilibrium constant X,,,,,, = K X][NH4+] (14)
K"+ Na-X <« K-X+Na' (15)
[KX][ Na* ]
with equilibrium constant K (16)

KINa :W

where [NH4-X], [Na-X], and [K-X] are the adsorbed concentrations, [NH4'], [Na'], and [K'] are the
concentrations in the solution phase. As shown in Example 2, an additional relationship can be

based on the adsorption electrical neutrality:

[Ca-Xz]+ [Na-X]+ [K-X]= CEC %))
Since this example is an assemble of reactions described in previous examples, please refer to

Example 1 for the linear adsorption process, Example 2 for the cation exchange process, and Example
3 for the first-order chain degradation process.
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I.  HYDRUS-1D module settings

File->Project Manager-> Projects: Button: New

New Project Iﬁ
Froject
Marne: W
Description: |Modeling Mitrogen transport
Diirectany: |D:\L|SSL'\HYDF|US1 D_#\Projects\HP1-October

0K

Caricel |

Name: NITROG
Description: Modeling Nitrogen transport
Button: "OK"

Main Proces

SES

Main Processes

i

Heading:

Simnulate

[~ water Flow
B
B

[V Solute Trang

|M0deling Mitrogen Transport

port

" General Solute Transport
" Major lon Chemistry
+ HF1[FHREEGQLC)

[ Heat Transport Cancel
[ Boot'water ptake

Mext .
[~ Root Growth

_ Men. |
|t |

Help

Geometry Information

Heading: Modeling Nitrogen transport
Simulate: Solute Transport and check "HP1 (PHREEQC)"
option.

Button: "Next"

Geometry Infarmation

Length Units

1 Mumber of Soil Materials

100 Depth of the Soil Profile

" mm
D & 1 Mumber of Lavers for Mass Balances
" m 1 Decline from Wertical fxes

Cancel
Previous ..
Mext .
Help
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Length Units: cm
Depth of the Soil Profile: 100 cm
Button: "Next"



Time Information

Time Information

-

Tirne Units

" Seconds
™ Minutes
™ Hours
* Days
™ Years

Tirne Discretization
Initial Time
Einal Time

Initial Time Step

—

Minimum Time Step  [1e-005
b gximum Time Step |0.04

Cancel

Frevious ...
Mest ...

Help

[ e |
| Beien |
=
|

Boundary Conditions

[ Time-ariable Boundary Conditions

~
=
-~
-
-
]
a0

ke

Print Information
Number of Printed Times: 4

Iteration Criteria
Leave all options by default

Soil Hydraulic Models

Time Units: Days

Final Time: 100 days
Maximum Time Step: 0.04
Leave other values on default

Single Porosity Models: check "van Genuchten-Mualem" (usually by default)

Hysteresis: check "No hysteresis" (usually by default)

Water Flow Parameters
Input the data as shown:

Water Flow Parameters : Lé]
Mat Qr Qs Alpha n Ks 1
1 0.078 0.5 0.036 1.56 1 0.5|
Note: In case of steady-state flow, h=0
through the profile including at the
Sail Catalog - Meural Netwark Prediction | [T Temperature Dependence both bOUﬂdaI’IES, the n KS" Value
I e ) | represents the infiltrating flux.

Water Flow Boundary Condition
Upper Boundary Condition.: Constant Pressure Head
Lower Boundary Condition: Constant Pressure Head
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Solute Transport — General Information

Solute Transport

Time ‘Weighting Scheme Space Weighting Scheme

) *  Galerkin Finite Elements a
¢ Crank-Nicholson S cheme " Upstream Weighting FE Cancel
" Implicit Scheme " GFE with Artificial Dispersion

Previous ...
Mage Unitz: | mmaol Stability Criterion; 2
Dependence on Environmental Factaors
[~ Temperature Dependence of Transport and Reaction Parameters Help
[ W ater Content Dependence of Transport and Feaction Parameters

Mext ...

ol

Monequilibrium Solute Transport kodels
" Equilibrium hodel

Dual-Parosity (Mobile-lmmabils W ater) bMaodel [Phpsical Nonequilibrium)

i I B T B T R

-

Ikeration Criteria - Only for Nonlinear Problems ) Mass Units: mmol
[ Use Taohuosity Factor

0 Absolute Concentration Talerance .
O Mumber of Selutes: R Number of Solutes: 6
I'I—

Relative Concentratin Talerance

Mawimum Mumber of lteration Pulse Duration: 100 Pulse Duration: 100

HP1 Components and Database Pathway

HP1 Components and Database Pathway B Lﬁ
Databaze Pathway:
CeAUSSLAHYDRUSTD_4HPT Databazes\PHREELIC.DAT Browse |
Comgmit | PSS | e T PR (i speslti e
1 Orgn ... chemical composition and chemical reactions
2 AN wes needs to be written using PHREEQC.GUI and
3 NG . capied into the HYDRUS praoject folder.
4 Ma ..
5 . The default PHREEQC trp | | |{
G oo file can be created uzing the | | = -
command below. Cancel

Create default :
' PHREEGC trmp file Erevious
Mest ..
Help

User needs to specify the pathway to the Database and the name of all considered components.

Database pathway: DNUSSL\HYDRUS1D_4\HP1 database\PHREEQC.dat
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Solute Transport - Transport Parameters

Bulk D.: 1.5 glcm®

Disp.: 1 cm

Difus. W, [diffusion coefficient in free water/: 0 cm%/d
Note: Leave other values by default

Solute Transport - Reaction Parameters
Note: Leave all values on default. When using HP 1, all optional values are considered in the
PHREEQC module!

Solute Transport Boundary Conditions

Upper Boundary Condition: Concentration Flux BC

Lower Boundary Condition: Zero Gradient

Solute Concentration: Orgn 0.001 mol/kgw. Note that the value must be in mol per kg water. Other

concentrations are 0.

HYDRUS-1D - Profile Information

Menu: Conditions-> Initial Conditions>Pressure Head: Set all points at h =0 cm

Menu: Conditions-> Initial Conditions>Observation Points: Insert OP’s at 25, 50 and 100 cm.
Leave other options by default.

Menu: File->Save Data
Menu: File->Exit

Soil Profile - Summary
Button "OK"

Il. PHREEQC module settings
Chemical composition and chemical reactions have to be specified in a "Phreeqc.in" file. We
recommend using the PHREEQC software for creating the file.
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The "Phreeqc.in" file must contain the following data:

& PHREEQC for Windows - DAUSSL\HYDRUS1D_4\Projects\HP1-October\NITROG\PHREEQCIN . (=& [
File Edit View Calculations Help
Y
DEEHVEBX|©
Input |Database| Grid IEhart I
SOLUTION MASTER SPECIES + | B PHREEQL Keywords o
Crgn Crgn 0.0 Crgn 1.0 - ADVECTION
[#- CALCULATE WaLUES
- COPY
SOLUTION SPECIES  DATARASE
Orgn = Orgn - END
log k 0 5| & EouLBRILM_PHASES
[H- ExCHAMNGE "
SCLUTICN 1-101 - EXCHANGE_MASTER_SPECIES
-units mol/kgw - EXCHAMGE_SPECIES
Crgn 1.0E-20 [H- GAS_PHASE Al
2 1. 0E-20 - INCREMENTAL_REACTIONS E
Na 1.0E-03 - ISOTOPE_ALPHAS 1
E 1.0E-03 - ISOTOPE_RATIOS
cl 2.0E-03 - KINETICS L
-water 0.5 (- KNOBS
[#- LLWL_AQUEOUS_MODEL_PARAMETERS
SURFACE_MASTER SPECIES - Ml h
Sor Sor - NAMED_EXPRESSIONS
[#- PHASES |
- PITZER
SURF%CE_SPEC IES 5 PRINT
Ser = Sor G RATES
log k 0O - REACTION
- RE&CTION_TEMPERATURE
Sor + Orgn = SorQrgn - SAVE
log k -95.125 - SELECTED_OUTFUT
- (- 50LID_SOLUTIONS
_ M- S0LUTION
Surfaiebl 101 L SOLLITION MASTER CPECIFS i
- 113 te 1 " " —
Sequi io:alel 100 Defines the rate expression for kinetic =
oF == s reactions in BASIC statements. 1
RRTES Example:
Crgndegradation RATES (]
-start -~ |Cluartz
< [Lm -start -
| 171 | Modified | Insert | y

and
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& PHREEQC for Windows - DAUSSL\HYDRUS1D,_4\Projects\HP1-October\NITROG\PHREEQC.IN R — ] B
File Edit View Calculations Help
Y
MEEIEEEEES)
Input |Database| Grid IEhalt I
RATES - - INVERSE_MODELING p
Crgndegradation - 1S0TOPES
~start - 150TOPE_ALPHAS

10 rem parm(l) first-order degradation coefficient (d-1)
20 rate=parm(l)*tot("water") *mol("Crgn")
30 moles=-rate%*times

40 save moles
—end

SorOrgndegradation

—-start

10 rem parm(l) first-order degradation coefficient (d-1)
20 rate=parm(l) *tot("water") *mcl("SorCrgn")

30 moles=-rate%*times

40 save moles

—end

Zmmdegradation

—-start

10 rem parm(l) first-order degradation coefficient (d-1)
20 rate=parm(l) *tot("water") *mcl ("Zmm")

30 moles=-rate%*times

m

- ISOTOPE_RATIOS

- KINETICS

- KNOBS

- LLNL_AQUEOUS_MODEL_PARAMETERS
M

- NAMED_EXPRESSIONS

PHASES

PITZER

-
[ [

- -

- REACTION

- REACTION_TEMPERATURE
- SAVE

- SELECTED_OUTPRUT

- SOLID_SOLUTIONS

- SOLUTION

- SOLUTION_MASTER_SPECIES
- SOLUTION_SPECIES

- SOLUTION_SPREAD

- SURFACE

- SURFACE_MASTER_SPECIES

-
[+

-
[ [

m

[+ SURFACE_SPECIES
40 save moles - TITLE
—end [l- TRANSPORT
- USE
ZmmHXdegradation Bl USER_GRAPH
—etart - USER_PRINT I
10 rem parm(l) first-order degradation coefficient (d-1) []--gaIIIHUESEEQHEggSIEHstatements
20 rate=parm(l)*tot("water”)*mol ("AmmHX") - GENERAL BASIC statements L
30 moles=-rate%*times -
40 save moles - - P—
—end Defines the rate expression for kinetic =
reactions in BASIC statements. [
No3degradation Exarnple:;
-start EATES
10 rem parm(l) first-order degradation coefficient (d-1) -~ |Quartz
< [m 3 -start -
[ 1 [ | Insert | A

and
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- - -——
g PHREEQC for Windows - DAUSSIA\HYDRUS1D_4\Projects\HP1-October\NITROG\PHREEQC.IN

B .

| ]

File Edit View Calculations Help

DEHYBEBRXO

Input |Database| Grid I Chart I

NC3degradation
—-start

10 rem parm(1l)
20 rate=parm(l) *tot("water") *mcl("NO3")

30 moles=-rate%*times

40 save moles
—end

EINETICS 1-101
Crgndegradation

—formula Orgn 1.0 Zmm -1.0
-parms 0.02

SorOrgndegradation
—formula SorOrgn 1.0 Amm -1.0
-parms 0.02

Zmmdegradation
—formula Amm 1.0 NO3 -1.0
-parms 0.015

AmmHXdegradation
—formula AmmHX 1.0 NC3 -1.0
-parms 0.015

No3degradation
—formula N0O3 1.0
-parms 0.01

first-order degradation coefficient

(d-1)

m

el
[+

- EQUILIERIUM_PHASES

- EXCHANGE

- EXCHANGE_MASTER_SPECIES

- EXCHANGE_SPECIES

- GAS_PHASE

- INCREMENTAL_REACTIONS

- INVERSE_MODELING

-ISOTOPES

- ISOTOPE_ALPHAS

- ISOTOPE_RATIOS

- KINETICS

- KMHOBS

- LLNL_AQUEOUS_MODEL_PARAMETERS
M

- NAMED_EXPRESSIONS

t- PHASES
+- PITZER
al
al

el
[+

-
[+

e
[+

el
[+

el
[+

el
[+

- PRINT

-

- REACTION

- REACTION_TEMPERATURE

- SAVE

- SELECTED_OUTPUT

- SOLID_SOLUTIONS

- SOLUTION

- SOLUTION_MASTER_SPECIES
- SOLUTION_SPECIES

- SOLUTION_SPREAD

- SURFACE

-
[ [

el
[ [

m

Defines the rate expression for kinetic
reactions in BASIC statements.

EXCHANGE 1-101 Example:
—equilibrate 1 RATES
X 0.01 - |Quarz
4 [Lm 2 -start -
[ 1 [ | Insert A
and
@ PHREEQC for Windows - DAUSSL\HYDRUS1D_4\Projects\HP1-October\NITROG\PHREEQCIN — (= [ ]

File Edit View Calculations Help

DEHYBBRXO

Input |Database| Grid I Chart I

NC3degradation
-formula NO3 1.0
-parms 0.01

EXCHANGE 1-101
—equilibrate 1
X 0.01

TEANSPCORT
—cells 101

PRINT
—reset false

SELECTED CUTEUT

—-file PHREEQC.h=e

-reset false

-time true

-solution true

—pPH true

—totals Crgn Zmm N({5) Na E Cl

-molalities SorOrgn AmmHX NaX EX

END

m

- EQUILIBRIUM_PHASES

- EXCHANGE_MASTER_SPECIES
- EXCHANGE_SPECIES

- GAS_PHASE

- INCREMENTAL_REACTIONS

- INVERSE_MODELING
-ISOTOPES

- |SOTOPE_ALPHAS

- ISOTOPE_RATIOS

- KINETICS

- KNOBS

- LLML_AQUEOUS_MODEL_PARAMETERS
M

- NAMED_EXPRESSIONS

- PHASES

-PITZER

- PRINT

- RATES

- REACTION

- REACTION_TEMPERATURE

o

-5
[+

-
[

el
[+

e
[+

frn W B e B
[l [ [

m

Defines the amount and composition of
exchangers.

Example:

# Option 1: Exchangers X and Y in equilibrium
with solution B

EXCHANGE 1-10

>

| Insert

A
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In this example:

The new solution species (Orgn), and he surface species (Sor) are not included in phreegc.dat, SO we

need to use the PHREEQC keywords: "solution_master_species”, "solution_species",

"surface_master_species"”, and "surface_species"”, to define these new items.

Item

Description (Meaning)

SOLUTION_MASTER_SPECIES

This keyword is used to define the correspondence between

element names and aqueous master species.

Orgn Orgn 0.0 Orgn 1.0

Element name (this is the name from the listbox), master
species (formula for the master species, including its charge),
alkalinity, gram formula weight (default value used to convert
input data from mass units to mol units) or formula (chemical
formula used to calculate gram formula weight), gram formula

weight of element.

SOLUTION_SPECIES

This keyword is used to define chemical reaction and

activity-coefficient parameters (k) for each aqueous species.

Association reaction for agueous species. The defined species

must be the first species to the right of the equal sign. The

Orgn = Orgn - o N :
association reaction Is an Identlty reaction for each master
species.
log k 0.0 log k (note that log k must be 0.0 for master species, i.e. K =1).

SOLUTION 1-101

This keyword data block is used to define the temperature and
chemical composition of initial solution. The number (1-101)
is to designate the following solution composition. (In fact, we
must specify the solution/s for all cells of the modeled profile,

in our case 100).

units  mol/kgw

Concentration units for the simulation. The default value is

mmol/kgw (millimoles per kilogram water).

Orgn 1le-20
Amm  1e-20
N() 1e-20
Na 1.0e-03
K 1.0e-03
Cl 2.0e-03

Element list (an element name, which must correspond to the
items in the first column in SOLUTION _MASTER SPECIES),
initial concentration (note that ir is recommended to enter
some very small concentration instead of zero, otherwise the

PHREEQC could ignore the component).

-water 0.5

Mass of water in the solution in kg (note that the water
content expressed in [L’L”] in HYDRUS is transferred in
PHREEQC in kilogram of water per 1000 cm’ soil. In fact,
every cell of the PHREEQC discretization always has the
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volume of 1000 cm’. Practically, the important thing is the
ratio of the water and the entire node/cell volume, which has
to be the same both for a node (HYDRUS) and for a cell
(PHREEQC).

SURFACE_MASTER_SPECIES

This keyword data block is used to define the correspondence
between surface binding-site names and surface master

species.

Sor  Sor

Surface binding-site name (rame of a surface binding site),
surface master species (formula for the surface master

species).

SURFACE_SPECIES

This keyword is used to define a reaction and log K for each

surface species, including surface master species.

Association reaction for surface species. The defined species

Sor = Sor must be the first species to the right of the equal sign. It is an
identity reaction for the master species.
log_k 0.0 log k (note that log k for a master species is 0.0).

Sor + Orgn = SorOrgn

Association reaction for the mass action equation for the linear
adsorption (note that as we use surface complexation reaction,
here is the place for the reaction). Note that the dimension of

SorOrgn is mol/kgw.

log_k -99.125

lOg k (nOte that k= Kd]w). Kd]w: Kd,]*p};/[SOI’]

SURFACE 1-101

This keyword is used to define the amount and composition of

each surface in a surface assemblage

-equilibrate 1

Number (“-equilibrate” indicates that the surface assemblage
is defined to be in equilibrium with a given solution
composition), number (solution number with which the surface

assemblage is to be in equilibrium)

Sor 1el100 1 1e100

Surface binding-site name (name of the surface binding site),
sites (total number of sites for this binding site, in moles),
specific_area_per_gram (specific area of surface, in m’/g),
mass (mass of solid for calculation of surface area, in g;

surface area is “mass” times “specific_area_per _gram”).

This keyword data block is used to define mathematical rate

expressions for kinetic reactions. Note that general rate

RATES formulas are defined in the RATES data block and specific
parameters for transport kinetics are defined in the KINETICS
data block.

Orgndegradation name of rate expression — alphanumeric character string that
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identifies the rate expression.

-start

identifier marks the beginning of a BASIC program by which
the moles of reaction for a time subinterval are calculated.

BASIC language program is written from lines 10 to 40.

10 rem parm(1) first-order degradation
coefficient (d-1)

numbered BASIC statement — rem is only a comment (without
effect on the calculations) indicating the meaning of the first

parameter, which is first-order degradation coefficient

20 rate=parm(1)*tot("water")*mol(""Orgn")

numbered BASIC statement — rate defines the rate of
degradation in the liquid phase, parm(1) is the first-order rate
constant, fot("water") and mol("Orgn") are the amounts of

water and solute concentration in the cell.

30 moles=-rate*time

numbered BASIC statement — moles integrates the rate over
the time subinterval with the special variable time. Note that
the negative sign results in a negative amount of moles saved
in the last statement (line 40). In general, a negative sign
means that elements will be removed from the solution (i.e.

precipitation, degradation, or decay).

40 save moles

numbered BASIC statement — save the moles of reaction

during the time interval are saved

-end

Identifier marks the end of the BASIC program by which the
number of moles of a reaction for a time subinterval is
calculated. Note the hyphen is required to avoid a conflict with
the keyword END.

SorOrgndegradation

name of rate expression — alphanumeric character string that
identifies the rate expression. In this case, it represents the

degradation of the solid (adsorbed) phase of the component.

-start

identifier marks the beginning of a BASIC program by which
the moles of reaction for a time subinterval are calculated.

BASIC language program is written from lines 10 to 40.

10 rem parm(1) first-order degradation
coefficient (d-1)

numbered BASIC statement — rem is only a comment (without
effect on the calculations) indicating the meaning of the first

parameter, which is first-order degradation coefficient

20 rate=parm(1)*tot(""water")*mol(*'SorOrgn")

numbered BASIC statement — rate defines the rate of
degradation in the solid phase, parm(1) is the first-order rate
constant, tot("water") and mol("SorOrgn") are the amounts of
water and adsorbed concentration in the cell. Note that, as we
defined the adsorbed concentration ("SorOrgn™) in mol/kgw,

this equation is the same as the equation in "Orgndegradation”
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data block.

30 moles=-rate*time

numbered BASIC statement — moles integrates the rate over
the time subinterval with the special variable time. Note that
the negative sign results in a negative amount of moles saved
in the last statement (line 40). In general, a negative sign
means that elements will be removed from the solution (i.e.

precipitation, degradation, or decay).

40 save moles

numbered BASIC statement — save the moles of reaction

during the time interval are saved

-end

Identifier marks the end of the BASIC program by which the
number of moles of a reaction for a time subinterval is
calculated. Note the hyphen is required to avoid a conflict with
the keyword END.

Ammdegradation

the same as for the Orgndegradation data block

-start

the same as for the Orgndegradation data block

10 rem parm(1) first-order degradation

coefficient (d-1)

the same as for the Orgndegradation data block

20 rate=parm(1)*tot("water")*mol(" Amm'")

the same as for the Orgndegradation data block

30 moles=-rate*time

the same as for the Orgndegradation data block

40 save moles

the same as for the Orgndegradation data block

-end the same as for the Orgndegradation data block
AmmHXdegradation the same as for the SorOrgndegradation data block
-start the same as for the SorOrgndegradation data block

10 rem parm(1) first-order degradation
coefficient (d-1)

the same as for the SorOrgndegradation data block

20 rate=parm(L)*tot("water")y*mol(" AmmHX")

the same as for the SorOrgndegradation data block

30 moles=-rate*time

the same as for the SorOrgndegradation data block

40 save moles

the same as for the SorOrgndegradation data block

-end the same as for the SorOrgndegradation data block
NO3degradation the same as for the Orgndegradation data block
-start the same as for the Orgndegradation data block

10 rem parm(1) first-order degradation
coefficient (d-1)

the same as for the Orgndegradation data block

20 rate=parm(1)*tot("water")*mol("NO3")

the same as for the Orgndegradation data block

30 moles=-rate*time

the same as for the Orgndegradation data block

40 save moles

the same as for the Orgndegradation data block

-end

the same as for the Orgndegradation data block

KINETICS 1-101

This keyword data block is used to identify kinetic reactions
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and to specify reaction parameters to a specific cell. The
number (1-101) is to designate the following set of kinetic

reactions to the number of cells.

Orgndegradation

name of rate expression. The rate name must correspond to the
RATES data block

-formula Orgn 1 Amm -1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, Orgn; stoichiometric coefficient 1, defines
the mole transfer coefficient for formula per mole of reaction
progress evaluated by the rate expression in RATES). Note
that the user should identify which solution species appear or
disappear. The stoichiometric coeff. “1.0” after the Orgn has
positive sign  which means Orgn disappears. The
stoichiometric coeff. ““-1.0” after the 4mm represents the mole
transfer coefficient and the sign is negative which means Amm

appears.

list of parameters —defining parameters in the rate expression,

-parms 0.02 note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.
] name of rate expression. The rate name must correspond to the
SorOrgndegradation

RATES data block

-formula SorOrgn 1 Amm -1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, SorOrgn; stoichiometric coefficient 1,
defines the mole transfer coefficient for formula per mole of
reaction progress evaluated by the rate expression in RATES).
Note that the user should identify which species appear or
disappear. The stoichiometric coeff. “1.0” after the SorOrgn
has positive sign which means SorOrgn disappears. The
stoichiometric coeff. ““-1.0” after the 4mm represents the mole
transfer coefficient and the sign is negative which means Amm

appears.

-parms 0.02

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in

the HYDRUS Time Information window.

Ammdegradation

name of rate expression. The rate name must correspond to the
RATES data block

-formula Amm 1 NO3 -1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, Amm; stoichiometric coefficient 1, defines

the mole transfer coefficient for formula per mole of reaction
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progress evaluated by the rate expression in RATES). Note
that the user should identify which solution species appear or
disappear. The stoichiometric coeff. “-1.0” represents the mole

transfer coefficient.

list of parameters —defining parameters in the rate expression,

-parms  0.015 note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.
) name of rate expression. The rate name must correspond to the
AmmHXdegradation

RATES data block

-formula AmmHX 1 NO3

-1.0

Chemical formula or the name of the phase to be added by the
kinetic reaction, AmmHX; stoichiometric coefficient 1,
defines the mole transfer coefficient for formula per mole of
reaction progress evaluated by the rate expression in RATES).
Note that the user should identify which species appear or
disappear. The stoichiometric coeff. “1.0” after the AmmHX
has positive sign which means AmmHX disappears. The
stoichiometric coeff. “-1.0” after the NO3 represents the mole
transfer coefficient and the sign is negative which means NO3

appears.

list of parameters —defining parameters in the rate expression,

-parms 0.015 note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.
) name of rate expression. The rate name must correspond to the
NO3degradation

RATES data block

-formula NO3 1

Chemical formula or the name of the phase to be added by the
kinetic reaction, Contc; stoichiometric coefficient 1, defines
the mole transfer coefficient for formula per mole of reaction

progress evaluated by the rate expression in RATES).

-parms  0.010

list of parameters —defining parameters in the rate expression,
note that the dimension of the parameter (day™) is defined in
the HYDRUS Time Information window.

EXCHANGE 1-101

This keyword data block is used to define the amount and
composition of an assemblage of exchangers. 1-101 is the
positive number to designate the following exchange
assemblage and its composition. In our case we define the

same exchanger for all nodes, namely exchange site X-.

-equilibrate 1

“-equilibrate” indicates that the exchange assemblage is

defined to be in equilibrium with a given solution
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composition), number (solution number with which the surface

assemblage is to be in equilibrium).

X 0.01

Exchange site (only the name of the exchange site needs to be
entered), amount (quantity of exchange site, in moles). Note
that the dimension is by default always in moles. This means

that every cell possesses 0.01 mol of the exchanger.

TRANSPORT

This key data block is used to simulate 1D transport processes.
However, this option is not used in HP 1 but for spatial
integration (integration of the profile) and connection with the
transport module (HYDRUS) only the number of cell needs to

be specified.

-cells 101

Indicates the number of the cells in the profile (note that this
number must be equal to the number of nodes determined in
the HYDRUS module).

PRINT

This keyword data block is used to select which results are

written to the output file.

-reset  false

Changes all print options (identifiers) listed on lines 2 through
15 to true or false (see PHREEQC Manual, p. 120). If false is
used all data blocks on line 2 through line 15 will NOT be
printed in the output file.

SELECTED_OUTPUT

This keyword data block is used to produce a file* that is

suitable for processing by spreadsheets and other

data-management software.

“file” (identifier allows definition of the name of the file

where the selected initial information (results) will be written),

-file PHREEQC.hse file name (file name where selected results will be written).
Note: the file name may have extensions "* hse", "*.out", or
"* sel".
Change print options for all identifiers from line 6 to line 20 (if
-reset  false the statement "false" is used only the identifiers marked "true"
will be printed (see PHREEQC Manual, p. 137)
) Prints to the selected—output file* the cumulative transport
-time  true ) ) o ) .
time since the beginning of the run or other defined options.
] Prints solution number used for the calculation in each line of
-solution  true

the selected-output file.

-totals

Orgn  Amm N() Na K CI

Element list ("-totals" is an identifier allows definition of a list
of total concentrations [mol/kgw] that will be written to the

selected-output file) element list (list of elements for which
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total concentrations will be written).

Species list (“-molalities” is an identifier allows definition of
a list of species for which concentrations [mol/kgw] will be
-molalities  SorOrgn  AmmHX NaX KX | written to the selected-output file), species list (list of aqueous,
exchange, or surface species for which concentrations will be

written to the selected-output file).

END This keyword ends the data input for a simulation

Note: For more information see the PHREEQC Manual for the relevant topic.
Go back to HYDRUS-1D GUI and execute HP1.
When the program finishes, open the NITROG folder:

HP 1 creates specific files in which the final results are stored. Get the species results from the
"nod_inf_chem.out" and "obs_nod_chem.out" files. Note that for each observation node there is a
separate output file.

Results can also be received from HYDRUS 1D output files:

Post-processing

Observation Points

9
Observation Modes léJ

Harizontal W ariable: |Time

LedLed

Wertical Y ariable: |.-’-\II Concentrations

iAII Concentrations

0.0020 -

0.0015 +

Cone [mmolcm3)]
)
=
=
=

0.0005 +
0.0000 ' ' ' ' These graphs show the Na* (green), CI" (black), K*
0 20 40 60 80 100 grap 9 : :
Time [days] (red), and Ca®* (blue) concentrations according to
E = the time at the bottom of the profile.
Default | Frrint | Previous | | Close |
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Profile Information

Profile Information: Concentration -1

Basic Profile Information &] Basic Profile Information &J
Harizontal Y ariable: |F‘r0file Informatior: Concentration - 1 ﬂ Harizontal Variable: |F'r0fi|e Information: Concentration - 2 ﬂ
Wertical Variable: | Drepth j Wertical Variable: |Depth j

Profile Information: Concentration - 2

0 |

ta
=

Depth [em]
&
[

80 +

-100 t |
0.0000 0.0005 0.0010

Conc [mmaolfcm3]

0

20 4 o

Depth [cm]
& IS
= L]

-80 -

-100 t t t i
0.0000 0.0001 0.0002 0.0003 0.0004

Conc [mmolicm3]

Cloze

Defalt Print Previous

Cloze

Default Print Previous

The Orgn concentration in the solute phase
through the profile at the initial time (the black
graph) and at the printed time steps.

Basic Profile Information &J
Horizantal “aniable: |F'n:-fi|e Informatior: Concentration - 3 j
Wertical Y ariable: | [repth ﬂ

Profile Information: Concentration -3

0

TS

-20 4

Depth [crm]
A
=

&
[=1
!

-80 4

-100 t f {
0.0000 0.0005 0.0010 0.0015
Conc [mmolfcm3]

LCloze

Default Print Previous

The ammonium ion concentration in the solute
phase through the profile at the initial time
(the black graph) and at the printed time steps.

The nitrate ion concentration in the solute
phase through the profile at the initial time
(the black graph) and at the printed time steps.
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Basic Profile Information Ié] ] Basic Profile Information &]1
Horizantal Y ariable: |Pr0filelnf0rmati0n: Concentration - 4 ﬂ Harizontal Y ariable: |Profile|nf0lmati0n: Concentration - 5 j
Wertical Variable: | Depth ﬂ YWertical Wariable: | Depth j
Profile Information: Concentration -4 Profile Information: Concentration -5

0 t | 0
20 1 % 20 +
5 40 + g 40
= =
k=1 k=4
& 607 & 601
-80 + -80 ~
-100 |I t | -100 t
0.0000 0.0005 0.0010 0.0015 0.0000 0.0004 0.0010
Conc [mmolfcm3] Conc [mmol/em3]
Diefault | Print | LCloze | Default | Frint | Frevious LCloze |

The Na" concentration in the solute phase
through the profile at the initial time (the
black graph) and at the printed time steps.

Basic Profile Information @ ]
Harizantal Variable: |F'r0file Irnformation: Concentration - 6 j
Yerhical Yariable: | Depth j
Profile Information: Concentration - 6

0 t t t
20 4
§ 40+
=
=
& 60
a0 4
-100 t t t
0.0000 0.0005 0.0010 0.0015 0.0020
Conc [mmolfem3]
Default | Frint | Previous | | Cloze |

The K* concentration in the solute phase through
the profile at the initial time (the black graph)
and at the printed time steps.

The CI" concentration in the solute phase
through the profile at the initial time (the black
graph) and at the printed time steps.
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