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License

Please read the terms of this agreement and amdptbsupplemental license terms
(collectively 'agreement’) carefully before ingtadl the respective software. By
installing the software, the user agrees with émns of this agreement. If the user is
accessing the software electronically, he comphéh this agreement by installing
the software. If the user does not agree to alleélterms, he must promptly deinstall
this software and return the unused software orthg software is accessed
electronically, remove the software from the corep(s).

1. The copyright owner grants the user a non-excluana non-transferable right for
the internal use only of the accompanying softwanel documentation. It is
understood that the accompanying software is exyerial — no warranty is
included that the software may work on a certaimgoter.

2. The software is confidential and copyrighted. Itlistributed free of charge but is
not in the public domain. Title to software andadkociated intellectual property
rights is retained by the copyright owner. Any niwmdtion, especially by
reversed engineering and decompilation, is forlmddexcept if explicitely
authorized by the copyright owner. The user maymake copies, other than for
archival purposes. No right, title or interest mto any trademark, service mark,
logo or trade name what so ever is granted underntgreement.

3. This software may be used, explicitely, for edumatpurposes in an academic
environment if it deems suitable. All necessaryrapens (except those requiring
copyright infringement) may be performed with tlodtware (e.g. installation of
the software in a computer pool). There is any iagl or explicite claim that the
software may be suitable for such a purpose. Theersgponsibility remains with
the user.

4. This agreement is effective until terminated. I gmovision of this agreement is
held to be unenforceable, this agreement will renmaieffect with the provisions
omitted, unless omission would frustrate the inteihthe parties, in which this
agreement will terminate immediately.

Citation

All reports of results obtained by application bétsoftware, including illustrations,
must be accompanied by the following citation:

Odegaard-Jensen A, Ekberg C, Meinrath G (2005) IGBKILE: a program for
assessing uncertainties in speciation calculatibalanta 63: 907 - 916.



Disclaimer of Warranty

Unless specified in this agreement, all expressed implied conditions,
representations and warranties, including any iedgplivarranty of merchantability,
fitness for a particular purpose or non-infringenane disclaimed, except to the
extend that these disclaimers are held to be kegaiblid.

To the extend not prohibited by the law, in no dvenll the authosr or the
programmer of the code be liable for any lost rexerprofit or data, or for special,
indirect, consequential, incidential or punitiverdeges, however caused regardless of
the theory of liability, arising out of or relateéd the use of or inability to use this
software, even if the authors have been advisedeopossibility of such damages. In
no event will the authors' liability to the userhether in contract, tort (including
negligence), or otherwise exceed the amount paithéyser for Software under this
agreement. The foregoing limitations will apply evié the above stated warranty
fails of its essential purpose. This agreementffescive until terminated. The user
may terminate this agreement by dstroying all copiesoftware. This agreement will
terminate immediately without notice from the authid the user fails to comply with
any provision of this agreement. Upon terminatitwe, user must destroy all copies of
software.



Preface

It has never been the intention of the authorsdnegate a professional computer
program. The computer code presented here meregds to satisfy their curiosity

on the likely variability introduced into speciaticcalculation by the uncertainties
specified sometimes together with the respectiven&bion constants. A code

handling this issue in a general and reasonablyeroant way has not been to the
knowledge of the authors.

It is a general observation that satisfying a senglriosity will give rise to more
guestions requiring more elaborate efforts. Thus iimportant to keep the limited
scope of this code in mind. It is more approprtateonsider it as a starting point of a
discussion how to propagate uncertainties in siedtata onto the quantities derived
from them. The authors have used several approatthamap uncertainties in
thermodynamic quantities to the quantities caledaty using these thermodynamic
data (Ekberg, 1999; Meinrath, 2000b). The Latin étgpbe approach by McKay,
Beckman and Conover, discussed in 1979 in Techrmaseeventually emergeded as
the method of choice.

Chemical equilibria can be expressed by a serighavfnodynamic equations. Most
chemists have to solve such calculations for a lgirsgstem at least once during their
academic education. Such calculations rapidly gaicomplexity requiring sophisti-
cated computing codes for their solution even & tlumber of chemical constituents
in the system seems still quite handy. Computeesablving these tasks have been
developed in the past like MINEQL, EQ3/6 and PHREEQ0 name just a few of
them. There was no need to reinvent the wheel andtime. Thus, Parkhurst and
Appelo's PHREEQC 2001 version has been selectdtkagorking horse responsible
the number crunching.

The computer program evolving from combining PHREE®ith a Latin Hypercube
strategy has been named "Ljungskile" for reasoregiBpd below. It has a level of
sophistication satisfactory for the intentions gwthors had it designed for. The user
may apply it to study the consequences of unceytainthermodynamic informations
to the calculated species distributions.

With the need to communicate scientific resultsaicomparable way, normative
guidelines have been issued in recent years demgnchemists to associate
meaningful estimates of doubt together with thenmfations they provide. The past
efforts of the authors to investigate the perspestiof these normative requirements
for thermodynamic data have indicated an enormbaienge. Thus, the Ljungskile
program may be seen as a mosaic stone in the éffgptace aquatic chemistry in
international framework of the measurement unaaiyaconcept and to profit from
the world-wide traceability and comparability of aseirements.

The authors have attempted to make the Ljungskdgram as stable and versatile as
possible. However, since the scope of the prograsrbleen limited, the results should
not be overinterpreted. The autors explicitelyestatat there is no warranty whatso-
ever that the results calculated by this prograpresent something like truth or
reliability. The Ljungskile code is intended asoaltto gain insight into our abilities
and limitations to communicate doubt in scientifieasurement.
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LISENCING AGREEMENT

The LWNGSKILE code is an extention of the public domain PHREE€Ge. It is
freeware which means that no monetary requesteéguthors exist. However, it is a
scientific contribution to be acknowledged by tlsens. Acknowledgement is done by
inclusion of a reference to this report:

Odegaard-Jensen A, Ekberg C, Meinrath G (2005) I@BKILE: a program for
assessing uncertainties in speciation calculatibalanta 63: 907 - 916.

By installation of the code on a computer each usglicitely agrees with this
lisence agreement and admits that non-complianae is1scientific behaviour.



The LiuncskiLe Code

The LiuNGskiILE code was implemented in a Swedish summer housgeljn 2001
close to the village of Ljungskile in Bohuslan disit

Figure: Location of Ljungskile (black circle), north of @borg, Sweden

Ljungskile is about 70 km north of Goteborg and bHsssentials in easy reach: a
lake, the sea, a boat berth and a small airpoerelis a small hut up there with no

running water and otherwise minimal sanitary equaptrin addition to the vast and

generous spaces offered by nature. It is obviocaghpod place to create a computer
program.

The same restraint luxury is provided by thguNGskiLE code. This reluctance to
forward convenience and comfort has a good reasdoes not restrain the creativity
of the user.

The user is able to generate his own data basesnpnd files, select species and
associate uncertainties. He can choose among se&riéutions (i.e. normal distri-
buted uncertainty or uniformly distributed uncentas) for the thermodynamic data
of each species. The complexity of a simulatioiwiBis choice as are essential project



parameters like the composition of the water in alvhthe reaction should be
simulated.

The informations are returned lhyunGskiLE code in a series of data files holding the
concentrations of the relevant species. With IthengskiLe Display Program as a
supplement to the Ljungskile code, a convenient t®@rovided to visualize the
LJUNGSKILE calculation output, to modify and to save it.



INTRODUCTION

Natural agueous systems commonly hold many compgsnieat may react with each
others and the contacting geological materials sfaulces enter solution and precipi-
tate, gases dissolve from and are released inas@ogs phase, metal ions are hydro-
lysed, various constituents coordinate to eachrsthe fact, multiple processes in
aqueous phases may occur in parallel on differem¢ tscales ranging from pico-
seconds to many years.

The microscopic turmoil in any aqueous materialyéeer, has been rationalized for
many decades by the concept of the chemical equitib The rational of this point of
view is provided by chemical thermodynamics and tiimee fundamental laws of
chemical thermodynamics. On this basis, a many cameactions have been stu-
died with the intention to derive quantitative infation on their fundamental chemi-
cal properties expressed as enthalpies, entropieat capacities and formation
constants. To make these heaps of individual Hitshformation work, however,
powerful computers are indispensable as soon as than two or three competing
reactions in a solution have to be considered.

To properly understand, and thus being able todbuiodels to mirror these

phenomena, knowledge of the speciation of a cedi@ment in a given environment
is of fundamental importance. In a multi-compongygtem, the speciation must be
estimated conditional on all other interfering teats in the system of interest.
Hence, computer simulations of complex chemicaltesys are important for

prediction and understanding of many phenomenaatare, e.g. sorption, chemical
reactions and transport calculations, both physiodlbiological.

The speciation is usually obtained by using soneentikdynamic equilibrium code,

e.g. PHREEQE or EQ3/6 (Wolery, 1992). These co@esl mnput data in the form of

thermodynamic data such as stability constants @mgbsical data such as water
composition to work. All such input data are encenalol by uncertainties of different
kinds (Ekberg, 2001; Meinrath, 2000a).

TrueValues and Uncertainties: The Necessity of Doubt

Quantitative modern science strives for true valddse idea of the 'true value' is
fundamental for modern science. Its importance oabe underestimated. However,
even so being essential for the epistemologicahdation of science a true value
cannot be measured. The idea of true values knowature, universally reproducible
in time and space, is the basis of science.

All measurements are affected by unavoidable uvaicgrts. On a very fundamental
level, the Heisenberg principle may be invoked tml&n the persistence of
uncertainty. However, less sophisticated effects lba named: the complexity of
experimental set-ups and variety of proceduresvestigate a quantity of interest, the
impossibility to control all and every influence t¢ime experiment under study, the
lack of unique references to compare the obtaimsdlts. Last but not least, the
imperfections of the human being must be acknovdddgerrare humanum est.
Human activity is not able to perceive an absaiutth.



All measurements are affected by a series of noesaffects that reduce the accuracy
of the results thus introducing doubt into the ealwbtained. It is usually only pos-
sible to give a range in which there is a certaimbpbility of the true value being
found.

true/reference
value
result
(mean, median etc.)

error

unceftainty
y

Y

axis of values

Figure 1: Metrological concept of true value, utaty and error (Meinrath, 2000a)

The uncertainty associated with a measurement istarval that cannot be corrected
for. While the measured value is desired to bel@secas possible to the true value,
the uncertainty does not have an equivalent 'taehterpart. There is nothing like
‘true uncertainty'. Uncertainty is an instrument dommunication between humans
(commonly scientists) about the likely discrepabeween true and measured value.
The importance of the communication tool 'uncettaimust not be underestimated
(Ellison, 1997). It is an essential tool in tramafeg information about the quality of
knowledge obtained and the doubt to be reasonaklycegated with this knowledge.

The complexity of our world and the activities takgace in it crucially depends on
information with stated quality. Theoretical cheatispeciation is only a minuscule
element in this complexity. The decisions basegari on geochemical modelling for
the performance assessment of nuclear waste repesibhowever have the potential
to affect life on this world for some ten thousanélyears.

Thermodynamic databases are often claimed to beistent and as correct as
possible. However, since stability constants gdlyesae derived from experiment
there will always be uncertainties in the determoms. The effect of these uncer-
tainties on the speciation of an element in a gwater may, in some cases, can be
considerable (Ekberg, 1999). However, calculatinghs dependencies is very
cumbersome to do by simple means even for a verglsicase with only one ligand.
Thus, for a more realistic case with several compgetigands, more elaborate
methods are needed. There is also the problemattatal sampling to make the
obtained confidence interval good in a statistisahse. For these purposes the
LJUNGSKILE program has been developed. It is an easy-to-tsgrgn with simple
menues in a WINDOWS environment.
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The LJuNnaskiLE Code: Motivations

The abundance of fast computing power has largeiplgied theoretical simulations
of chemical equilibria even in rather complex swolns. A solubility is quickly
calculated and a species diagram can be produdedva few minutes. Even those
not well acquainted with computer programming laaggs may use freeware or
commercial codes to produce such graphs. Thes&g@e, however, almost inevi-
tably based in the mean values of certain thermaaiyo quantities. It is not
uncommon to find experimental observations inteagatevithin a tenth of a promille
of a species read from a species distribution edbas uncertainty affected formation
constants with up to a logarithmic unit of uncertgi(Ekberg, 2002).

In part, very far reaching conclusions are basedumh theoretical simulations mostly
without accounting for the uncertainties involvedioi such calculations. It has been
shown elsewhere that existing thermodynamic datd data bases are neither
consistent nor comparable. There is, however, nlsi remedy in sight for this

problem (Meinrath, 2002). The fundamental thermaaiyic theory is available but

our techniques are not yet powerful enough to wrraghest accuracy. If many
uncertain parameters enter a calculation, the teaiodes accumulate and the
calculation result will become comparatively vagumcertainty means doubt: the
result of the calculation cannot be trusted arbiyralt is of outmost importance to

evaluate a measure of the doubt involved. Despite necessity, suitable tools for
speciation calculations are not yet commonly applie

A computer tool seemed appropriate that visualiheseffect of the figures behind a
'+' symbol on the result of a speciation calcolatiThere are good reasons to base
such a tool on Parkhurst's PHREEQC code (Parkhi@®5) because PHREEQC is
widely used, comparatively easy to learn, freewana| maintained, versatile with a
good manual, stable in execution and manageablsiz& and use of computer
memory.

The LiuneskiLE code allows the user to select two approachesMbete Carlo
(MC) approach and the Latin Hypercube Sampling (LHEcKey 1979). Latin
Hypercube sampling (LHS) allows to produce a satisiry statistics with a minimum
of CPU time. It is, in general, possible to do an@e theoretical speciation
calculation within seconds. There are, admittedligrnatives to LHS and there is
criticism towards the uncritical use of LHS outfh#gcause commonly correlation
between some of the input variables exists. LH&, MC, is not capable to take these
correlations into account. Such a correlation dam, exist between the pH of a
solution and the partial pressure of £@igher pH solutions may absorb larger
amounts of C@and can reduce the G@artial pressure. It is therefore of advantage
to combine the both variables in a way that adegpeitfCQ partial pressure pairs are
matched in the input vectors while LHS does nobaat for such correlations. Taken
the generally rather poor degree of consistencypawability and completeness in
the existent thermodynamic data, however, suchnaegtation -justified as it is from
a fundamental point of view- seems to be prematiireshould be mentioned,
however, that viable ways to account for correfatio input parameters have been
reported in literature.
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PROGRAM DESCRIPTION
The LyneskiLe Code

The LiunGskiLE program is written in the programming language Gising the
Borland C++ builder (Borland). The program is deadinto two major parts. One
part containing the chemical calculations and ometaining the statistical methods
used. The basic idea is to make many runs with FHRE and in each run the
stability constants of interest are changed shghithin their respective confidence
interval according to the statistical method ussek(below). Then, after each such
cycle, if this option was selected, one of the dextmay be changed by given
increments to a given level, e.g. changing pH, s create a speciation diagram
versus pH with uncertainty bands for each spe@eseantration.

Chemical Calculations

The basic approach of thaunaskiLE program is to use different statistical sampling
techniques to determine the effect of uncertaimbilsip constants on a speciation
calculation. The chemical speciation calculatiomse aade by the well-known
thermodynamic equilibrium program, PHREEQC. Thentical choices the user has
to make are given in Figure 2.

JliL Liungskile v 1.2 [_ O] %]

File  Simulation

Save Project
Save Project as —Databases———  Project
Irnport water j IEI d: [hd_d] j example_prj
(== D4, Edit project parameters |

T Li ungskile

aw Ljungskile

| Editwater I

—Database

example.dat

example.dat

—Sampling methode

Latin Hyper Cube

Edit sampling method

~Multiple run

v Use multiple runs

Edit multiple runs

Frogress bar

Figure 2: LIUNGSKILE main window
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Sdection of project file: The project file holds all relevant informatioh the task to

be treated byLJUNGSKILE code. The project parameters are formation cotsstaith
respecive uncertainties and a choice of uncertaistyibution. A solid phase may be
specified and its amount in the solution can beegi\CO2 as a gas phase may be
invoked and the partial pressure specified.

If the project parameters are set, the water i;édf the sampling method selected
and the multiple run feature chosen or ignoredn thgingskile is put to work by
clicking "Simulation” in the menu. Before the cogtarts, the project file will have to
be saved under a file name given by the userptogect file is created from scratch,
no name exists and a window will pop up ("Cannette file"). The project file must
be saved under a suitable name using "save alsg iRile menu.

Selection of water: The user gives the chemical composition of a wiatgether with
other quantities such as pH, pe and temperaturns. ifformation is then written in
the input file to PHREEQC. Its filename is set fallt to "PHREEQEC.IN" and
cannot be changed. It is noteworthy that if theewet not charge balanced on input it
will become so by the addition of an inert positseinert negative element, Ip and
Im, respectively. The concept of these specieséflyp explained in Appendix IV

Selection of database: The so-called thermodynamic databases are agie@lections

of some mean values for formation constants andbgiy products of a certain
number of chemical compounds. The format is dependin the very program
designed to read this data file. We will neverthslstick with the common term
'database’ in this manual. The choice of a certlatabase may influence the
calculated result considerably. Hence, the user gemerate his own database. As
long as the database is in agreement with the PKREErmat, thel JUNGSKILE
output will be based on the selected databaseorirescases the desired species are
not present in the general database and therdfere ts a possibility to change the
database used. Note, that the species Im and Ipbauscluded into any self-created
database in the way they are given in the exangikbdse.

Sdlection of sampling method: The sampling methods offered are the Monte Carlo
design and the Latin Hypercube design. The Latipdtigube design is more efficient
if a larger number of thermodynamic constants hibeen selected to vary in the
project, while MC sampling is appropriate for justhandful of thermodynamic
constants to vary. However, it is always helpfulhmve the possibility to compare
different approaches and, hence, the MC approgetoisded as a choice.

Selection of multiple run parameters. Sometimes it is also interesting to investigate
the evolution of a situation as a function of agoaeter. The parameter, its starting
and stopping value and the step width can be spddifere. Note, that the multiple
step feature has to be used wisely. Especiallyolidsphase dissolution and/or
precipitation occur, the solution variations maycdmae considerable. The
LJUNGSKILE program accounts for charge balancing by addimgial’ species Im and
Ip but the result do not necessarily have to benmeéul.

PHREEQC settings

As described above the water composition is givethe user together with pH, pe
and temperature. If the given water compositiomltesn an charge imbalance this is
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taken care of by thd.juncskiLe program. The method used is to use the inert
elements Ip and Im which are positive and negatieblarged, respectively. This is
made by first adding 10° M of Im and then use the flag CHARGE. In case
PHREEQC does not converge Ip is used in the sanm@enand thus charge balance
is obtained, see Appendix Il for a typical PHREE@@ut file. Thus it is simple to
change the concentration of one of the elementepten the water without affecting
the other water properties. This is a necessitgesin a speciation diagram there is
generally, at least, one factor changing alongthges.

Other settings in the PHREEQC input file is the akthe PRINT keywod. The flags
used here are: -reset false, -totals true, -spetias is to make the result file clearer
and more structured (interested readers are ditéotthe PHREEQC manual).

Some Comments on Statistical and Programming Methods

Statistics is looking for objective criteria to et informations from larger amounts
of data. Data may be considered to be raw infoonan a qualitative ot quantitative
way. Data producers have the obligation to presdinpertinent information that
would impact on the use of it, to the extent pdssi®f course, every possible use of
data cannot be envisioned when it is produced thmitdetails of its production, its
limitations and quantitative estimates of its felliay always can be presented. In an
ideal situation, a reasonable measure of the doute associated with given data will
always be available.

There remains the task to act on basis of doulntformation. Within a computer
program, handling and even creating uncertaintymsea contradiction to the
foremost abilities of a computer being a determimisnachine for invariable
execution of instructions (Knuth, 1981).

However, the computer is a very helpful tool - #sdelpfulness is the larger as there
is no other tool to perform the task - to handlaliteand uncertainty a) because it is a
deterministic machine b) because it is fast anaecpuse suitable algorithms exist.

The use of computers for theoretical speciatiocutations started rather early with
the computer programs of Lars Gunnar Sillén in Sane&illén, 1962; Sillén, 1964).
Several major achievements have been included ®ilten's HALTAFALL
modelling codes: application of suitable minimipatiroutines for linear equations,
suitable input formats for chemical information aptbgramming techniques to
accommodate all code in the tiny storage area efetirly computers. Compared to
these early applications, modern desktop machieg®sent the computing power of
several computer centres in Sillén's time. Sinanttstorage capacity, CPU clock
rates and algorithms have improved dramaticallye €lements, however, have to be
brought to work.

The sampling in thizJuNGskiLE program is made by either simple Monte Carlo (MC)
sampling or Latin Hypercube sampling (LHS) (McKa®79), as described in detail
in APPENDIX Il. The basic step for LHS is to makecamulative distribution
function (cdf) for the sample based on the meamevand the standard deviation
given for the respective variable (Meinrath, 200Q4¢re the user may select how
precise this cdf itself should be by selecting hmany points are to be included in in
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its construction. The samples are then drawn frioisiémpirical cdf, as described in
APPENDIX Ill. For the MC sampling there is no extark since this method
samples complete randomly within the given intédiatribution. Random number
generators are further discussed in APPENDIX 1.

In the current version of thizjuNGskiLE program there are two distributions and two
sampling methods to select from. The distributians the uniform distribution and
the normal distribution. The sampling intervals green slightly different for the two
distributions. The uniform distribution require$ighest and a lowest value while the
normal distribution uses a mean and a standarctieni

The LIUNGSKILE Display Program

LDP is intended to graphically display the resultdami®d by thelLJjunGskiLE
'mutiple run' option. It is not a sophisticatedgrizs program but kept comparatively
simple.LDP gets its information mainly from the respectivej@ct file in the \results\
directory. The LJUNGSKILE program copies these files to the results dirgctord
renames the project file into an *.Idp file. Thu®P is set by default to open an *.Idp
file and searches its respective input files in shene directory. From the different
output filesLDP can create a variety of diagrams. In fact, tlagm@im displayed may
vary considerably depending on the task given ® IthuNGsSKILE program. In
general, the user can select three different otelipeesentations: the concentration,
the log of the concentration and the percentuafiligion.

If LJUNGSKILE has calculated a multiple run problem, e.g. aiggiea as a function of
pH, then the output is a speciation diagram astiom®f pH. The uncertainties are
displayed as 68% confidence percentiles. The cdrat@n presentations are
calculated from the *.out files saved by thiejuNnGskiLE program in the
path\results\*.prj directory. Species distributiisncalculated from the phrout.* files.
The program recalculates the speciues distribdtioeach run from the concentration
informations, evaluates the empirical distributimction and chooses the value
closest to the 0.16 percentile, the median andevellosest to the .84 percentile value
as uncertainty limits and center, respectivelys tibvious that a small number of runs
provides a more variable uncertainty value thaarger number of runs.

The diagram has two further options: The user dawose the presentation of the
abscissa in logarithic format or linearly. A logahmic presentation does not make
sense if the abscissa variable is pH. The secotidnogllows to display the location
of the points calculated in tHejunGskiILE run in the shape of crosses. A displayed
data set can be saved as ASCII file to be convedeal presentation graphics by a
suitable graphics program (e.g. ORIGIN).

If LJuNGsKILE calculated a single run option, e.g. the distidoubf metal ion species
at a given pH, then the results are displayed raplgied box plots. The box in the
center gives the median value while the usuallyewidpen box indicates .68
percentiles. The bar line indicates the total rapighe property. Note that for small
number of runs it is not uncommon that some vat@@scide. Again the user may
select different presentation types. The LDP coeleognises from the *.Idp file
whether the single run option has been chosen &ed réspective graphical
presentation is displayed as shown in fig. 2. Toe plot presentation can be saved.
The five respective characteristics are saved asenaoal values.
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It should be mentioned that most presentation progror statistical data evaluation
programs do have a box plot option correspondingjukey's original definition of
box plots. The user may prefer to import the datiewated from theLJUNGSKILE

code into such a commercial program.

-3.620069

15 49295 —.T—

U02(CO3)22  UOZ(COZ34 L0200 (U02)2{0H)2+2 (UOZ)3{OH5 + u02+2

Figure 3: Box plot presentation dfsunaskiLe single run results blyDP
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I nstallation and Description of Files

Installation: L jJunGskiLE program andLJuNGskiLE Display ProgramL(DP)

The programs come with an installation routine. Tihetall files are named
"LDP20.cab". The install routine allows to change installation location and the
location in the Start menu.

A subdirectory \results has to be created befgungskiILE is executed the first time.

In the \results subdirectorlLJUNGSKILE generates a subdirectory with the name of the
project file *.prj. Assuming a project file "Testjy the results calculated by
LJunGskiLe would be found in the directory D:\Ljungskile\réstiTest.

The LiunaskiLe Display Program is installed by an installationtioe.

Description of FileslL junGskiLE code

The files made by or needed for thauNGSKILE programs are listed below.

PHREEQC.EXE The thermodynamic equilibrium programedusfor the
chemical calculations.

LJUNGSKILE20.EXE Master program which runs all sereleandling and user
interface. This program also manipulates the dawbad the
input file to PHREEQC according to the selectiorfistie
user

SIMULATION.EXE Runs PHREEQC and checks its results

“project name”.PRJ Contains all information relaténl the selected project
(created by the program).

PHROUT.# Contains raw data from each simulationecy#) (created by
the program)

PHROUT.AVR Contains average concentrations of theectsed species
(created by the program)

PHROUT.SD Contains the estimated standard deviatirnhe selected
species concentrations obtained by the settingcteelefor
this calculation (created by the program)

The following file names are either generated aduby the programs temporarily

and therefore the user must not add or delete &rnlgeon manually unless clearly
aware of what one is doing.
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PHREEQC.DAT (needed by the program)

PHREEQC.OUT (created by the program)
PHREEQE.IN (created by the program)
PHREOUT.AVR (created by the program)
PHROUT.SD (created by the program)

The database file “database”.DAT must contain therti elements Ip and Im as
shown in APPENDIX lII.

Description of FilesLyunaskiLeE Display Program (LDP)

After installing LDP, it starts by clicking the LDP20.exe file in tlwstallation
directory. From the "File" menu, the "Open" feathees to be selected and a suitable
LJUNGSKILE project file (*.prj) must be selectedDP reads the relevant information
from the project file and displays the 'multiplenrucalculations accordingly.
OccasionallyLDP closes immediately. In this case, a file 'inio.gan be found in the
install directory which should be deleted.

Three different ordinate presentations can be w#efrom the "Diagram" menu:
concentration, logarithmic concentration and re&tdistribution. In all cases, the
mean values are given as solid lines while the uppd lower .68 percentile values
are given as dashed lines. LDP uses 15 differdoucoto display the lines of diffe-
rent species. If more than 15 species are includi&dthe LijuNaskiLE calculation,
then some colours will be used twice. Experienaashthat diagrams with more than
ten relevant species already get messy, anyway.

Graphical presentation

The LDP graphical representation fits itself to the seressolution. It is nevertheless
possible to resize and to move the diagrBBP does not create a grid to the diagram.
Only minimum and maximum ordinate and abscissaeglare given. But if the
cursor moves over the diagram, its coordinates rdoup to the diagram scale are
given.

Diagram check boxes

The diagram offers two check boxes: "logarithmics@assa" and "show data as
crosses™

"Logarithmic abscissa'lLJuNGskiLE saves the abscissa values linearl\.JUNGSKILE

's "logarithmic scale" feature is selected in thaltiple runs' window, the value is not
saved as, say, -5.5 but as 3.162278E-6. An excefdigpH. Hence, checking and
unchecking the box will allow to switch between timear and the logarithmic scale.

"show data as crosseq"JUNGSKILE calculates values at fixed intervals. In genetatin

the diagramLDP interpolates linearly between the calculatedeslBy checking the
box, the density of calculated points can be vigadl
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Exporting diagram data

There is no "print" feature iLDP. Instead, the graphical data can be exported in
ASCII format by selecting "save" from the "File" me The data is saved with the
default extension *.psa. For each abscissa vadispective ordinate values are stored
in a chain consisting of the sequence "upper, loamd median value" of each
species. To allow identification, the date of thengrated file is added as the final
datum. The *.psa file can be imported into a slgatientific presentation program
and manipulated according to the needs of the user.

File information

To allow a quick overview on some basic data frbme project file, the menu feature
"Information” displays a brief list.
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Getting Familiar: A Step-by-Step Example

Once thelLJunGskiLE code is installed, the directory where the codengtalled
should include the files (in the following "d:\Ljgakile\" is assumed).

Ljungskile.exe
Simulation.exe
Phreeqc.exe
Example_Al.prj
example.dat

The file example.dat holds a thermodynamic data.b@kis data base is part of the
PHREEQC package (Parkhurst 1995) and further irdition can be found in the
PHREEQC manual (download under http://water.usg$.goftware/phreeqc.html).
Advantageously the PHREEQC database can be exteaddd modified with
comparative ease. The user is encouraged to difpkylatabase in a text processor
program like Wordperfect, Word or StarWriter andidst how to modify it.

Starting the ljungskile.exe file, the following vdow should appear.
JlL Liungskile v 1.2 [_ O]

File  Simulation

Projects— [ Databases | [ Project

| = d: [hd_d] H [ &2 d: [hdl_d] B example.prj

Edit project parameters |

G |jungskile G |jungskile

I Edit water ]

~Databasze
example.dat

example.dat

—aampling methode

Latin Hyper Cube

Edit sarnpling method

~Multiple run

¥ Lse multiple runs

Edit multiple runs

Frogress bar

Figure4: LIUNGSKILE main window
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In order to run, thd_junGskiLE code needs information: first on the data basee(s¢:
data bases may be provided by the user) and serotite specific tasks summarized
in a project file. Clicking on the project file exale.prj will highlight it together with
the Latin Hypercube feature in the field 'samplingthod'. Clicking on "example.dat"
in the right side selection box will make the pojevindow "example_Al.prj"
available for user editing. The user is advise@gxamine the editing and selection
windows but is recommended not to make any chaagiss level of the example.

™ Solid phase I e =) I
™ CoO2(g) Fatial pressure (bar) I
[arme kdean walue |SD or max walue |Di5tributi|:|n

-4.494 023 Mormal

AllOH)2+ -10.1 01z Marmal

Species AlIOH)3 -16 0.23 MNarmal

Al+3 1] 0 Master

AlOH)4- -23 04 MNarmal

AlS04+ 3.0z 0.23 Marmal

| Close edit project parameters I

Figure 5: Speciation window of LiuNGskiLE. The user may change the
thermodynamic parameters, the uncertainties andlisteibution for each species.
Species can be added and deleted. The respectndowipops up on clicking the
right mouse button. The species name must be grestire database (case sensitive).

The first column of the project window table givibe species names. These names
have to be in agreement with the PHREEQC data t@aseentions (see PHREEQC
manual) and to be present in the selected dataBasgecies Al(OH) can appear in
the database as "AIOH4-", "Al(OH)4-" or even "O4H4AThe form given in the
table must correspond to whatever form the databatds. In a similar way the
formation constants have to comply with the PHREEQD conventions.

Depending on the uncertainty distribution of choittee standard deviation (normal
distribution) or a maximum value (uniform distribrt) have to be specified. The
distribution itself is specified in the last column

It is possible to select a solid as solubility kiimg phase in order to calculate mineral
solubilities and to specify a G(partial pressure. The name of the solid phase must
correspond to a mineral name in the selected dseg¢alathe amount field a value can
be entered (in units of molY). If no value is specified, the amount is assurioebe
zero and only precipitation processes can be ekl Otherwise, the amount
specified may be dissolved and change the watempasition. For the C@partial
pressure, an fixed value can be specified. Howedvwvandling the carbonate system
correctly requires considerable experience with EHRC. The novice must be ready
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to bear considerable frustration when startingsi® this feature. Hence, these features
will not be used in this example. Solid phasesmfthange the physicochemical
properties drastically. To warrant convergence HREEQC, the composition of the
water should be close to the final composition.sT¢an be achieved by calculating a
single step run, checking the composition of thalfsolution in the PHREEQC.OUT
file and modifying the water composition accordingrhe ‘'virtual' species Ip and Im
will warrant charge balance otherwise. Similarlyix@d CG; partial pressure requires
PHREEQC to perform chemical reaction steps in otdebalance the equations.
These reactions may alter the solutions considgiahlsing non-convergence.
Species can be added or deleted upon clickingighé mouse button and making the
appropriate selection from the pop-up window. Anlet species must occur in the
database and typed correctly (case sensitive). Bhon ‘close edit project
parameters' will close the project window.

An interesting feature of any speciation progranthie calculation of equilibria in
complex solutions. Laboratory solutions usuallystifor a simple composition - the
simple composition in turn allows a theoretical gpgon without complex
computational tools like thd.junGskiLE code. However, the situation in ground-
waters is usually less straightforward. The 'edittex’ button in the 'project’ frame
allows to specify pH, pe, temperature and totakceatrations of water components to
be considered in thd.JunGskiLE speciation. The elemental composition can be
modified by adding or deleting elements. Elemems added by clicking the right
mouse button. Leave the water unchanged.

Groundwater properties

Descrigtion Itest wiater
pH E
pe |1 2

Temperature [ C) |2|:|

Marme Concentration
1E-7

=] 0.0m

BT |

Figure 6: Water window ofLjuNGskiLE. The description should be chosen to allow
clear identification of the file. The pH can be siied but it will be overriden if pH is
chosen later as running variable in the 'Multiple'window (see below).
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The last window is the 'Method' window (Fig.7) wiehe upper left hand side box
allows us to choose between a Monte Carlo methatl the Latin Hypercube
approach. For the present case, we will stick with Latin Hypercube method. The
seed for the random number generator can be giveitraaily. The #runs' field
specifies the number of strata to be created fon @ariable, while '#points in the cdf’
specifies the number of normally and uniformly, pesively, distributed random
points used by the program in constructing a cutivélanormal distribution. It is
reasonable to have the '#runs' value smaller tiai#points in the cdf'. Otherwise the
program issues a warning otherwise but it can legrmden.

#runs qu (>107

# points i the cdf I1 0o

v Use seed

|432EI

Close sampling method |

Figure 7: Method window ofLiunGcskiLE. Method for probabilistic calculation
(Monte Carlo or Latin Hypercube Sampling), the tatarvalue of the random number
generator and some details of the cumulative Higfion functions (cdf's) can be
selected.

This example will follow the speciation over a eémtpH range. Such a calculation
will nicely illustrate what theLJunGskiLE code can be used for. On checking the ‘use
multiple runs' box, the following window should ope

R o i

Stop I?
Interval length |[|_1
Total steps 41

™ Lagarthimicecale

Close multiple run

Figure 8: Multiple Runs window OLJUNGSKILE.

The running variable can be selected from the Hafid side drop-down field. The
start and end values of the running variable mesgecified together with an interval
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length. The selection field "Logarithmic scale" Mok active by default as soon as a
parameter other than pH or pe is selected. Theasseset it inactive if he desires it
for some reason. However, it would be unreason&bleary, say, the Al total
concentration between 10V and 10° M in steps of 18 M - ending up in several
thousand steps. A typical situation for inactivgtithis feature is the selection of
temperature as variable.

In the left hand side selection box, the varialdeameters are listed. The pH should
be selected. The meaning of 'Start', 'Stop' artdrilal length' explain themselves and
should be filled with the values '3', '7' and '0.1'

Now, the procedure can be started by clicking oae %®imulation' menu item.
PHREEQC runs in a DOS box. It is possible to rimdalculations in the background
and to use the computer for other purposes atdhee gime. The simulation takes
some minutes to complete. The progress bar indichtedegree of completion.

Description of Output

After completion of the calculations a new subdibeg in the LIJUNGSKILE
installation directory has been created: \resultke project name specifies a
subdirectory in \results. Hence, in the presentgla, the calculated information is
found in D:\Ljungskile\results\example\. The togtsen of this subdirectory is shown
in Fig. 9.

[ ateiname | Gri:il’.lel Tup
A0 H]2r out | 21 KB Datei OUT
8] &I0H]3 out 21KE DateioUT
] AIOH - out 21EE DateioUT
] &3 out 21KE Datsi OUT
] A10H-+2.out 21KE  DateiOUT
8] 4504+ out 21KE  DateiOUT
#] example.ldp 1KE DateiLDFP
aphreeqec.out 5EB  Datei OUT
%] PHROUT.O 4KB Dateil
| PHROUT .1 4KB Datei
#] PHROUT.10 4KE Datei10
#] PHROUT. 11 4KE Datei1l
=] PHROUT.12 4KE Dateilz
=] PHROUT.13 4KE Dateil3
] PHROUT.14 4KE Dateild
=] PHROUT 15 4KE Datei15
#] PHROUT 16 4KE Datei 1
] PHROUT.17 4KB Dateil?
#] PHROUT.18 4KB Dateils
#] PHROUT.19 4KE Datei1d
#] PFHROUT.2 4KE Datei2
=] PHROUT.20 4KE Datei 20
=] PHROUT. 21 4KE Datei 21
=] PHROUT. 22 4KE Dateiz2
] PHROUT 23 4KB Datei 23
] PHROUT 24 4KB Datei 24
] PHROUT 25 4KB Datei 25
QPHHDUT.zs 4KB Datei 25

Figure 9: Example of contents of the directory D:\Ljungskisults\example
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There are 41 Phrout.xx (xx= 1 to 41) files, oned@havr and one Phrout.sd file. For
each of the six species X.out files are availalde=( AI(OH)4-, Al+3, AISO4+,
Al(OH)2+, AlI(OH)3, AIOH+2). These files can be iresged with a word processor
and it is recommended to do so for illustrativepgoses.

In the present situation, the files Phrout.avr &dout.sd are of major interest
because they hold the mean values (Phrout.avr) thed standard deviations
(Phrout.sd) of the calculated species concentrgtion

The Phrout.avr file for the Al speciation example

pH 3.00000e+00 3.10000e+00 3.20000e+00 3.300008:40000e+00 3.50000e+00 3.60000e+00
3.70000e+00 3.80000e+00 3.90000e+00 4.00000e+00@0&+00 4.20000e+00 4.30000e+00
4.40000e+00 4.50000e+00 4.60000e+00 4.70000e+00@0&+00 4.90000e+00 5.00000e+00
5.10000e+00 5.20000e+00 5.30000e+00 5.40000e+00@G08+00 5.60000e+00 5.70000e+00
5.80000e+00 5.90000e+00 6.00000e+00 6.10000e+00@J2+00 6.30000e+00 6.40000e+00
6.50000e+00 6.60000e+00 6.70000e+00 6.80000e+00@02+00 7.00000e+00

AIOH+2 1.37451e-09 1.55039e-09 1.75745e-09 1.999962.28252e-09 2.60777e-09 2.97640e-09
3.38607e-09 3.83251e-09 4.30682e-09 4.79862e-@B572-09 5.77717e-09 6.23552e-09 6.65509¢e-
09 7.02376e-09 7.33232e-09 7.57352e-09 7.74210e83t11e-09 7.84555e-09 7.77333e-09
7.61357e-09 7.36324e-09 7.02051e-09 6.58635e-GF B0@-09 5.47719e-09 4.83857e-09 4.18147e-
09 3.53948e-09 2.94454e-09 2.41993e-09 1.97790e60884e-09 1.33368e-09 1.10761e-09
9.23557e-10 7.65781e-10 6.22782e-10 4.89240e-10

Al(OH)2+ 6.81271e-13 1.09048e-12 1.73253e-12 2.8380R2 4.26559e-12 6.60065e-12 1.01082e-11
1.53089e-11 2.29050e-11 3.38504e-11 4.93769e-DB36E-11 1.00985e-10 1.41683e-10 1.96382e-
10 2.68909e-10 3.63663e-10 4.85250e-10 6.3757&2MB95e-10 1.04086e-09 1.28900e-09
1.56331e-09 1.85882e-09 2.16903e-09 2.48293e-@423£-09 3.05224e-09 3.26141e-09 3.38853e-
09 3.41744e-09 3.34310e-09 3.17329e-09 2.92613e682%20e-09 2.29953e-09 1.96929¢e-09
1.65369e-09 1.36470e-09 1.10882e-09 8.88210e-10

Al(OH)3 5.98660e-16 1.21069e-15 2.42869e-15 4.880859.51976e-15 1.85708e-14 3.58336e-14
6.83294e-14 1.28670e-13 2.39092e-13 4.38178e-1BT8@-13 1.41083e-12 2.47971e-12 4.30151e-
12 7.36521e-12 1.24501e-11 2.07690e-11 3.4161Ze5B159¢-11 8.80574e-11 1.37667e-10

The .avr and .sd files provided by LDP can be uUsedyetting a quick survey on the
results using a short program in the style giveAppendix IV. The generated ASCII
files may subsequently be imported into a presemagraphic program like
SigmaPlot or ORIGIN.
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The LiuncskiLE Display Program (LDP)

A more convenient way to display the output df JwNGSKILE run is provided by a
supplement, theLjuncskiLe Display Program (LDP). StartLDP and select the
example.prj file by selecting 'Open' from the firenu.

+4Data Input (File) ==

Load | -b’éncell

| Sy HD_o) =l

gy Goéteborg Sweden

ILiungskiIe Display files [*1d ]

-, -—
=

speciation

G. Meinrath

RER Consultants Passau Germany

Figure 10: select 'example.ldp’ from the respective \resalibdirectory

Figure 10 shows the respective screen. In the amagronstructed bDP (Fig. 11)
the names of the species are listed and the coloilve species name corresponds to
the respective colour of the calculated curve. Tingial diagram is the
log(conrentration) display. The upper and lower p&8centiles are shown as dashed
lines. The diagram may be resized and moved ardimel LDP filename are found in
he diagram header and is also available from tfeerivation menu item.

The x and y cordinates under the cursor are nualbrigiven in two fields below the
diagram. Click on the respective field to makBP show the actually measured
points.

Select 'distribution’ from the 'Diagram' menu aed the changes. Select 'Save' from
the file menu and save the data as ASCII files untie extention *.psa for
postprocessing by a graphics program.
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Figure 11: Species concentrations as a function of pH caledldor uranium

speciation of the project file SCM_Sorption.prj.

 Liungskile Display Program LDP_S (2006)
jes  Confidence

uo2Aco3R2
v UD2C03)34

v UD20H:
v UD2A0H2
v UD2A0H3
v UD2i0H)2
v [UOZZ0HE3 /
v UO2R(OHR+2 .
v (UDZROHE+ X
v (UDZE(0HM+2 /
v OZREHY-

v (UDZRCOZOHEE- 03)3-4

v (UDZR0[0H]HCO3+

UO2(DH)3- !
UO2(OH)4-2 ;
(UO2)H(OH)+3 i
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[ showdota as ciosses

Figure 12: The species distribution of uranium species. Tenomenu item lists the
available species. If a species is uncheckedpigribution is immeadiately removed
from the diagram. The confidence limit may bechahfyem the ‘Confidence' menu

item.
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Figure 13: The 'uranium’ speciation results in an ORIGIN preation format

Relevant information on the LJUNGSKILE caculatiowigg rise to the respective
diagram are found under the 'Information/File Imi@nu item.
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APPENDI X |
Random Numbers

Computer-generated random numbers are not truefjora because they result from
deterministic process. Theoretically and despieesttemingly perfect randomness of
computer-generated random numbers, the deterndginiatv behind a computer-
generated sequence of random numbers' can beedsolovided enough resources
will be invested. However, by combining two randpnocesses such efforts will be
in vain even for very long sequences of random remiand thus the differences
between truly random processes and computer-sietul@ndom processes becomes
academic. The following procedures describe thdaannumber generators used in
the present implementation biunaskiLeE code. The algorithms are well known in
literature on algorithms and are mostly summaribgdKnuth (1981). Additional
sources will be occassionally given below in ortierdirect the reader to further
informations of interest.

Linear random number generator

A linear random generator returns a number frompexified range (commonly 0 and
1) where one number is equally likely to occur. Tinear random number generator
thus returns uniform random deviates (to be disisiged from the normally
distributed random deviates discussed later). Tigerithm of a linear random
generator calculates an integer numierfilom a previous numbeg by

ler1=ak + b (mod c) (1)

where | gives a random number, k the running indexthe multipliers, b the
increment and ¢ the modulus. The numbers a,b,asek @ositive integer numbers.
The modulus c gives the length of the chain afteictvthe process (1) repeats itself.
Therefore, the larger c the longer the chain. Adoem number between 0 and 1 is
obtained by devidingdi/c. The recurrence formula (1) requires a startialge, also
termed 'seed'. The seed is allowed to be userfsgEbii LIJUNGSKILE code.

Since the random number generator of type (1) maye hmany deficiencies (i.e.
serial correlation and bad selection of the vatreaf b and c), additional shuffling is
done: the random number generator is used torfilhrmay of, say, 100 figures with
random numbers. After this preparation, a randomber is chosen based on a first
random number generated (converted into an indéReoarray) and is replaced by a
second random number. By coupling two suspiciouscgsses of 'insufficient
randomness’, an almost perfect random number cgerierated.

Normally distributed random deviates
Normally distributed random deviates with a mea® @nd a standard devation of 1

can be efficiently obtained by an algorithm of Baxd Muller (1958) from a linear
random generator.

On basis of two values LRG1 and LRG2
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vi=2*LRG1-1
Vo =2*LRG2-1

and the acceptance condition

q=v’+v
0<qg<1

the normal deviates NRD are calculated by

;o /—ZEI]n(q)
q

NRD,; =fvl
NRD, = f'V2

A cumulative normal distribution can be approxintalby generating a larger series of
N normally distributed random deviates, sortingnheith increasing magnitude and
putting a weight of 1/N on each value. Intermediaddues of the thus generated
cumulative normal distribution can be obtained mtgiipolation (Meinrath, Ekberg et
al., 2000).

There are, admittedly, alternative and probably matationally more efficient ways
in obtaining a normally distributed random deviaiéh defined uncertainty by using
Chebyshev approximations of a scaled cumulative s&an distribution. In the
present case, however, the computational burdensatpby the method selected for
implementation in theLyuNnGskiLE code is almost irrelevant compared to the CPU
time required for the PHREEQC speciation calcutaithat further optimizations
seem irrelevant under the overall aspect.
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APPENDIX [1

L atin Hyper cube Sampling

Computer models are in common instruments for satmart of complex models in
many areas of industry and science. Models alloimestigate intricate relationships
on a broad level. Models summarize information iotetéh from data and may forward
knowledge of highest complexity. Since each in@rable is affected by uncertainty,
the predictive power of a computer model is inflcesh by the evolvement of these
uncertainties during a simulation run.

It is always possible to choose a Monte Carlo desig a study of the influence of

input variable uncertainties on simulation outplihere are, however, many input
variables in even a simple theoretical speciatialtutation and the Monte Carlo

study consequently must involve a large numbewuoér It must be ensured that for
each input variable the probability distributiorsigficiently represented in the Monte

Carlo runs. This reprsentation is almost warrafieednput values close to the mean
value. But with larger distance from the mean valoelusion becomes less and less
likely. Consequently, the more uncertain input &blés are to be considered, the
larger the number of Monte Carlo runs has to be.

There is no need to delve into the question hoestonate the necessary number of
runs conditional on the number of input variablHsere are more efficient strategies.
An especially clever and simple strategy has beeggested by McKay, Conover and
Beckman (1979).

Latin Hypercube sampling (LHS) requires a diviswinthe cumulative probability
distribution of each of n input variables to be ided into n bins of equal probability
1/n. Such a case is shown in Fig.1 for a cumulativenal distribution of mean 13.23
and .68 percentiles of 0.2. The distribution is/ided into 16 sections of equal
probability 1/16. The bottom arrows indicate a @mdtly chosen value from within
the interval to represent the interval in the LH8gedure. In generating the intervals
of equal probability, an arbitrary choice has toneede with respect to the position of
the lower and upper boundary that is set in thegeexample to four times a .68
percentile. The probability of an event with a \allarger than 14.03 is below
0.00001 and can safely be neglected in a LHS designasis of 16 events. For very
large designs it may be considered to set the loyper limit to +4 .68 percentiles
but the likely variation most probably will be alstgprobably neglegible.

Figure 2 shows the stratification of a single utaiaty affected input variable. Such a
stratification, however, is necessary for all uteiety affected input variables. The
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Figure A2: A cumulative normal distribution stragd into 16 strata of equal
probability. The bottom arrows indicate the rangodtawn representatives for each
stratum.

value of 16 strata was selected arbitrarily indase given in fig. 2. In an LHS design,
the number of strata is given by the total numbkrcertainty affected input
variables to be included into a simulation run. §Hor each of the n input variables n
values are selected that represent all parts ofis@ibdition with the adequate
probability. Hence, the risk to either overrepreésanunderrepresent certain sections
of a distribution is greatly reduced.

From the nx n input variable (representatives of n stratanfgariables), input vectors
into the computer simulation have to be constructdd obvious choice is to
randomly chose one representative for each variableun the simulation and the
repeat the random selection until all represergatihave been exhausted in n
simulations. But even so an obvious option, randampling is not optimal.

There is a more clever way to construct input wactdhis method is shown in fig. 3.

Please note that in each row only one represeatatito be found. It is not possible,

for example, to have several representatives o$tiftadum 3 in one input vector while

other strata are not considered in a certain inpator. Such a vector may occur in
random sampling but not in Latin Hypercube samplihgs necessary to generate the
remaining 15 input vectors in accordance with @n@e construction principle.

34



variable no.
1121314516789 10l11]12]13]14]15|16

olelxe|N]|o|o||w|d =

stratum no.

—
N

12| |@
13 )
14 @
15 ()

16 O

Figure A3: Example of one of 16 input vectors oedatrom 16 strata of 16 input
variables according to the LHS strategy.

Form the n runs, n realisations of the simulatiapat are obtained, from which
mean values and standard deviations may be estinagtording to the well known
statistical formula on basis of a normal distribntassumption.

In case of larger samples, an alternative is toegga the empirical probability
densities and to evaluate median and upper and Ipareentiles (Meinrath, Ekberg
et al. 2000). TheLJncskiLe code gives the simulation output in a file
PHROUT.AVR.
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APPENDIX 111
The Virtual SpeciesIm and Ip

In many cases in geochemical modelling it may beirdd to keep the water
parameters pH and pe constant during a calculatime such example is the
solubility of some mineral at a given pH and pe.thtut precautions, dissolution
and/or precipitation may change the solution contiposthat drastically, that a fixed
value for pH and/or pe cannot be reached by the EE{JC code. The solution
parameters may change due to the dissolution orpteeipitation and thus the
solution obtained is not any longer similar to st@rting solution.
PHREEQC is designed to solve a precipitation/digsmh reaction and to print out
composition of the equilibrium solution. Thus PHREE is capable of describing the
process of putting a piece of mineral in a certaater and then calculate what has
happened. But in theunGskiLE program's "multiple run" feature, the goal is a
different one. We would like to know what the solityp would be in a water at a
given pH and pe. To facilitate this the inert elatsep (inert positive) and Im (inert
negative) have been introduced into the PHREEQG@bdate. Im and Ip enter the
calculation of ionic strength, but do not reaat), &y forming complexes. The entry in
the PHREEQC database is shown below:
a) add in the database head:

#29 Im

Im=1Im

logk 0000000
delta_h 0.000000 keal

#30 Ip

Ip=Ip
logk  0.000000
delta_h 0.000000 keal

and in the species definition section:

#300 Im-

Im+e-=Im-
logk 20000000
delta_h 0.000000 keal

#301 Ip+

Ip=Ip+t+e-
logk  20.000000
delta b 0000000 keal

It should be noted that the numbers assigned ltere bt have to be the ones used in
any given situation. With this modification it i®gsible with the aid of the keyword
CHARGE to fulfil the charge balance condition, atmlis keeping the pH or pe
constant during dissolution or precipitation by iidd of either Ip or Im. The same
features could, naturally have been accomplishedddljtion of some other element
but then the complexing behaviour of the solutiauld have changed.

The case of redox instabilities it has been desdrélsewhere (Ekberg 1993) for the
older FORTRAN PHREEQE but the adoption to PHREEQ@@mat is straight
forward.
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APPENDIX IV
A Rough and Dirty Way to Use LJuNGsKILE Output

The Ljungskile output can also be used withoutltjumgskile Display Program. For

that purpose, its needs to be extracted from thgective output files. An example is
given in the following. The user has to specify tieressary information, e.g. the
number of steps and the number of LHS samples insé calculations. Depending
on the program used to cast the numerical infoonainto a graphical form, some
rearrangement of the data may be necessary. Talegfiaphical result is shown in fig.

A4,

1x107"

[concentration]

Figure A4: Distribution of Al(lll) species in an aqueous <o of low
mineralisation as a function of pH. Solid lines ginean concentrations while the
dashed lines givescol upper and lower standard deviations. Note the thepa
concentrations for the Al(OK) species. LDP is using the empirical distributi@msl
will not result in negative concentrations. (nates Al.prj file is part of the Ljungskile
installation).

It is also possible to calculate the informatiowegi in files Phrout.avr and Phrout.sd
directly from the results in each of the files X.oDepending on the post processing
purpose this way may be even more convenient (tmepater does the number
crunching e.g. via a short QBasic program).

The code below opens the file X.out (the speciesifip part is given by the variable
d$), evaluates the mean and the standard deviatidnwrites the lower boundary
(mean-sd), the mean and the upper boundary (meptg-sd X.dat file. Please note
that the names of the PHREEQC output files caneatelad directly by QBasic and
the non-ANSI characters (generally '+' charactefe names) must be eliminated.
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Note that the upper and lower confindence limis symmetric with respect to the
mean value curves. This behaviour is caused bysitmplified calculation in the
Qbasic code based on the assumption of identi@ailty independently distributed
residuals with zero mean. The calculation of theutated data however shows that
in most cases the distributions are skewed. Insthwlified form it may even be
observed that lower uncertainties are below zeRP lanalyzes the distributions and
evaluates approximations to the .68 percentilesitatiee median. These percentiles
take skewness into account and present asymmetperuand lower confidence
bands.

Tkkkkkkkkkkkk L]UﬂgSk”e EValuathn *hkkkkkkkkkkkkkk
SCREEN 12
CLS
d$ = "alSO4": REM "Al3", "AIOH2", "Al(OH)2+", "Al(O H)3", "Al(OH)4"
dname$ = "d:\eigene~1\" + d$ + ".out"
dout$ = "d:\eigene~1\" + d$ + ".dat"
OPEN dname$ FOR INPUT AS #1
OPEN dout$ FOR OUTPUT AS #2
test$ = "element species": REM input of text header s in the .out files
WHILE a$ <> test$
LINE INPUT #1, a$

WEND
LINE INPUT #1, a$
i=0
a=0
INPUT #1, pH
WHILE NOT EOF(1)
b=a
INPUT #1, a
IFa<30ORa>7THEN
i=i+1
suml=suml +a
sum2=sum2+a*a
ELSE
IFa>=3AND a<=7 THEN
suml=suml-b
sum2 =sum2 - (b * b)
i=i-1
suml =suml/i
sum2 =sum2 /i
sd = SQR(ABS(sum2 - (sum1 * suml)))
WRITE #2, pH, sum1, suml - sd, suml + sd
i=0
pH=a
suml=0
sum2 =0
sd=0
END IF
END IF
WEND

suml=suml-b

sum2 =sum2 - (b * b)

i=i-1

suml =suml/i

sum2 =sum2 /i

sd = SQR(ABS(sum2 - (sum1l * suml)))
WRITE #2, pH, sum1, sum1 - sd, suml + sd
CLOSE #1

CLOSE #2

END
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