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Zusammenfassung

Als Teil eines Langzeitsicherheitsnachweises fir Endlager fiir radioaktive Abféalle sind
unter anderem Szenarien zu betrachten, bei denen es zu einer Mobilisierung von
Radionukliden aus den Abfallen und damit zu deren Transport durch das
Endlagersystem kommen kann. Eine potenzielle Barriere im System eines Endlagers
stellt neben dem Wirtsgestein auch das darliber liegende Deckgebirge dar. Der
Transport durch die Geosphare wird fir viele Radionuklide durch Sorption an
Oberflachen vorhandener Mineralphasen, die durch die geochemischen Bedingungen
bestimmt wird und zeitlich und raumlich erheblich variieren kann, verlangsamt. In
bisher verwendeten Transportprogrammen wird die Rickhaltung der Radionuklide tber

zeitlich und raumlich konstante Verteilungskoeffizienten (K4-Werte) beschrieben.

Eine Verbesserung der Modellierung sollte den Einfluss der wichtigsten
geochemischen Parameter auf die Sorption beinhalten. Eine Mdglichkeit hierfur stellt
das sogenannte Smart K4-Konzept dar. Ein solcher Modellansatz basiert auf
mechanistischen Oberflachenkomplexierungsmodellen (SCM), die hier mit einem
.Bottom-Up-Ansatz“ kombiniert werden. Dabei wird die Sorption eines Elements an
einem Sediment einer hydrogeologischen Einheit als Summe der Sorption des
Elements an jeder einzelnen Mineralfraktion beschrieben. Jedes Sediment besteht
dabei aus einer definierten Zusammensetzung verschiedener Minerale. In dieser Arbeit
wurde eine Implementierung des Smart K-Konzepts in das Transportprogramm rt,
das zur Simulation des Schadstofftransportes durch groRe Modellgebiete Uber sehr
lange Zeitrdume in der Langzeitsicherheitsanalyse eingesetzt wird, umgesetzt. In der
ersten Entwicklungsstufe wurde ein typisches sedimentdres System, das Steinsalz-
und Tonformationen in Norddeutschland Uberlagert, betrachtet. Das ausgewahlte
System kann grob in drei verschiedene hydrogeologische Einheiten unterteilt werden:
einen oberen Grundwasserleiter, einen Aquitard und einen unteren Grundwasserleiter.
Oberer und unterer Grundwasserleiter sind durch hydraulische Fenster im
dazwischenliegenden Aquitard verbunden. Jede hydrogeologische Einheit ist durch
eine spezifische mineralogische Zusammensetzung charakterisiert. Um die Sorbate
(Element-Mineral-Paare) auf eine handhabbare Zahl zu beschranken, wurde die
Anzahl der betrachteten Minerale und Elemente begrenzt. Die Auswahl der
Mineralphasen basiert zum einen auf Daten aus Berichten zur Petrographie von
Proben, die aus verschiedenen Bohrkernen vom Standort Gorleben genommen

wurden. Zum anderen ging ihre Relevanz hinsichtlich der Sorption bzw. ihres



Einflusses auf die geochemischen Bedingungen in die Auswahl ein. Als wichtigste
Minerale wurden Quarz, K-Feldspat, Muskovit, Gibbsit, Goethit, Calcit, Kaolinit und Illit
ausgewahlt. Fur die Elemente wurden drei Gruppen berlcksichtigt: Elemente, die als
Radionuklide auftreten, Konkurrenzkationen hinsichtlich der Sorption und
komplexbildende Liganden. Die Auswahl der Elemente der ersten Gruppe basiert auf
ihrer Relevanz fir die Langzeitsicherheit, der Frage, ob sie Uberhaupt sorbieren und
der Verfugbarkeit ausreichender und vertrauenswirdiger thermodynamischer Daten.
Fur die zweite und dritte Gruppe ist der Einfluss auf die Sorption der Radionuklide und
die Frage, ob sie in relevanten Konzentrationen im natirlichen System vorhanden sind,
bzw. aus dem Endlager freigesetzt werden kdnnen, entscheidend. Letztlich wurden Ni,
Se, Cs, Cm, Am, Pu, U, Th, Np, Ra, Ca, Fe, Al, COs%, und SiO;* ausgewahlt.

Fur die Untersuchungen und Rechnungen in diesem Projekt wurde eine eigene
thermodynamische Datenbasis (ESTRAL.dat) erstellt, die (i) Daten fir Spezies in
Losung und fur feste Mineralphasen sowie (i) Sorptionsdaten fir repréasentative
Sorbate enthalt. Dazu wurden die publizierten Daten fir die ausgewahlten Elemente
und Mineralphasen identifiziert und im Detail Uberprift. Da fir einige relevante
Mineralphasen — speziell fir Feldspate und Glimmer — keine Sorptionsparameter flr
Oberflachenkomplexmodelle vorhanden waren, wurden zuséatzlich Batch-Experimente
mit Cs*, Sr** und Eu®* an Orthoklas und Muskovit durchgefiihrt. Anhand von
Titrationskurven fiir beide Minerale und den Ergebnissen aus den Batch-
Sorptionsexperimenten wurden thermodynamische Daten bestimmt und in die

ESTRAL-Datenbasis aufgenommen.

Die Sorption von Radionukliden an den Mineralphasen wird durch geochemische
EinflussgroRen, wie pH-Wert, Temperatur, lonenstarke (im Wesentlichen gegeben
durch die Salzkonzentration) oder Konzentration von Komplexbildnern und
Konkurrenzkationen bestimmt. Um die Komplexitat und die Rechenzeit moglichst klein
zu halten, wurde die Anzahl der Parameter begrenzt und nur diejenigen beriicksichtigt,
die einen starken Einfluss auf die Sorptionsprozesse haben. Als geochemische
Parameter wurden pH-Wert, lonenstarke sowie die Konzentration von Ca, DIC
(geloster anorganischer Kohlenstoff; Dissolved Inorganic Carbon) und des jeweiligen
Radionuklids (Elements) ausgewahlt. Zusatzlich wurden weitere Komplexbildner und
Konkurrenzkationen (Si, Al und Fe) indirekt berlcksichtigt. Hierbei wurde
angenommen, dass die Konzentrationen der lonen SiOz*, AI** und Fe** primar durch

das Gleichgewicht mit der Idslichkeitsbestimmenden Mineralphase Quarz, Gibbsit,



bzw. Hamatit bestimmt wird. Daher konnten deren Konzentrationen direkt als Teil der

Berechnungsprozedur fir die Kq -Werte generiert werden.

Fur jede Kombination Element/Sediment werden Kg-Werte als Funktion der
ausgewahlten geochemischen EinflussgroRen berechnet und in mehrdimensionalen
Matrizen abgelegt. Diese Berechnung erfolgt mit dem geochemischen Speziationscode
PHREEQC. Parametervariationen wurden mit dem Programm UCODE durchgefihrt.
Sensitivitdts- und Unsicherheitsanalysen der Kq-Werte wurden realisiert, in dem der
Code SimLab als auf3ere Routine an die beiden Rechencodes PHREEQC und UCODE
gekoppelt wurde.

Mittelwerte der berechneten Verteilungskoeffizienten wurden mit Ergebnissen aus
experimentellen Untersuchungen an Gorleben Sedimenten verglichen. Die Ergebnisse
zeigen eine gute Ubereinstimmung fir die meisten der zehn ausgewahlten
Radionuklide. Weiterhin zeigen die Sensitivitatsanalysen, dass fiur alle zehn
Radionuklide der pH-Wert, die DIC- und die Ca-Konzentration die wichtigsten
Einflussgrof3en in dem hier betrachteten Bereich darstellen.

Um den hier verwendeten ,Bottom-Up-Ansatz* zu Uberprifen, wurden zwei Testfalle
ausgewahlt. Zum einen wurden zusétzliche Sorptionsexperimente mit Eu®* an einem
speziellen Mineralgemisch aus Quarz, Orthoklas und Muskovit (,Synthetisches
Sediment®) unter Variation von pH-Wert, Elementkonzentration und Volumen / Masse
Verhéltnis durchgefiihrt. Neben der erfolgreichen Uberpriifung, ob die Beitrdge der
einzelnen Mineralphasen die Sorption am Sediment adaquat beschreiben, geben die
gut Ubereinstimmenden Ergebnisse auch Vertrauen in die neu abgeleiteten
Sorptionsdatensatze fir Eu an Orthoklas und Muskovit. Zum anderen wurde anhand
von Daten aus Batch-Sorptionsexperimenten aus der Literatur Uberprift, ob der
Modellansatz, die Sorptionsmodelle und die zugehérigen Parameter das
Sorptionsverhalten von Uran an natirlichen und synthetischen Feinsanden gut
beschreiben. Generell zeigen die Testrechnungen eine gute Ubereinstimmung
zwischen Modell und Experiment und untermauern damit das hier entwickelte und

angewendete Konzept.

Ein Kernstlck des Projekts ist das konzeptuelle Modell fur die Implementierung der
relevanten geochemischen Prozesse in den Transportcode. Wie oben beschrieben
wurden als geochemische Einflussgrof3en der pH-Wert, die lonenstarke sowie die

Konzentration von DIC, Ca und der zehn Radionuklide ausgewahlt. Eine wichtige



Annahme ist, dass die Wechselwirkung der Radionuklide untereinander und ihr
Einfluss auf die geochemischen Bedingungen vernachlassigt werden kann, da sie nur
in Spurenkonzentrationen auftreten. Die Zulassigkeit dieser Annahme wurde in
Testrechnungen bestatigt. Deshalb wurde der Schwerpunkt auf die Behandlung der
vier anderen Einflussgrof3en gelegt. Eine zentrale Frage ist die Behandlung des pH-
Werts, der nicht nur durch den Transport der Protonen, sondern auch durch Reaktion
mit geldsten lonen (hauptséchlich DIC und Ca) und den Mineralphasen der Sedimente
bestimmt wird. Entsprechend der Ergebnisse der Standortuntersuchungen sind die
wichtigsten Reaktionen in den Grundwasserleitern von Gorleben Calcit-Aufldsung,
mikrobieller Abbau von sedimentarem organischem Kohlenstoff, der zu erhohten CO,-
Partialdricken fuhrt und die Auflésung von Feldspéaten. lonenaustauschprozesse, die
hauptsachlich im Aquitard und an den Grenzflachen zum oberen Grundwasserleiter
auftreten, wurden nicht betrachtet, um die Komplexitat des Systems mdglichst gering
zu halten. Kern des Konzepts ist der Einfluss der Calcitauflésung und ausfallung auf

den pH-Wert, wie sie in vielen natirlichen Systemen beobachtet wird.

Um die Implementierung des Konzepts in das Rechenprogramm r’t und seine
Leistungsfahigkeit zu tUberprifen, wurden drei Anwendungsfalle ausgewahlt. Zwei 1D-
Testfalle wurden verwendet, um das entwickelte Konzept auf Plausibilitat zu
Uberprifen. Die Testfalle wurden so ausgelegt, dass zeitliche chemische Veranderun-
gen die Auflésung bzw. Ausféallung von Calcit bewirken und diese wiederum den pH-
Wert sowie die Konzentration von DIC und Ca verandern. Als Konsequenz davon
werden der Kg-Wert und damit der Transport der Radionuklide beeinflusst. Die
Ergebnisse der 1D-Rechnungen sind plausibel und zeigen die erfolgreiche
Implementierung des Smart Kg-Konzepts in das Rechenprogramm rt. AuRerdem
wurde ein 2D-Testfall untersucht. Dieser 2D-Fall wurde aus den erwarteten Einflissen
zukunftiger Klimaanderungen auf die hydraulischen Bedingungen in norddeutschen
Grundwassersystemen abgeleitet. Damit stellt er einen Rechenfall dar, der durchaus in
einem Safety Case fiur ein potentielles Endlager in Norddeutschland zu betrachten
ware. Die Simulationen zeigen, dass die geochemischen Einflussparameter den
erwarteten Trends folgen und wie sie gegenseitig voneinander abhéngen. Die Kgq-Werte
verandern sich entsprechend der Anderungen in den geochemischen Einfluss-
parametern. Der pH-Wert hat dabei den starksten Effekt auf die Smart K4-Werte fur die
meisten Elemente mit Ausnahme von Th und Pu, bei denen der Einfluss der DIC-
Konzentration noch entscheidender ist. Die Abhangigkeiten treten zu unterschiedlichen

Zeiten an verschiedenen Orten auf und werden durch Stréomungs- und



Transportcharakteristika gepragt, die wiederum aus Anderungen in den
Randbedingungen fir verschiedene Klimazustande und —Ubergange resultieren. Die
Ergebnisse sind erfolgversprechend und zeigen, dass die Methode in der Lage ist,
chemische Veranderungen uber lange Zeitraume in grof3en Modellgebieten und ihren
Einfluss auf die Radionuklidsorption mit akzeptablen Rechenkosten zu beschreiben.
Damit erflllt das Konzept die Anforderungen der Langzeitsicherheitsanalyse. Weitere
Testrechnungen sind notwendig, um den entsprechend modifizierten Transportcode
weiter zu qualifizieren. In einfachen wie auch komplexeren Modellrechnungen ist die
Anwendbarkeit des Modells fir weitere Variationen der geochemischen Einflussgro-
Ren, der Modellgeometrie, der Heterogenitat und der Komplexitat der Stromung zu

zeigen.

In einer nachsten Entwicklungsstufe sollten auch Redoxreaktionen und lonen-
austausch bertcksichtigt werden. Speziell die Redoxbedingungen haben grof3e
Auswirkungen auf die Sorption redoxsensitiver Radionuklide, fir die im Rahmen der
hier vorgestellten Studie angenommen wurde, dass sie in oxidierter Form vorliegen.
Zudem sollte der Einfluss weiterer Konkurrenzkationen und Komplexbildner auf die
Radionuklidsorption im Detail untersucht und mit dem hier entwickelten Ansatz
simuliert werden. Schlie3lich sollte auch die Anwendung des Konzepts auf
hochsalinare Bedingungen, wie sie in den tieferen Grundwasserleitern in Norddeutsch-

land anzutreffen sind, durch Anwendung des Pitzer-Formalismus getestet werden.






Abstract

One important aspect in long-term safety assessment is related to radionuclide
transport in geologic formations. In order to assess its consequences over assessment
periods of one million years numerical models describing flow and transport are ap-
plied. Sorption on mineral surfaces is the most relevant process retarding radionuclide
transport. On the one hand an increased transport time might cause a decrease in ra-
dionuclide concentration by radioactive decay. On the other hand it might increase
concentrations of dose-relevant daughter nuclides in decay chains.

In order to treat the radionuclide sorption processes in natural systems close to reality
the so-called smart Kg-concept is implemented into the transport program r’t, which is
applied to large model areas and very long time scales in long-term safety assessment.
In the first stage this approach is developed for a typical sedimentary system covering
rock salt and clay formations in Northern Germany. The smart K;-values are based on
mechanistic surface complexation models (SCM), varying in time and space and de-
pending on the actual geochemical conditions, which might change in the future e. g.
due to the impact of climate changes. The concept developed and introduced here is
based on a feasible treatment of the most relevant geochemical parameters in the
transport code as well as on a matrix of smart Kg-values calculated in dependence on

these parameters.

The implementation of the concept comprises the selection of relevant elements and
minerals to be considered, an experimental program to fill data gaps of the thermody-
namic sorption database, an uncertainty and sensitivity analysis to identify the most
important environmental parameters influencing sorption of long-term relevant radionu-
clides, the creation of a matrix with K4-values dependent on the selected environmental
parameters, and the development and realisation of the conceptual model for treatment

of temporal and spatial changes of the geochemical conditions.

The implementation of this concept into the transport code r’t, particularly the feasibility
and capability of the method is tested by two kinds of application cases. 1D test cases
are used to check the plausibility of the development in a relatively simple system,
where chemical changes cause dissolution or precipitation of calcite, which in turn af-
fect the pH-value, the DIC and Ca concentrations. In consequence the Kg-value and

therewith the transport of the radionuclides is impacted. The results of the 1D calcula-

Vi



tions are plausible showing the applicability of this approach to implement the
smart K4-concept. One 2D test case is considered and results show that the method is
able to describe long-term chemical changes in large model areas including their im-
pact on radionuclide sorption. A further positive aspect is that these calculations are
performed with acceptable calculation costs.
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1 Introduction

In Germany, high-level radioactive waste is to be disposed of in deep geological
formations. Long-term safety assessments have to be carried out as part of the post-
closure safety case for radioactive waste repositories. According to the German safety
requirements for heat-generating radioactive waste an assessment period of one
million years has to be regarded /BMU 10/. Although the assessment is focussed on
the proof of a safe contaiment of the waste in the so-called contaiment providing rock
zone, scenarios, which lead to the mobilization of radionuclides from the waste and to
their transport through the repository system, cannot be excluded and need to be
adressed in long-term safety assessment. During transport through the repository
system sorption on mineral surfaces of rocks and technical materials is an important
retardation process for radionuclides. Besides dispersion and dilution, the increased
travel time due to retardation leads to a reduction of their concentration and thus of the
radiation exposure because of additional radioactive decay of many radionuclides
during transport. On the other hand, retarding the transport of a mother nuclide could
lead to an elevated generation of daughter nuclides and, in case the daughter nuclide
is dose relevant, to an elevated radiation exposure. Describing the sorption as
realistically as possible is therefore one important aspect in long-term safety assess-

ment.

Spatially and temporally constant sorption coefficients, Kg-values, for each
hydrogeological unit are currently used in transport codes for long-term safety
assessment. However, temporally and spatially variable geochemical conditions could
lead to significant changes in the sorption of different radionuclides. Therefore, a
description of sorption as a transient parameter depending on environmental
parameters is required. An advanced methodology to handle variable sorption in form
of the newly established “smart Ky-values” in codes for long-term safety assessments is
being developed and tested here. Exemplarily, the radionuclide transport in a
sedimentary system overlying salt and clay formations in Northern Germany is

regarded.

In the considered assessment period of one million years geochemical changes are
likely be caused by long-term climate changes. Such climate changes may lead to
events like a transgression of the sea and the inundation of the respective site, or to

the formation of permafrost in the sedimentary overburden. In case of a seawater



transgression water with a higher salinity than groundwater leads to geochemical
changes in the sedimentary system. In case of permafrost low mineralised meltwater
can intrude unfrozen aquifers and by this change the groundwater conditions,

particularly if an inland ice sheet occurs in close vicinity of the respective site.

In a first step this concept is developed for the transport in a sedimentary overburden.
However, such geochemical changes will also occur in other geological formations and
other parts of the repository system, which will be considered in future development
stages. Examples, where a concept of transient modelling of Kg-values has been
applied, are /SAM 09/ and /SCH 08/. In order to test the validity of the K4 approach and
use of solubility limits nuclide sorption and precipitation for a bentonite barrier in the
near field of a repository in granite was reagarded in /SAM 09/. Reactive transport
models have been used to study the evolution of the geochemistry of the bentonite
barrier, simultaneously to the transport of radionuclides considering the elements Ni,
Cs, and U. The most useful result obtained with the reactive transport models is the
dependence of the distribution coefficients (Kq) of the transported species on
environmental parameters, such as pH, Eh and ionic strength. The implementation of a
Kq that depends on environmental parameters (such as pH, ionic strength or the
dissolved concentration of the transported species) into the performance assessment
(PA) code was capable of reproducing the results obtained with the reactive transport
models. In /SCH 08/ time-dependent K-values have been applied to take into account
the degradation of cement in a disposal chamber for low and intermediate level waste
(LLW and ILW). In the degradation phase cement stone is transferred into calcite,
which is described by a linear function for the decrease of cement stone and increase
of calcite. The overall distribution coefficient changes in dependence of the amount of

both phases, since the sorption of the radionuclides strongly differs for both materials.

In this report the newly developed concept and its application to one- and two-
dimensional application cases is presented. In a first step the most relevant elements
and mineral phases are identified and selected as described in section 2. Section 3
shows the data situation for thermodynamic sorption modelling of the system and
identifies lacking data. A series of batch experiments have been performed to fill the
most crucial data gaps (section 4). Section 5 describes the determination of the
governing environmetal data with highest influence on sorption and section 6 the

calculation of Kyi-matrices as function of the environmental parameters. The whole



concept for implementation of the “smart Ky into the transport programme is described

in section 7 and its application in section 8.






2 Compilation of relevant elements, minerals and sediments

2.1 Identification and selection of mineral phases

The sedimentary rock above the salt dome Gorleben consists mainly of tertiary and
quaternary sands and clays /KLI 02/. The major constituent of quaternary Elsterian,
Saalian and Weichselian sediments is quartz. Sandy sediments contain about 85 wt%
quartz and 10 wt% feldspar /ART 98/. The argillaceous to silty sediments are dominat-
ed by higher contents of clay minerals and calcite, which is ubiquitous in glacial mo-
raines /GRI XX/. Minor constituents are feldspars and mica (muscovite) and accessory
minerals are gypsum and dolomite. Tab. 2.1 shows an overview of all relevant site-

specific minerals in the Gorleben sediments.

In order to limit the number of minerals, only those were selected that are commonly
found as major (> 25 wt%) or minor phases (5 — 25 wt%) in sediments, and are im-
portant for the geochemical conditions on the transport pathway and the sorption pro-
cesses. In the following it is distinguished between “transport relevant” and “sorption

relevant” minerals:

1. Transport relevant minerals affect the geochemical conditions in the different
hydrogeological units and have to be included in transport calculations (e. g.

quartz, feldspars, calcite).

2. Sorption relevant minerals are important for sorption processes of radionuclides

released from the repository.

Our reasons and arguments for the selection of minerals are documented in Tab. 2.1 in
detail based on /MAS 85/. Minerals with similar structure and composition were
grouped. All relevant minerals for the project are marked in italics. All abbreviations for
minerals are marked with asterisk and correspond to the international code after
/IKRE 83/.

Generally, salt minerals (e. g. halite, sylvite, polyhalite, kainite, carnallite) are not rele-
vant for this project due to their high solubility. Nevertheless, the groundwater directly
above the salt dome is strongly impacted by salt dissolution at the contact to the salt

dome and sorption processes are reduced by the high ionic strength of this water.



Therefore, salt minerals were not taken into account as transport or sorption relevant
minerals within the sedimentary units. Contents of dissolved salt minerals in groundwa-

ter were considered by a respective sodium and chloride concentration.



Tab. 2.1

Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral

Abb.*

Formula

Description

(1) PRIMARY SILICATE MINERALS

Quartz Qtz SiO, Quartz as the major constituent in the Gorleben aquifer system is generally
relevant and will be taken into account in all calculations. Supplementary
SCM data were used from amorphous Silica.

Feldspars

Albite Ab NaAlSi;Og Feldspars are ubiquitous in the sediments and relevant for both transport
and sorption calculations. For sorption studies all SCM data will be

Anorthite An CaALSi,Op grouped because of the sparsely populated data matrix. Additional batch
experiments (section 4) are performed for K-feldspar (orthoclase) which

_ has a higher weathering stability than plagioclase (albite, anorthite). For

Orthoclase Or KAISi;Og . ) )
some scoping transport calculations orthoclase and anorthite are selected
as representative mineral phases.

Microcline Mc KAISi;Og

Italics: Selected mineral phases for transport and sorption studies.
* All abbreviations correspond to the international code after /KRE 83/




Tab. 2.1 (cont.) Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral Abb.* Formula Description

Mica

Muscovite Ms KAI3Siz010(OH); Muscovite is the dominant mica mineral but a minor constituent in the
Gorleben sediments. For sorption calculations data for muscovite and bio-

Biotite Bt K(Mg,Fe)s[(OH)[(Al,Fe)SisO10] | tite are grouped because of the sparse SCM data sets.

(2) CARBONATES

Calcite Cc CaCOs;
Calcite mainly occurs in the upper aquifer and in the aquitard. In the argil-
laceous sediments calcite is a major constituent. Aragonite is irrelevant

_ due to its higher solubility and its scarce occurrence. Dolomite is an ac-

Aragonite Arg CaCOs;
cessory mineral (< 0.5 wt%) only found in few samples. Other carbonate
minerals are also rare and irrelevant. Generally, for sorption studies all
carbonates are not relevant because of their high solubility and dynamic
surface. Calcite is selected as important mineral for transport calculations.

Dolomite Dol CaMg(CO0O:s,),

Italics: Selected mineral phases for transport and sorption studies.

* All abbreviations correspond to the international code after /KRE 83/




Tab. 2.1 (cont.) Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral Abb.* Formula

Description

(3) SULFATES

Anhydrite Anh CaSO,
Gypsum Gp CaS0,4-H,0
Barite Brt BaSO,

The sulfates are not primarily dealt with in this study because they are
mostly found in the cap rock but not in the overlying sediments due to their
high solubility. However, anhydrite and gypsum in the cap rock represent a
Ca source for the groundwater in the overlying aquifers. In order to esti-
mate the impact of this source, gypsum (anhydrite is predominantly con-
verted to gypsum) is selected in some scoping transport calculations. Bar-
ite is an accessory mineral, but cannot be considered due to a lack of SCM
data sets. Other sulfate minerals like kieserite (MgSQO4-H,O) or jarosite
(FeS0O,) are irrelevant.

Italics: Selected mineral phases for transport and sorption studies.

* All abbreviations correspond to the international code after /KRE 83/
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Tab. 2.1 (cont.) Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral Abb.* Formula Description

(4) CLAY MINERALS

2-layer clay minerals

Kaolinite Kin Al;Si>O5(0OH), Kaolinite is chosen as a representative for 2-layer clay minerals (1:1 struc-
ture). It is ubiquitous in fine-grained sediments and very important as
sorbent, e. g. for actinides like UO,** and Am®*.

Mixed-layer clay minerals

lllite 1 (K,Fe)Al, 6Sisz 15010(OH); The 3-layer clay minerals (2:1 structure) illite and montmorillonite are im-
portant constituents of argillaceous Gorleben sediments. Both secondary

Montmorillonite Mnt (Na,Mg,Fe)Al;Si;O10[(OH),

weathering minerals are relevant as sorbent for actinides (Np, U, P) due to
their silanol (SiOH) and aluminol (AIOH) groups at their surfaces. Because
of the sparse SCM data sets they are grouped. With regard to transport
calculations the impact of clays is exemplarily investigated using illite. In
case of insufficient SCM data sets for illite and montmorillonite, SCM data

from bentonite are used.

Italics: Selected mineral phases for transport and sorption studies.

* All abbreviations correspond to the international code after /KRE 83/
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Tab. 2.1

(cont.) Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral

Abb.*

Formula

Description

Chlorite

Chl

(Mg s Fe,Ca)A|28i3olo(o H)g

Chlorite, as 4-layer-clay mineral (3:1 structure), is a minor constituent in
the sediments and considered as a representative mineral phase for the
transport calculations. Regarding the sorption calculations, chlorite is as-

signed to the mixed-layer clay group.

(5) OXIDES AND HYDROXIDES

Fe(lll)-oxide/-hydroxides

Goethite Gt FeOOH
Hematite Hem Fe,O4
Ferrihydrite - 5Fe,03.9H,0

During the weathering of iron-bearing minerals in humid climate, mostly
goethite is crystallized. Additionally, at higher soil temperatures, hematite
is formed. Both trivalent iron minerals are important for sorption and
transport processes in the oxidation zone of Gorleben sediments. For
sorption studies, the SCM data sets were grouped to Fe(lll)-oxide/-
hydroxide. Ferrihydrite is not considered due to the metastable ionic form
(fast dehydration). Also magnetite which is weathering resistant and im-

portant as a sorbent is not considered due to its rare occurrence and our

Italics: Selected mineral phases for transport and sorption studies.

* All abbreviations correspond to the international code after /KRE 83/
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Tab. 2.1 (cont.) Compilation of site-specific minerals in sedimentary rock above the Gorleben salt dome

Mineral Abb.* Formula Description

Magnetite Mag Fe'(Fe"),0, restriction to trivalent iron. limenite is not relevant for this study due to its
rare occurrence.

[Imenite Im FeTiO3

Aluminumhydroxides

Gibbsite Gbs Al(OH)3 Besides the formation of clay minerals, mostly Al-hydroxides were precipi-
tated by weathering of aluminum-bearing minerals. For sorption calcula-

SEEmE Bhm AIO(OH) tions all relevant hydrated Al-minerals as well as other Aluminumspecies

Diaspore Dsp AIO(OH) (AlIOHamorph) are grouped to "Aluminumhydroxides™ because of the sparse

SCM data sets. The SCM data from y-Alumina is not used due to its differ-
ent crystal structure. For some scoping transport calculations the impact of
gibbsite, which is the most common one of this group, is exemplarily inves-

tigated.

Italics: Selected mineral phases for transport and sorption studies.

* All abbreviations correspond to the international code after /KRE 83/




2.2 Definition of the sediment units

Since 1979, the Gorleben salt dome in Lower Saxony, Northern Germany, is being in-
vestigated by the Federal Institute for Geosciences and Natural Resources (BGR) and
several other research organizations for its suitability to host a nuclear waste repository
/KLI 07, KOE 07/. A comprehensive dataset is available on the geology and hydrogeol-
ogy of the Gorleben salt dome and its overburden. Therefore it was chosen as a refer-
ence site for this work. The Gorleben-Rambow salt structure has a length of ca. 30 km
and a varying width between 1.5 km and 4 km. It strikes SW-NE and is crossed by the
river Elbe and its tributaries Locknitz and Seege at the surface /KLI 07/.

2.3 Geology and hydrogeology of the reference site Gorleben

The Tertiary and Quaternary sedimentary overburden of the salt dome and its neigh-
boring rim synclines form a system of aquifers and aquitards of up to 430 m thickness
/KLI 02/. The basis of the regional flow system is represented by the Tertiary Rupel
Clay. The Tertiary Lower Brown Coal Sands and Eochatt silts and the Quaternary El-
sterian channel sands form the lower aquifer /LUD 02/. The aquitard is a set of the Ter-
tiary Hamburg Clay and the Quaternary Lauenburg Clay Complex, which is superposed
by Weichselian and Saalian sediments representing the upper aquifer /KLI 02/. Main
structural elements of the system are the salt dome itself with the adjacent northwest-
ern and southeastern rim synclines, a contact of the salt dome to the lower aquifer in a
glacial meltwater channel, the so-called Gorleben channel, formed by glacial erosion
during the Elsterian cold stage, and hydraulic windows in the intercalated aquitard,
likewise formed by glacial erosion /KLI 07/.

The hydraulic system can be roughly divided into a lower aquifer, an intercalated aqui-
tard and an upper aquifer (Fig. 2.1). Due to the contact of the Zechstein salt to the
Quaternary aquifer in the Gorleben Channel, salt can be dissolved by the groundwater.
The groundwater shows a stratification into an upper fresh water body and a lower salt
water body /LUD 02/. The groundwater of the lower aquifer is generally saline, while
the upper aquifer predominately shows fresh water conditions. Locally occurring hy-
draulic windows in the aquitard enable the exchange of groundwater between the two
aquifers. The distinct relief of the basis of the fresh water body is caused by the relief of
the aquitard as well as by the regional groundwater flow. The highest fresh water thick-

nesses occur in those areas of the rim synclines where the salt water descends due to
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its higher density as well as where the aquitard is missing. The lowest thicknesses are
found in the entire area of river beds and lowlands north of the river Elbe and above the
Gorleben salt dome. The salt water/fresh water interface rises from the Gorleben
Channel to the north and reaches the water table close to the river Elbe /KLI 07,
LUD 02/.
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Fig. 2.1 Aquifer subdivision in the overburden of the Gorleben salt dome after
/KLI 07/

In this project, the focus was on the sedimentary overburden above the Gorleben salt

dome, which can be classified as follows /KLI 02, ZIR 03/:
e upper aquifer (UAF)
e aquitard (AT)

o lower aquifer (LAF).
The upper aquifer is a highly heterogeneous sequence of mainly Quaternary sediments
originating from the Weichselian and Saalian cold stages. Lithologically, they can be

denoted as arenaceous to pebbly meltwater deposits with a slight calciferous content
IZIR 03/.
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The lower aquifer consists mainly of Tertiary Lower Brown Coal Sands and Quaternary
sands of the Elsterian meltwater channels. Due to the hydrogeochemical processes,
which are place emphasis on in our work, only its upper part is of special interest to us.
To this end, the focus was on the sedimentary compositions found in the upper part of
the lower aquifer. These sediments can be described as fine- to medium-grained are-
naceous sands with a low content of silt and mica. They are generally free of calcium
carbonate and show lignite beds in the upper parts. Due to their high content of quartz,
they are assigned to the ,Quartz Sand Group® /ZIR 03/. The Elsterian meltwater sands
show a sporadic content of brown coal and low contents of mica /ZIR 03/.

The two aquifers are hydraulically separated by an aquitard represented by the Lauen-
burg Clay Complex and the Hamburg Clay. These are argillaceous and silty sediments
with a certain content of mica and calcium carbonate /ZIR 03/. Hydraulic windows ena-
ble the groundwater exchange between the two aquifers /KLI 02/.

In order to define representative mineral compositions for the three sedimentary units
of the Gorleben overburden the weight-percentage of minerals in the sediments need-
ed to be estimated. Comprehensive sediment analysis were carried out by Prof. Dr.
Wolf-Dieter Grimm (Institut fur Allgemeine und Angewandte Geologie, Universitat Min-
chen) and documented by the former Gesellschaft fur Strahlenforschung (GSF) on be-
half of the Physikalisch-Technische Bundesanstalt (PTB), formerly responsible for the
implementing of waste repositories. These reports /GRI XX/ were consulted as well as
different publications by the Bundesanstalt fir Geowissenschaften und Rohstoffe
(BGR) /KAN 92, ZIR 03/. Most of these reports comprise “only” qualitative analysis of
the mineral phases (XRD) with a classification of major constituents (> 25 wt%), minor
constituents (5 — 25 wt%) and accessories (< 5 wt%). The mineral compositions of the
three sedimentary units of the Gorleben overburden as defined for our project are given

in Tab. 2.2. Detailed explanatory statements for each mineral are given subsequently.
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Tab. 2.2 Mean mineral composition of the three sedimentary units UAF, AT and
LAF of the Gorleben overburden (in wt%)

UAF AT LAF
Mineral SaallanS :Iri];nwemh Laugg?# F:?e flay B:\c/l)\ller?ecr:]c?all_gva\{?][j .
meltwater sands and Elsterian Sands
Quartz 85 25 85
Feldspar* 10 5 10
Muscovite 0.5 3 0.5
Gibbsite 0.5 n.r. 0.5
Goethite 0.5 2 0.5
Calcite 2 10 t
Kaolinite 15 15 3.5
lllite n.r. 40 n.r.

applicable for Albite, Anorthite, Orthoclase and Microcline
n.r. mineral phases not quantitativly relevant in the sedimentary unit
t mineral phases only relevant for transport processes

The specification of the lithological distribution was defined based on /ART 98/. Sedi-
ment samples of the upper aquifer were described in this paper as follows: ,As a solid
phase, Pleistocene aeolian quartz sand was sampled from the near aquifer surface.
According to X-ray fluorescence and X-ray diffraction analysis, the uniform fine sand
(dyo = 0.12 mm and dso = 0.18 mm, unconformity U = 1.7) consisted of about 85 %
quartz, 10 to 15 % feldspar and < 5 % of other minerals, e. g., mica and others. Organ-
ic material was found to be < 0.5 %. The grain size analysis showed that silt part was
about 0.25% and clay < 0.1 %”.

The sediments of the two different aquifers are extremely similar and hardly to distin-
guish. /GRI XX/ states that the distribution of the minerals is too irregular to assign a
sediment to a geologic horizon and that merely the carbonate content is varying and
specific for the upper aquifer. Thus, the fractions named by /ART 98/ were used for the
definition of the mineral compositions of the upper and the lower aquifer. For all other
specifications and for the description of the aquitard, approximations were carried out
on the basis of analyses of the element concentrations and grain sizes given by
IGRI XX/ and /KAN 92, ZIR 03/. No data were given for the Hamburg Clay. Hence, for

the aquitard results for the Lauenburg Clay Complex were employed only.
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According to /ART 98/ it is assumed that the aquifers consist of arenaceous sediments
containing 85 wt% quartz and 10 wt% feldspar. The aquitard is dominated by argilla-
ceous to silty components with a higher percentage of clay and calcite and less quartz.
According to /GRI XX/ illite and quartz are the major constituents in all grain size frac-
tions, while the feldspars are only ancillary constituents. Therefore, fractions of 25 wt%

quartz and 5 wt% feldspar were assumed for the aquitard.

As another primary silicate muscovite (mica) is an accessory mineral in the sediments
/IGRI XX, ZIR 03/. In this work, mainly the UAF and the upper part of the LAF is of in-
terest. /ZIR 03/ states that the upper part of the LAF has a low content of mica. The
percentage of mica in the sediments of both aquifers was therefore set to 0.5 wt%. In
contrast to that, the aquitard sporadically shows a higher content of mica than the aqui-
fers /ZIR 03/ and was therefore denoted with a muscovite content of 3 wt%.

The alteration of primary silicates leads to the release of fragments containing silicic
acid and aluminum. These fragments may form clay minerals such as kaolinite and illite
as well as ferrous oxides and hydroxides. One of the stable weathering products is
gibbsite, which /KAN 92/ states to be an accessory constituent of the aquifers. The
content of gibbsite in the aquifers is set to 0.5 wt% and defined the aquitard as gibbs-
ite-free due to the lower content of aluminum-bearing silicate minerals (e. g. feldspars,

mica).

Another stable weathering product of the silicates is goethite, a representative of the
Fe(lll)-oxides/hydroxides. Highly soluble Fe?" is released from ferrous silicates and
then oxidized to Fe®", forming goethite with its typical brown color. The contents of goe-
thite in the three sedimentary units were approximated from the contents of elemental
iron after /GRI XX, KAN 92/ to 0.5 wt% for the aquifers and 2 wt% for the aquitard.

The content of clay minerals is naturally higher in the aquitard than in the aquifer
/ZIR 03/. The approximation of the percentages by weight was based on the particle
size analyses /GRI XX/. Kaolinite as a representative of the 1:1 phyllosilicate minerals
is found as an accessory constituent of the aquifers (UAF: 1.5 wt%; LAF 3.5 wt%) and
as an ancillary constituent in the aquitard (15 wt%). In the aquitard, illite as a repre-
sentative of the 2:1 phyllosilicate minerals is found to be a major constituent (40 wt%),

while no significant illite content was detected in the aquifers.
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The Lauenburg Clay Complex is characterized by a high content of calcite (10 wt%)
/IGRI XX/. In contrast to that, the calcite content of both aquifers amounts to less than
2 wt% /GRI XX/, while /ZIR 03/ states that the upper part of the Lower Brown Coal
Sands is virtually calcium carbonate-free. Therefore, and to achieve considerably differ-
ing results in the modeling of the geochemical processes, the lower aquifer was de-
fined as calcite-free while the calcite content of the upper aquifer was set to a charac-
teristic value of 2 wt% for the Saalian sediments according to /GRI XX/.

2.4 Identification and selection of elements

In order to define representative sorbates (pair of element and mineral phase) to be
considered in the investigations and calculations within this project, the most relevant
elements and mineral phases need to be identified. The selection of mineral phases is
described elsewhere (section 2.1 and 2.2). In the following it is explained, how the rele-

vant elements were selected.

In general the elements can be divided into two groups, (i) elements occurring as radi-
onuclides and (ii) other matrix elements (directly or indirectly) affecting the geochemical

conditions and particularly the sorption behaviour of the radionuclides.

For the radionuclides important criteria are their relevance with respect to the long-term
safety and whether a significant sorption of these radionuclides on the selected mineral

phases is expected. For the matrix elements two main groups can be distinguished,
e cations acting as competitive ions for the sorption sites and

¢ ligands, usually anions, forming complexes with the radionuclides and therewith

usually decreasing their sorption.

241 Radionuclides relevant for long-term safety

In principle for performance assessment studies a selection of radionuclides to be con-
sidered in the calculations needs to be established. A compilation of results from such
selection procedures used in German performance assessment studies can be found
e. g. in /FOE 09/. A typical list of radionuclides taken into account for the near field and

far field calculations is given in Tab. 2.3.
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With respect to the radiation exposure of radionuclides in the biosphere a restricted
number of fission and activation products turned out to be most relevant in recent stud-
ies /BUH 91/, /IKEE 05/, /WOL 08/. In Tab. 2.3 these are marked in brown colour, where
the lighter colour indicates a slightly lower relevance. In order to further restrict the
number of sorbates (and therewith the number of contaminant — mineral pairs) particu-
larly those elements were selected, where a significant impact of a variation in sorption
on the dose is expected. Of course it is also regarded, whether a sorption is expected
at all. Therefore, at this stage it is not consider weakly sorbing anionic nuclides such as
CI-36, C-14 and Mo0-93 (occurring as MoOy).

Tab. 2.3  Radionuclides typically considered in near field and far field calculations
Fission-/activation products Radionuclides from decay chains
H-3 Se-79 Pd-107 Cm-248 Cm-247 Cm-246 Cm-245
C-14 Rb-87 Sn-126 Pu-244 Am-243 Pu-242 Pu-241
CI-36 Sr-90 1-129 Cm-244 Pu-239 U-238 Am-241
Ca-41 Mo-93 Cs-135 Pu-240 U-235 U-234 Np-237
Co-60 Zr-93 Cs-137 U-236 Pa-231 Th-230 U-233
Ni-59 Nb-94 Sm-151 Th-232 Ra-226 Th-229

Ni-63 Tc-99

For the radionuclides from the decay chains, it is not only important, which nuclide con-
tributes to the radiation exposure, but also the behaviour of mother nuclides can
strongly impact the dose from daughter nuclides. Therefore, the actinide elements

listed in the right part of Tab. 2.3 are all to be considered.

A final criterion for element selection is the availability of comprehensive and reliable
thermodynamic data. For Zr and Tc there is still a severe lack of thermodynamic sorp-
tion data. For Sn, high uncertainties in the redox data have been recently identified and
are currently under investigation, thus the issue of a planned NEA TDB data base doc-
ument has been postponed, severely hampering the provision of a consistent thermo-
dynamic data base. For Nb and Pa the thermodynamic data base in general is still not
sufficient and straightforward chemical analogues are not available. As a result the fol-
lowing elements with radionuclides are selected: Ni, Se, Cs, Cm, Am, Pu, U, Th, Np

and Ra.
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It should be mentioned that for reasons of clarity redox reactions are not considered in
this project. For redox sensitive elements usually the higher oxidation state is assumed,

i. e. the following valencies are regarded: Np(V), Pu(lV), U(VI), and Se(VI).

In order to determine the maximum element concentrations, which are needed to es-
tablish the Kg-matrix, far field calculations for a scenario with relatively high radionu-
clide release rates from the near field were regarded (brine intrusion scenario). The
calculations have been performed with a two-dimensional model described in detail in
/IKEE 05/.

The release of contaminated brine occurs in a spatially restricted area at the center of
the contact of the salt dome to the lower aquifer and is treated as a point source. The
highest radionuclide concentrations occur in the vicinity of the point source. Therefore,
the concentrations of the relevant radionuclides considered here were taken slightly
downstream from the point source. The maximum concentrations as calculated by
/IKEE 05/ are listed in Tab. 2.4 and Tab. 2.5.

Tab. 2.4  Maximum concentration for activation and fission products in mol m
Activation and fission products
C-14 2-10° Se-79 4-10" Sn-126 2:10°
CI-36 2:10* Zr-93 7-107 1-129 2:10°
Ni-59 2:10* Mo-93 1-10° Cs-135 8-10™
Tc-99 4-10"*
Tab. 2.5 Maximum concentration for the actinides in mol m3
Thorium decay Neptunium decay | Uranium decay Americium decay
chain chain chain chain
Pu-240 2:10% | Cm-245 | 2:107 | Pu-242 2107 | Am-243 | 9-10”
U-236 4-10° | Pu-241 | 3-10™ |U-238 510" | Pu-239 6-10°
Th-232 8-10° | Am-241 | 9-10° |U-234 3107 | U-235 3-10°
Np-237 2:10° | Th-230 4-107 | Pa-231 3-10°
U-233 3107 | Ra-226 5-10®
Th-229 | 810"

Based on the concentrations shown in Tab. 2.4 and Tab. 2.5 maximum element con-

centrations are proposed for the calculations of the Kg-matrices (Tab. 2.6). For the acti-
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nides the maximum concentrations are more than one order higher than the ones de-
rived from Tab. 2.5 due to the fact that concentrations might be increased by built-up

from the mother nuclides during transport (with the exception of U-238).

Tab.2.6  Proposed maximum element concentrations [mol m~]
Element Max. c Element Max. c Element Max. c
[mol m™] [mol m] [mol m~]
Se 10° Cs 10° Pu 10"
zr 10°® C 10* Np 103
Mo 10°® Cl 10° U 10°
Tc 10° Ni 10° Th 10°
Sn 10" Cm 10° Ra 10°
| 107 Am 10° Pa 107

2.4.2 Other relevant elements

Beside the radionuclides other elements play a role, which might impact the sorption of
the radionuclides. In general, two groups of ions can be distinguished: cations as con-
current sorbates and anions as ligands thereby usually increasing the respective
radionuclide in solution. However, radionuclide ligand complexes might also sorb on
surfaces increasing the immobile fraction of the radionuclide under specific conditions.
Moreover, the major anions and cations defining the ionic strength have also to be

considered.

2.4.2.1 Important cations

Major competing ions are cations, since under the near neutral geochemical conditions
expected the surface charge of the mineral phase of overburden sediments is negative.
Usually, the sorption strength of cations increases with their charge, although other
properties like ionic radius and hydration of the ion play a role, too. Therefore, divalent
and trivalent ions are more important than monovalent ones. Secondly, the concentra-

tion of the cation in solution impacts the magnitude of the competition effect.

In the natural sediment system considered, the major cations are Ca, Mg, Na, and K.
Fe and Al occur in lower concentrations but might also be important, since they likely

are present in the trivalent state. Additionally, Fe is expected to be released from the

21



repository since it is mobilized by the corrosion of the container material. For the calcu-
lations Ca, Fe and Al are selected. The monovalent cations Na and K are known to be
very weakly sorbing cations, i. e. their role as competing ions can be neglected here

but they affect the ionic strength.

2.4.2.2 Important ligands

The complexing ligands CO5*, SO,*, PO,> and SiO;* are important in natural systems.
In highly mineralized waters CI" becomes also important. At Gorleben site organic lig-
ands such as fulvic and humic acids are also relevant, since they can occur in quite
high concentrations up to 200 mg C L™ /BUC 00/.

However, to keep the system simple it is decided to not consider the organic ligands at
this stage. From the inorganic ligands CO3” is expected to play the strongest role, es-
pecially because in several areas of the overburden relatively high CO, partial pres-
sures due to microbial degradation of SOC* are found. Besides CO3?, in this first step
S0,* and SiOs* will be included, since they also occur in relatively high concentrations

at the site. These anions may — together with CI" — also affect the ionic strength.

2.4.3 Concentration ranges of relevant elements

As a basis to identify feasible concentration ranges for the selected elements ground-
water data from Gorleben overburden and and results flow and transport calculations

for radionuclides are evaluated.

2.4.3.1 Concentrations of relevant elements in the Gorleben groundwater

Typical groundwater compositions in the sedimentary overburden of the Gorleben salt
dome are to be documented as a basis for geochemical modeling. Therefore, a com-
prehensive dataset was analysed /KLI 04/ considering the three hydrogeological units

lower aquifer, aquitard and upper aquifer.

'soc —Sedimentary Organic Carbon
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Within the upper aquifer, the dominant groundwater is of the Ca-HCOs-type. The
groundwater of the lower aquifer is characterized by salt water conditions; hence it can
be assigned to the Na-Cl-type. The aquitard features different groundwater types,
mainly the Na-HCOs- and the Na(Ca,Mg)-Cl-type. The three most important groundwa-
ter types in the area are therefore the Ca-HCOs-, the Na-HCOs- and the Na-Cl-type.

For geochemical transport modeling, the most important constituents of the groundwa-
ter are the following ions: Ca, Mg, Fe, Al, CO;*, SO,%, SiO5s%. Their concentrations and
the concentrations of other major ions in groundwater samples were evaluated and are
given in appendix A.3, Tab. A.2 to Tab. A.4. Negative concentrations (Fe, Al, SO,7,
HCOg3, SiO,) and clearly outlying values (Fe, Al pH) of the dataset have been neglect-
ed. On that basis the concentrations for the three hydrogeological units are derived and
given in Tab. 2.7.

Tab. 2.7  Initial groundwater composition in the three sedimentary units according to

/KLI 04/
Upper aquifer Aquitard Lower aquifer
pH 7.5 8.0 7.2
Concentration [mg L™
Ca 48.3 9.72 893
Al 0.05 0.47 0.31
HCO3s 165 218 290
Na 10.1 337 27900
Cl 12.47 18.23 46500
SiO, 21.21 26.13 18.23

2.4.3.2 Concentrations of relevant elements in seawater

For the transport models, the geochemical composition of seawater, precipitation water
and glacial meltwater is necessary to be known. The compounds of salt deposits were
calculated from the composition of average seawater (appendix A.1, Tab. Al
/LAN 02/). These values can be converted to the data given in Tab. 2.8, which are used

for the calculations.
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Tab. 2.8  Composition of seawater after /LAN 02/

Molar _
mass11 . . . a1 Dens@/
[gmol™] | wt% | [g kg™] [gm™] [mol m™] | [mol m™]" | [kg m™]

NacCl 58.453 | 2.73 27.3 27987.96 | 478.81 478.81

MgCl, 95.211 | 0.32 3.2 3280.64 34.46 68.91

KCI 74.5513 | 0.07 0.7 717.64 9.63 9.63

MgSO, 120.365 | 0.23 2.3 2357.96 19.59 19.59

CaS0O, 136.14 | 0.13 1.3 1332.76 9.79 9.79 1025.2

Ca(HCO3), | 162.102 | 0.02 0.2 205.04 1.26 1.26

Cl-total 557.35

K-total 9.63

! Concentration of Cl and K, respectively, as components of the compounds named in the first
column.

2.4.3.3 Concentrations of relevant elements in precipitation water

The concentration of relevant elements in precipitation water was taken from /MAT 94/

and is given for the relevant elements in Tab. 2.9.

Tab. 2.9 Chemical composition of precipitation water /MAT 94/

oH 5.6
Concentration [mol m~]

Ca 2.5.10°

Al 1.5.10°

DIC 2.0-10°

Na 5.0-10°

cl 3.1.10°

2.4.3.4 Concentrations of relevant elements in glacial meltwater

As a glacial meltwater inflow into a model area in northern Germany is expected to re-
sult from melting inland ice sheets, the meltwater is expected to have a similar chemi-
cal composition as the ice. Typical values for major and trace elements are given in

appendix A.2. The values for the pH-value and the relevant elements considered for
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the calculations are shown in Tab. 2.10. The DIC concentration was taken from
IMAT 94/ assuming that the effects of increased solubility in precipitation and de-

creased atmospheric CO, concentration during glacial compensate each other.

Tab. 2.10 Chemical composition of glacial meltwater according to /LEG 88/

oH 5.7
Concentration [mol m™]

Ca 5-10

Al 1.5:10°

DIC 2.0:10°

Na 2.7:10°

cl 2.5-10°

2.4.4 Conclusions for element selection

In order to keep the number of sorbates manageable the list of considered elements is
constrained. For elements occurring as radionuclides the selection was based on their
relevance for long-term safety, on the question whether they are sorbing at all and on
the availability of comprehensive and reliable thermodynamic data. Additionally, rele-
vant cations competing with the radionuclides and complexing ligands (or defining the
background electrolyte), stemming from the natural system or released from the reposi-
tory have been included. Summarizing the findings of all previous section within this
chapter, a final element list can be composed as given in Tab. 2.11 below. Elements
which are considered as environmental parameters E; and therefore to be varied in
their concentration are marked accordingly. Due to the sparse SCM data sets for Cm**
and Pu*" thermodynamic data from the chemical analogues Am* and Th* and their
resulting smart Kg-values are used in r3t instead. Finally, also those elements are con-
sidered which do influence the speciation and thus form part of the ESTRAL.dat data

base, too.
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Tab. 2.11 List of selected elements

Varied
Ei

Considered
in rt

Included in
ESTRAL.dat

Remark

Ni

X

Se

X

Cs

X
X
X

X

Cm

Am

x

Pu

Th

Np

Ra

XX X[ X|X|X|X|X|X|X

Ca

XXX | X]|X|X

Al

For carbonates

Fe

Mg

Na

Cl

Si

For silicates

XIX XXX X[|X|X|X|X|X|X|X|X|X

For sulfates
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3 Evaluation of the data situation for the selected sorbates

For the investigations and calculations within this project, a separate thermodynamic
data base had to be created. Therefore, the thermodynamic data for the representative
elements and mineral phases were identified and extensively reviewed. The selection
of these elements and minerals is described in section 2. In the following it is ex-
plained, how the relevant thermodynamic data for the ESTRAL.dat data base were se-

lected.

In general the data can be divided into three groups: (i) thermodynamic data for the
agueous element species, (ii) thermodynamic data for solid mineral phases, and (iii)
thermodynamic sorption data for the representative sorbates (pair of element and min-
eral). Evaluation criteria and the selection process as well as remarks to individual data
records are given in the following section for all of these groups. The elements and
phases to be considered are explained in section 2. For some of the elements thermo-
dynamic data from chemical analogues have to be used to fill critical data gaps. This

pertains to all three groups and is namely the case for
e trivalent lanthanides for Cm®" & Am*®*;

e Ce*, U, and Np* for Pu** and Th**;

e Ba®* and Sr** for Ra**, and

e Rb'forCs".

3.1 Thermodynamic data for agueous species

All necessary formation constants for aqueous complexes were collected from interna-
tional referenced data bases. If this was not possible the original literature was evalu-
ated. To ensure a high level of consistency, solubility products for mineral phases were

taken form the same references whenever possible.

Primarily, the Nagra/PSI Chemical Thermodynamic Data Base Version 01/01
(Nagra/PSI TDB 01/01) formatted for PHREEQC /HUM 02/ was the basis for the
ESTRAL.dat data base. In addition, data for the elements Ni, Th and Se, not appropri-
ately covered by /HUM 02/, were taken from the NEA TDB reviews /GAM 05/, /RAN 08/

and /OLI 05/, respectively. In addition, all updates for actinide data published in
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/GUI 03/ have also been incorporated. Another important addition was the

Ca,U0,(C0s3); aqueous complex with data taken from /BER 01/.

The relevance of various aqueous species, primarily Al and Si complexes, was re-
viewed within the ESTRAL.dat data base development. It has been found that most da-
ta for such species are from studies at pH < 4.0. Extrapolations to higher pH-values are
not possible. Therefore, such complexes (e. g. AmSiO(OH)z?*, FeSiO(OH)3%*) were de-

leted from our data base.

3.2 Thermodynamic data of mineral phases

As for the aqueous species, /HUM 02/ was the primary source of thermodynamic data
for solid phases. As for the aqueous species, the respective NEA TDB volumes
/GUI 03/, /IGAM 05/, /RAN 08/ and /OLI 05/ have been used to update data. Solid min-
eral phases, which are not relevant for this project, were deleted (e. g. graphite). How-
ever, for some solid mineral phases /HUM 02/ did not provide thermodynamic data.
Therefore, solubility products for albite, anorthite, chlorite, illite, muscovite and mont-
morillonite have been supplemented from ThermoChimie Version 7b (ANDRA data
base) /BRU 01/. For albite, low- and high temperature structural modifications are
specified in the ANDRA data base. Here, the albite-low has been used, which is stable
below 700 °C with an ordered Si-Al arrangement. Data for goethite, hematite and
K-feldspar have been taken directly from the original literature. Thermodynamic data
for K-feldspar have been calculated from logK(T)-functions found in /ARN 82/,
/ARN 99a/, /ARN 99b/ using T =298.15 K. Data for goethite have been taken from
/COR 03/, primary data source is /SCH 63/ (solubility measurements). Data for hema-
tite were taken from /WAG 69/. Generally, all values supplementary and changed with
respect to /HUM 02/ are clearly marked in the ESTRAL.dat data base.

A summary of mineral phases defined to be relevant (Tab. 2.1) and their referenced

solubility products (logK) is listed in Tab. 3.1.
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Tab. 3.1  Thermodynamic data for relevant minerals

Mineral Reaction logK Reference
Albite * NaAlSi;Og = Na*" + AP* - 4H* + 3H,SiO, - 4H,0 2,74 n.s. A
Anorthite CaAl,Si,0g = Ca®" + 2AP" - 8H* + 2H,(SiO.) 25,31 n.s. A
Calcite CaCO; = Ca®* - H' + HCOg 1,85| /PLU 82/ N
Chlorite 2 (MQ2.g64F€1 715F€0.215Al1 116Ca0.011) (Siz.633Al1 367)O10(OH)g = 0.011Ca*" + 2.964Mg?* 61,23 n.s. A
+0.215Fe®*+ 1.712Fe®" +2.483AI°" - 17,468H" + 2.633H,(Si0,) + 7.468H,0
Gibbsite Al(OH); = AF* + 3H,0 - 3H" 7,76| /COX 89/ N
Goethite FeOOH = 2H,0 - 3H" + Fe** 1,40| /SCH 63/ L
Gypsum CaS0,:2H,0 = Ca** + SO,* + 2H,0 -4,58| /NOR 90/ N
Hematite Fe,03 = 3H,0 - 6H" + 2Fe® -3,76| /WAG 69/ L
e 3 Ko.85F€0.25Al2,6Si3.15010(OH), = 0.850K" + 0.250Fe*" + 2.6AI** - 9.4H* 10,07 n.s. A
+ 3.15H,(Si0,) - 0.6H,0
K-Feldspar KAISi;Og + 4H* + 4H,0 = AP* + 3H,Si0, + K* -2,88| /ARN 99a,b/
Kaolinite AlLSi>O5(0OH), = 2A1FY + 2Si(OH),4 + H,0 - 6H" 7,441 /NOR 90/ N
Montmorillonite * | Nag 33Mgo.33F€o.67Al 0Sia010(0OH), = 0,33Na?" + 0,33Mg** + 0.67Fe** + 1,0A1%" - 6H" 2,89 n.s.
+ 4H,(Si0,) - 3.96H,0
Muscovite KAI;3Siz010(0OH), = K + 3AP - 10H" + 3H,(Si0,) 14,00 n.s.
Quartz SiO, = Si(OH), - 2H,0 -3,746| /GUN 00/ N
! Albite-low n.s. complete reference not specified in ANDRA data base
2 Chlorite-Cca-2 A: ANDRA /BRU 01/
3 llite-Fe" L: original literature

* Fe-Montmorillonite-Na N: NAGRA/PSI /HUM 02/




For the model area a constant temperature field of 14 °C is assumed as a mean value
between the natural 8 °C at the surface and 20 °C in 400 m depth. However, a conver-
sion of the thermodynamic values from the reference temperature of 25 °C to 14 °C is
not necessary. The expected reaction enthalpies AH for relevant mineral phases (e. g.
anorthite, calcite and gibbsite) have been retrieved and used to predict the temperature
effect on logK by means of the van’'t Hoff approximation, but the observed changes in
the solubility always lie within the error limits. For goethite and hematite, however, AH-

values were not accessible in the original literature.

3.3 Thermodynamic sorption data

The sorption of radionuclides onto mineral surfaces is described by Ky-values based on
Surface Complexation Models (SCM). To establish a respective data base, the follow-

ing strategy was obeyed:

e In a first step, a literature survey mainly based on the RES3T data base helped to
define the chemical system, i. e. the mineral properties and the set of surface spe-
cies. (Rossendorf Expert System for Surface and Sorption Thermodynamics)
/BRE 03/, which is available under www.hzdr.de/RES3T. RESS3T is a digitized
thermodynamic sorption data base and is implemented as a relational data base.
This data base is mineral-specific and can therefore also be used for additive mod-

els of more complex solid phases such as rocks, sediments or soils.

e The value for the specific surface area is strongly dependent on the sample history
and grain size fraction. It can not be generalized, so the respective experimentally

determined values were used for the computations.

¢ All reaction constants were converted to infinite dilution (when necessary) by as-
signing activity coefficients based on the Davies-Equation /DAV 62/ to all dissolved

species.

e Because the reported reaction constants are related to different site densities, it
was necessary to convert the values to a reference state to enable comparison and
averaging. Here, the procedure according to Kulik /KUL 02/ was followed, based
on a reference surface site density of 2.31 sites nm™. This value of course was

then also used for all subsequent predictive modeling.
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To keep the system as simple as possible, in no case was a distinction between
strong and weak binding sites applied. The values of pK; and pK, for the two suc-
cessive protolysis steps always refer to the following deprotonation reactions, with

=X-OH denoting a generic neutral surface binding site:

PKy: =X-OH," = =X-OH + H*

PKy: =X-OH = =X-O"+H’

When the data situation was too sparse, various approximations were utilized to
derive a sensible chemical model, namely the estimations based on crystallog-
raphy and thermodynamics as published, e. g., by Sverjensky and co-workers
ISVE 96/ or the extrapolation from chemically similar systems (with regard to both
mineral and sorbent) by applying the Linear Free Energy Relationships (LFER) as,
e. g., described by Dzombak and Morel /DZO 90/. If such approaches failed, a
simple transfer of data from chemically similar systems (with identical charge) was
accepted. There, as a last resort, parameters based on electrostatic double layer
(EDL) terms different from the chosen SCM (here: DDLM, see below) were also
taken into account. Preliminary uncertainty analysis /RIC 07/ showed for most cas-
es that the sorption modeling error imposed by omitting a surface reaction totally is
much larger than assigning a respective surface complex formation constant with

large uncertainties.

After normalization, the data records applying to the same reaction (mineral sur-
face protolysis and surface complex formation) were compared and judged to iden-
tify and exclude outliers and doubtful data points. The remaining sets were then
averaged to obtain respective model parameters and also an estimation of their

uncertainty.

The Diffuse Double Layer /DZO 90/, /STU 70/, /[HUA 73/ model (DDLM) was chosen as

a rather straightforward SCM variant, again to keep the number of parameters at a min-

imum, but also because many published data sets are based on that SCM type. It is al-

so one of the three models that are currently supported by the PHREEQC speciation
code /PAR 99/.

The approach is based on a diffuse layer at the interface solid/aqueous electrolyte. An

important advantage of this rather simple approach is that there are no electrostatic pa-

rameters required at all. It is assumed that: (i) All surface complexes are inner-sphere
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complexes (ii) no surface complexes with the ions of the background electrolyte can be
formed, (iii) two charge layers represent the mineral surface (diffuse layer and helm-
holtz layer, which is charge-free) and (iv) the correlation between surface charge and
surface potential can be explicitly described by the Gouy-Chapman equation. Depend-

ence on the ionic strength is taken into account as long as it is below 0.1 mol L™.

RESS3T provides SCM data for the most relevant minerals (or mineral groups) within this
project (Tab. 3.2). The data sets related to DDLM (given in brackets) are clearly pre-
ferred. Only in case of insufficient data sets, chemical analogues (both in terms of the
sorbent and the sorptives), estimations/correlations or data related to other SCM mod-

els are used to enlarge the available data pool.

Tab. 3.2 Number of SCM data sets retrieved from RES3T /BRE 03/

0 ) D

ik N g o % % é = i‘% 3 é

gg3 § & g S82 EL 5 ¥,m S

£E£° > | 3 | £ T 23 & 2®= £

== o (@7 L = ILoc | <c ¥ |= 0 € W
Radionuclides
Cs', (Rb") 12 |1* |* 7 2 5 27
Ra*, (Sr**,Ba*) |7[2] * * 20 7 5 39 [2]
Ni%* 9 6 [3] 2 5 22 44 [3]
Am*, Cm*, (REE) | 19 [3] | * * 40 [16] 9[6] |65[8] |133[33]
E;i:: Uf) €™ g+ 1+ a0[9) 4 13 |65[12]
NpO,* 31 * 6[6] 18[8] |11[8]2[2] |6[4] |46[29]
uo,? 64[8] 2[2] |5[5] 196[66] |7 15[9] | 25 [12] | 314 [102]
Se0,” 15[2] |1[1] 16 [3]
Matrix components
ca® 7 10 [3] 4 6 27 [3]
APR* 3 4 7
Fe3* 2 3 5
CO5” 52 [4] 52 [4]
SiOs” 10 2 12
SO~ 1 23[10] |4[3] |2 30 [13]
¥ elements 132 |3 11  [443 29 |48 [151 817

[17] |[2] |[11] |[121] [12] |[17] |[24] [204]

# Applicable for minerals described in Tab. 2.1 (including amorphous Silica and Al(OH)3)
*  Additional SCM-Data from batch experiments GRS

() Analogues

[ ] DDLM data sets only
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With the exception of feldspars and mica, the data matrix is filled densly enough to al-
low for a robust modeling. Sorption data for missing mineral phases are obtained from

batch experiments described in section 4 (Cs*, Sr**, Eu®" onto orthoclase/muscovite).

The selection of the main SCM parameters is described below in detail. All formation
constants for surface complexes as well as the mineral surface protolysis values and
their equations and references were included in the ESTRAL.dat data base (see at-

tached PDF version).

3.3.1 Specific Surface Area (SSA)-values

Firstly, it is described, how data have been derived for those minerals, for which also
sorption experiments (section 4) are performed within this project. SSA values have
been measured for these materials from the same samples as used in the experiments.
This concerns orthoclase, kaolinite, muscovite, and quartz, with the latter being investi-
gated both in untreated and treated form. The treatment consisted in heating to 550 °C
for 48 — 60 hours (to destroy organic material), repeated acid refluxing in 4M HNO; (to
dissolve and remove traces of aluminum and iron oxides), repeated washing in deion-
ized water, adjustment to pH 9 — 10 (to leach readily soluble silica), repeated acidic
washing, and washing and decanting in deionized water for eight times /DAV 01/. The
following methods have been applied: Multi-point N, method after Brunauer, Emmet
and Teller (BET, NOVA 2000e, Quantachrome) in cooperation with iPAT, TU Braun-
schweig; Multi point N,-BET (mod. Coulter SA 3100, Beckman Coulter, Fullerton, USA)
by HZDR; and grain size determinations using a Laser Diffraction System (LRS, Helos
& Sucell, Sympatec) in cooperation with iPAT, TU Braunschweig with subsequent data
processing according to /BEN 44/. In addition, the manufacturer's specification for

guartz has been used, too.

Secondly, data for other representative mineral phases in the model area Gorleben,
which have not been used for sorption experiments, have to be derived. SSA-values for
these materials have been selected from references in RES®T (without amorphous sili-
ca or alumina). Currently, there are different methods applied to derive SSA-values in
RES3T (in descending order according to their usage): the BET sorption isotherms ob-
tained with different gases (N,, Ar, Kr, He, or mixtures thereof), geometrical calculation
based on crystallographic data, water vapor adsorption, scanning electron microscopy,

ethylene glycol monoethyl adsorption, 'Saers' method, methylene blue adsorption, or
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rhodamin B adsorption. However, for this project only references with defined experi-
mental techniques were used. References with unspecified or unknown techniques,

e. g. assumption, not specified, literature, geometrical calculation, are not considered.

All SSA-values from sorption experiments as well as from references in RES3T are

summarized in Tab. 3.3 with the last column giving the selected mean values.

Tab. 3.3  Specific surface areas (values in m2 g™) for minerals used in sorption ex-
periments* and other representative mineral phases in the model area
Gorleben

Reported uncertainties correspond to two sigmas (recommended values for averaging are

highlighted in grey).

Method BET BET Mean RES3T Fitted Grain size | Selected

Mineral (iPAT) | (HZDR)! SSA dio °[um] | mean SSA
(GRS)?

Quartz 0.3* | 0.7+0.01 1.7+0.7 - 25 0.5+0.3
(untreated)*
Quartz - 0.8+0.01 - - - -
(treated)
Orthoclase* 0.8 0.9+0.01 0.2-22 15 2.4 15
Muscovite* 0.7 0.7+0.01 14-5.2 6 49 6
Fe-minerals - - 48+ 5 - 09+£0.8 48+ 5
Gibbsite - - 269 - 0.8+0.1 269
Kaolinite* 11 11+ 0.04 16+ 3 - 1 11 +£0.03
Mixed-layer - - 55+ 11 - 18+£15 55+ 11
clay-mineral

! Mean of twofold measurements of two samples

2 Fitted SSA from mean BET (iPat and HZDR)

% dio [um] = effective grain size at 10 wt% sieving

* Manufacturer’s specification

It has been shown that for quartz (untreated) and kaolinite, the averaged SSA values
from both BET measurements (iPat and HZDR) compares well with references in
RESST and are taken for further modeling of K4-values. The SSA for orthoclase and
muscovite show a typical bimodal distribution. Here, the fitted SSA (section 4.4), which
are in the upper range of the cited literature (Tab. 4.5), are used for further modeling.
The SSA for gibbsite, Fe(lll)-minerals and mixed-layer-clay minerals (montmorillonite,

illite) are taken from references in RES®T (appendix).
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In the course of the modeling of smart Ky-values, the initial calculated Kgs, which were
obtained with primary selected mean SSA-values (Tab. 3.3), were much higher than
expected for the Gorleben site. Obviously, it is important to consider the site-specific ef-
fective grain size for the modeling. The mean effective grain size for the three sedimen-

tary units based on /GRI XX/ and is given in Tab. 3.4.

Tab. 3.4  Mean effective grain size for Gorleben sediments /GRI XX/

Sedimentary unit dio [UM]* £ 20
UAF 170 £ 50
AT 14 £ 30
LAF 139+ 30

* d,o = effective grain size at 10 wt% sieving

Consequently, the primary SSA-values of known grain size (Tab. 3.3) were correlated
with the site-specific grain size for Gorleben sediments. These correlated SSA-values

for the relevant minerals are presented in Tab. 3.5.

Tab.3.5 Recommended correlated values for specific surface area (SSA in m2 g™)

for Gorleben minerals

Sedimentary unit UAF AT LAF
Mineral/-group
Quartz 0.007 0.09 0.009
Feldspars 0.21 2.55 0.257
Mica 1.72 20.86 2.10
Fe(lll)-oxides/-hydroxides 0.26 3.19 0.32
Aluminumhydroxides 0.11 n.r. 0.14
Kaolinite 0.07 0.81 0.08
Mixed-layer clay minerals n.r. 6.88 n.r.

n.r.: Mineral phases not relevant in the sedimentary unit

3.3.2 Surface protolysis constants (pK-values)

Concerning the surface protolysis the 2pK model has been selected as there are much
more data published for this approach compared to the 1pK model. For those minerals

possessing several chemically distinguishable reactive surface groups (e. g. silanol and
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aluminol surface sites on clay minerals) generic sites have been used here. This af-
fects both surface site densities (SSD) and pK-values. As generally the values of pK
and SSD are not independent from each other a methodology to compare and average
thermodynamic constants originating from different sources is required. Following the
normalization concept recently introduced by /KUL 02/ and setting the reference site
density I' to 2.31 sites nm? /TUR 96/ and /DAV 90/ the protolysis constants as well as
the surface complexation constants are normalized according the following equations:

log K" = log K* + d-log (Tey / Tpy), (3.1)

with the indices ex meaning the experimental value and n the normalized value. The
factor d accounts for the denticity of the surface complex, i. e. to how many binding
sites the surface species is bound simultaneously. For the most often encountered bi-
dentate complexes d equals 2. In the special cases of protolysis constants, this equa-
tion changes into

pK1" = pK1™ + log (Tey / T) (3.2
for the first protolysis step: =XOH," = =XOH + H"
and into

pKo" = pKo™ - log (Tey / T'py) (3.3)
for the second one: =XOH = =XO"+ H".
All normalized pK-values for both protolysis steps are listed below in Tab. 3.6. The
above equations allow for adjustments of pK (and log K) parameters to any other pre-

ferred SSD. As stated earlier, values related to the DDLM are preferred, only in case of

missing data values from other EDL submodels are used.
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Tab. 3.6 Recommended pK-values from RES3T and batch experiments’ for both

protolysis steps

Mineral/-group pKy*! pK,*! ’?lr?'Roé;.TL'
Quartz -1.13 + - 6.92 + 0.61 1/7
Feldspars 6.90 + 0.87 772 + 0.26 2"
Mica 6.42 + 0.40 8.08 + 0.44 2
Fe(lll)-oxides /-hydroxides 723 + 0.29 9.73 + 0.39 24
Aluminiumhydroxides 7.06 + 0.60 9.84 + 0.65
Kaolinite 8.44 + 0.21 9.20 + 1.06
Mixed-layer clay minerals 535 + 0.75 794 + 0.72 3

! values normalized to reference binding site 2.31 sites nm2 and corrected to | = 0 M using
Davies equation. All reported uncertainties represent 95 % confidence limit (+ 2c).

2 Original references are given in the attached ESTRAL.dat data base (PDF-version) and their full biblio-
graphic details are cited in RES3T

3.33 Formation constants of the surface complexes (logK)

The necessary surface complexation constants (log K-values) for the representative
sorbates (pair of element and minerals) are collected from RES3T as well as from the fit
of experimental sorption data (section 4). Following the above equation (Eg. 1), all sur-
face complexation constants (log K-values) are normalized to a reference binding site
density of 2.31 sites nm™ and are corrected to infinite dilution using Davies equation.
However, it is very challenging to reach general consensus about stability constants for
surface complexes, as i) they are specific for each combination of mineral and sorptive,
thus often drastically limiting the amount of published data sets (with many combina-
tions not covered by any data at all) and ii) the non-uniqueness of the chemical species

set, I. e. the stoichiometry of the surface complexes.

The selection of the surface complexation constants is still under discussion due to
their relevance. For those minerals of relevance for long term safety analyses where
only very few respective data are published a pooling with mineralogical similar materi-
als is done. Moreover, for various minerals where no formation constants for surface

complexes have been published at all data from sorption experiments are used.
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4 Batch experiments for contaminant/mineral systems

It is recognized that for some of the relevant mineral phases, particularly feldspars and
mica almost no sorption parameters for surface complexation models are available
(Tab. 3.2). On that basis mono-, bi-, tri- and tetravalent cations are applied to perform
sorption experiments. Conducted batch experiments implement cesium (Cs”), stronti-
um (Sr?"), europium (Eu®"), and thorium (Th*") in combination with orthoclase and mus-

covite which are representative minerals for the Gorleben site.

The objectives of the conducted batch experiments include the assessment, evaluation
as well as processing of the collected sorption data by means of the geochemical spe-
ciation code PHREEQC in combination with UCODE. In addition, the verification of the

chosen bottom-up approach is also aimed to be verified (section 6.3.1).

PHREEQC is a geochemical modeling code for simulating chemical reactions and
transport processes in water, including speciation and batch-reaction, 1D reactive
transport, and inverse modeling. For speciation and batch-reaction calculations,
PHREEQC numerically solves sets of nonlinear mole-balance and mass-action equa-
tions. The most recent version of PHREEQC may be obtained from the USGS via the
URL http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/.

UCODE is a universal parameter estimation modeling code that can be used with exist-
ing process models (software packages) to perform sensitivity analysis, data needs as-
sessment, calibration, prediction, and uncertainty analysis. The only requirements in-
volve text input and output files that need to be supplied by the applied process mod-
els. Furthermore, the required models have to be executed from a single batch file and
simulated values need to be continuous functions of the parameter values /POE 05/.
The first version of UCODE was released in 1998 /POE 98/. An updated version
(UCODE_2005) was constructed using the JUPITER (Joint Universal Parameter Identi-
fication and Evaluation of Reliability) application programming interface conventions
and modules /BAN 06/. The latter version is applied in this study. The most recent ver-
sion of UCODE may be obtained from http://igwmc.mines.edu/freeware/ucode/. From

here on, UCODE always serves as an abridged synonym for UCODE_2005.

The measured data sets are enclosed in this report and can be obtained from the ap-

pendix Tab. A.8 to Tab. A.12. The tables show data that have already been processed
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by means of error estimation and calculation for every data value as well as corrections
for outliers. Further and more detailed information regarding error calculations and data
processing may be obtained from /BRI 11/. According error-assessment calculations

are conducted regarding Cs* and Sr?*, respectively.

Prior to all batch experiments pretests are carried out to determine the minerals’ com-
position, the best range of solid-liquid ratios, pH-conditions as well as element concen-
trations. Further information regarding undertaken pretests is described in detail in
/BRI 11/.

Since the minerals are purchused from different merchants, preconditioning of the min-
erals vary significantly. To some extend, preconditioning treatments may impact the
minerals’ surfaces and hence result in altered surface complexation reactions and
rates. According information and a detailed discussions on the minerals’ conditioning

processes can be obtained from /BRI 11/.

4.1 Overview

Via pretests best suitable geochemical conditions are defined for the planned batch
experiments. Sorption data assessed via the final batch experiments are processed
through PHREEQC in combination with the inverse parameter-estimation code UCODE
aiming to obtain equilibrium constants (logK). Therefore surface complexation parame-
ters (SCP) such as the surface site area (SSA), the surface site density (SSD) as well
as protolysis constants (pK1 and pK2) of the applied minerals are required. In order to
derive these mineral-specific constants titration experiments employing muscovite and

orthoclase are conducted prior to the final batch experiments.

Tab. 4.1 offers an overview of the undertaken experiments, the developed PHREEQC
models as well as the obtained SCP. The following sections deal with each experiment

and its generated model in detail.
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Tab. 4.1  General experimental overview including subsequent data processing,

model-development and formation-constant assessment

Experiments Model Model input Surface com-
PHREEQC plexation pa-
rameter
Titration experiment Titration model | Equil. solution, titrants, pro- | SSA, SSD, pK1,
Musco.. Ortho (TM) tolysis const., surface veri- | pK2

fication (SSD, SSA, M/V),
exchange (muco. only),

mix-function
Batch experiment Surface com- | Equil. Solution, equil. logK
ot o2t plexation mod- | phases, protolysis & for-
gl:glzo' E8p I el (SCM) mation const., pH
Batch experiment SCM s.a. + cation exchange, ap- | logK a (strong site)
Musco. - Cs* Sr2+, plication of_strong and logK b (weak site)
Eud weak bonding sites

In addition to the listed experiments in Tab. 4.1 batch experiments applying Th** are al-

so conducted. They are separately discussed in the appendix (section A.8.1).

4.2 Experimental set-up

The follwoing section offers a brief overview of the conducted batch and titration exper-
iments. Generally, more detailed information on the experimental course of the study,

applied methodologies and geochemical conditions can be obtained from /BRI 11/.

4.2.1 Titration experiments

Following the experimental set-up of /ARN 01/, the equilibrium solutions of muscovite
and orthoclase are applied to conduct titration experiments in order to derive SCP such
as pK-values, SSD, and SSA via computational evaluation of the data sets (section
4.4.1).

The samples are treated separately under argon atmosphere. 0.01 M HCI| and 0.001 M
NaOH solutions are applied for the titration of 80 ml 0.1 M sodium perchlorate (NaClOy)
and 1 g suspended solid phase (sediment fraction 63 — 200 um). Titration starts after
the background solution (0.1 M NaClQ,) is equilibrated with the mineral which takes

approximately 4 months for muscovite and orthoclase, respectively. The titration-
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program consists of an acid and accordingly base application of 60 — 2000 uL every 2

minutes.

4.2.2 Batch experiments

Fig. 4.1 illustrates the procedure of the experiments including pretests and the experi-
mental course of the final batch experiments. Pretests are conducted in order to devel-
op the experimental matrix for the batch experiments applying the elements Cs®*, Sr**,

and Eu*".
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Tab. 4.2 shows the matrix of the experiments. Two solid-liquid ratios (M/V) are applied,
each M/V covering element concentrations of 10, 10%, 107, and 10®mol L. For every
single concentration mineral suspensions composed of muscovite and orthoclase in
0.01 M NaClO, (inert background solution) are prepared with pH-values ranging be-
tween 4 and 9. Moreover, each combination is conducted three times for threefold
measurements and subsequent statistical analysis. This experimental set-up results in
576 samples. The experiments are divided in two batches according to the
minerals — hence, each mineral is represented by 288 samples, excluding undertaken

Th** experiments.

Tab. 4.2  Matrix of the final batch experiments employing muscovite and orthoclase
wit Cs*, Sr**, and Eu*".

Element concentration, pH, and solid-liquid ratio (M/V) regarding each mineral and element

are varied.
Parameters Muscovite & Orthoclase
M/V [g mI™] 1/20, 1/80
Cs', Sr**, Eu®* [mol LY 10°, 10, 107, 10°
pH-range 3-9

At first, the minerals are sieved to 63 — 200 um. Solid/liquid ratios of 1/20 g mI* and
1/80 g mlI™* are applied. Hence, 2 g and 0.5 g of the minerals are mixed with 40 ml
background solution (0.01 M NaClO,) in LDPE-vessels, respectively. By adding appro-
priate amounts of 0.01 M, 0.1 M, and 1 M HCI and NaOH to the suspensions the men-
tioned pH-values are employed over a time range of approximately three months for
each mineral. Throughout the whole experiment the samples are shaken head first. Af-
ter the suspensions show no significant pH variations over 24 hours, according element
concentrations are added. The elements are obtained from ICP-MS CertiPUR norm-
solution (ICP Standard, 1000 mg L™, Merck KGaA, 64271 Darmstadt, Germany). Equi-
libration between the elements and the suspension is set to take place within 24 hours
(/BRA 05a/, /ADE 94/). The samples are centrifuged at 4000 r.p.m. for 30 minutes and
filtered through 0.02 um Anotop syringe filters obtained from Whatman. Data acquisi-

tion is achieved via subsequent ICP-MS measurements.
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4.3 Results

Following, the measured element concentration in solution after conducting the batch

experiment is referred to as the equilibrium concentration.

First of all, the collected data is corrected for outliers. Outliers are identified by consid-
ering standard statistical procedures such as determining the standard deviation of the
equilibrium concentration in the sample solutions regarding the threefold measure-
ments. Each measurement whose absolute difference of the determined equilibrium
concentration and the threefold measurements’ mean is larger than the standard devia-

tion is excluded from the data set.

Moreover, in order to determine percentage sorbed all measured equilibrium concen-
trations have to be corrected for errors relating to slight offsets regarding the solid-
liquid ratio and for errors resulting from mineral dissolution. Hence theoretical initial el-
ement concentrations C,are defined. For e. g. Eu*, C, comes up to 1520 pgL™ referring
to 10 mol L™ which serves as a start value for subsequent error analysis. Each equilib-
rium concentration is corrected, hence preventing calculated sorbate concentrations to

be biased.

The entire data base is provided by means of Tab. A.8 to Tab. A.12 in the appendix.
The attached tables also provide limits of quantification (LOQ) and limits of determina-
tion (LOD) as a means to estimate the measuring accuracy of the ICP-MS. Determined
concentrations lying below the LOD are removed from the data base and are hence not

represented in figures or tables.
All of the following illustrated results correspond to data that has already been pro-

cessed through the elimination of biasing, measured values.

431 Titration experiments

Determined titration curves are illustrated in Fig. 4.2 a) and b). Data correspond well

with expectations.

The pH-values of the equilibrated suspensions come up to 7.2 and 7.6 for muscovite

and orthoclase, respectively. Furthermore, as expected the collected data reveals that
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orthoclase is characterized by a slightly greater buffering capacity compared to musco-

vite. A more detailed discussion of the results presented in Fig. 4.2 can be obtained

from section 4.4.1.

a) 10
pH

b) 10
pH

Fig. 4.2

20 15 10

NaOH application HCI application

* 4000 00000000000“

NaOH application

LT
* e
0"".
0..
*

5

HCI application

10 15 20
[ml]

Titration curves for muscovite a) and orthoclase b) conducted after

/ARN 01/
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4.3.2 Batch experiments involving Cs”*

Muscovite

Fig. 4.3 illustrates the collected data of muscovite-Cs* batch experiments. Fig. 4.3 b)
shows clear concentration- and M/V-dependencies relating to higher sorbat concentra-
tions with an increasing amount of applied mineral. Furthermore, higher monitored
sorbat percentages associate with decreasing element concentrations, as expected.
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Figure a) offers pH-dependencies, figure b) illustrates the sorbat concentration in % of each

sample. Different M/V, pH-conditions, and concentrations are displayed.

However, pH-dependencies are only significantly developed in environments holding

high Cs* concentrations referring to 10° mol L™. Lower concentrations show no distinct

dependence on the suspensions’ pH which is indicated by evenly distributed sorption
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data throughout the applied pH-conditions (Fig. 4.3 a)). Referring to initial Cs* concen-
trations of 107 mol L™ and 10® mol L™ the measured data might already represent the

maximum of the effective sorbat concentration (sorption-plateau).
Orthoclase

Regarding the orthoclase-Cs” batch experiment, results do not meet any expectations
made beforehand. In fact, results illustrated in Fig. 4.4 indicate procedural errors

throughout the experiment.

No reasonable, reliable explanation can be found to describe decreasing relative
amounts of sorbat concentration correlating with decreasing element application.
Hence, data displayed in Fig. 4.4 are excluded from further data processing proce-

dures.
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Fig. 4.4 Results of the orthoclase-Cs* batch experiment

Figure a) offers pH-dependencies, figure b) illustrates the sorbat concentration in % of each
sample. Different M/V, pH-conditions, and concentrations are displayed.

4.3.3 Batch experiments involving Sr**

Due to technical constraints Sr?* batch experiments only comprise three different ele-
ment concentrations. The limit of quantification of the analytic device (ICP-MS) equals
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10* mgL™. Hence, applied Sr*concentrations range between 10° mol L* and
107 mol L™,

Muscovite

As shown in Fig. 4.5 obtained results follow expectations, relating to distinct
pH-dependences as well as weakly pronounced M/V-dependences. This is shown by
the correlation of rising sorbat concentrations and increasing pH-conditions, as well as

slightly lower sorbed Sr?* concentrations regarding smaller solid-liquid ratios.

However, throughout the applied chemical conditions relative sorbat concentrations of
100% cannot be observed. Furthermore, Fig. 4.5 b) indicates that no explicit differ-
ences in sorption behavior based on varying element concentrations are monitored
which results in similar relative sorbat amounts regardless of the initially applied Sr**
concentration. Only data describing a Sr** concentration of 107 mol L, M/V 1/20 dis-
plays higher relative sorbat concentrations compared to the rest of the experimental re-

sults.

However, overall the collected data-set shows great reproducibility and hence offers

robust and reasonable results.
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Figure a) offers pH-dependencies, figure b) illustrates the sorbat concentration in % of each

sample. Different M/V, pH-conditions, and concentrations are displayed.

Orthoclase

Fig. 4.6 illustrates results obtained from Sr**-orthoclase batch experiments. Regarding
Sr** concentrations of 10° mol L™ and 10° mol L™ the collected data represents ex-
pected dependencies and characteristics. A strong pH-influence can be observed

which is represented by rising sorbat concentrations correlating with increasing pH
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conditions. Moreover, the figure clearly shows the applied concentration’s impact refer-

ring to higher relative sorbat amounts relating to decreasing element applications. The

influence of the solid-liquid ratio is not explicitly indicated and shows only minor impact

on the measurements.
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However, regarding initial Sr** concentrations of 10”7 mol L, measurements show an
inconsistence referring to the correlation of the pH and the amount of sorbed Sr".
Comparing sorbat concentrations of 10 mol L™ applied Sr** (M/V 1/80) with concentra-
tions of 107 mol L™ Sr** (M/V 1/20), it is not understood why the measurements indi-
cate fewer surface complexes concerning the smaller element input, even though sam-
ples hold higher pH-values and a higher solid-liquid ratio. Since the measurements
cannot be explained by any means, they are neglected regarding the subsequent de-

termination of surface complexation parameters.

However, generally speaking none of the chosen conditions allowed the entire applied

Sr?*-concentration to be sorbed onto the minerals surface.

4.3.4 Batch experiments involving Eu®*

Muscovite

Both images in Fig. 4.7 illustrate expected results. An explicit correlation between the
elements in solution and the sorbat concentration in comparison with the pH and the
solid-liquid ratio can be observed. This is represented on the one hand by decreasing
equilibrium concentrations with increasing pH-values, and on the other hand by gener-
ally higher equilibrium concentrations, respectively lower sorbat concentrations relating
to the smaller solid-liquid ratio. Detailed values of the measurements can be obtained

from Tab. A.11 in the appendix.
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Figure a) offers pH-dependencies, figure b) illustrates the sorbat concentration in % of each

Examining sorption results of pH 8 and 9, especially for low Eu®" concentrations it is

noticeable that equilibrium concentrations rise even though a decreasing tendency

would be assumed. A similar observation is reported by /BRA 05b/ who ascribe this

behavior to peptisation processes in basic solutions with low ionic strength resulting in

smaller specific surface areas which is correlated with smaller sorbat concentrations.

However, this is only an explanatory approach since no further information concerning
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this behavior has been available, yet. However, here the influence of precipitated Eu®*
hydroxo- and carbonato- compounds can be ruled out since molarities range approxi-

mately around 10™* molkg™ to 10?* molkg™ according to PHREEQC calculations.
Orthoclase

Results obtained from batch experiments that implement orthoclase and Eu®*" are com-
parable to the described observations regarding muscovite. Fig. 4.8 illustrates clear
correlations between the employed pH-values, equilibrium concentrations in the sam-
ples as well as the different solid-liquid ratios and initial Eu** concentrations. Sorption
exceeds 99 % concerning initial element concentrations of 107 mol L™ and 10® mol L™.
However, the expected relationships are explicitly detectable referring to higher initial
Eu®" concentrations as illustrated in Fig. 4.8. It is shown that aqueous Eu®" concentra-
tions decrease with increasing pH and smaller initial concentrations. Furthermore,

higher sorbat concentrations are detected referring to the higher solid-liquid ratio.
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Figure a) offers pH-dependencies, figure b) illustrates the sorbat concentration in % of each

sample. Different M/V, pH-conditions, and concentrations are displayed.
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4.4 Computer-based analysis and discussion

The focus of this section lies upon fit results, determined surface complexation parame-
ters (SCP), and modeled data sets by means of PHREEQC and UCODE. However,
developed surface complexation models (SCM) as well as the iterative approach to
asses according SCP and formation constants are described in detail in /BRI 11/.

Following, SCP relates to all determined mineral-specific surface complexation param-
eters, i. e. surface site area (SSA), surface site density (SSD), and protolysis as well as
stability constants for surface complexation and exchange reactions. Models determin-
ing SSA, SSD, and protolysis constants are referred to as titration models (TM) and
hence relate to the conducted titration experiments, whereas models implemented to
determine stability constants (log K-values), i. e. from fits employing data sets obtained
from the final batch experiments, are mentioned as the final SCM. Since two minerals
are employed in this study, consequently there are two TM and two final SCM each

dealing with muscovite and orthoclase, respectively.

Briefly, the stepwise development of the final SCM can be structured in intermediate
modeling steps. First, input files are written for the geochemical speciation code
PHREEQC in order to iteratively determine SSA, SSD, and protolysis constants of the
according minerals. These codes refer to the priorly introduced TM. Here, it is im-
portant that the SSD and the SSA are fitted one after another preventing the parame-
ters to influence each other, hence biasing the resulting SCP-values. The following
step comprises the further development of the TM by means of program-code adapta-
tion to assess stability constants of surface complexation and exchange reactions.
These advanced files represent the actual final SCM of muscovite and orthoclase.
However, within the final SCM priorly determined SSA, SSD, and protolysis constants

are applied as fix values, whereas stability constants are iteratively determined.

In order to be able to evaluate the correctness of the final SCM and hence the robust-
ness of all assessed SCP, a combination of both final SCM is applied to a synthetic
sediment (section 6.3.1). Simulating measured data-sets through the application of the
final SCP offers a means to evaluate the determined SCP on the one hand, but also
holds the opportunity to verify the bottom-up approach chosen for this study. More de-
tailed information regarding the synthetic sediment, its composition, as well as the
model can be obtained from section 6.3.1 and /BRI 11/. Tab. 4.3 offers an overview of

the determined SCP and stability constants obtained from titration curve fits, where pK-
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values represent protolysis constants according to the following deprotonation and pro-
tonation reaction: SOH = SO + H", SOH + H" = SOH,", and S stands for the mineral
surface.

Tab. 4.3  Mineral-specific SCP obtained from titration-curve fits for muscovite and or-

thoclase
SCP Muscovite Orthoclase
SSA [m?g™] 5.96 15.2
SSD [sites nm™] 1.73 7.18
pK1 8.13 8.04
pK2 -6.7 -6.8
R 0.944 0.992

Tab. 4.4 summarizes SCP estimated by applying the final SCM and according fitting
procedures to the collected experimental data set. SCP given in Tab. 4.3 are applied

as fix values for these fitting procedures.

In Tab. 4.4 “X” indicates parameters applied to specify ion exchange reactions. Ex-
change species and related log K-values (e. g. LogKk_KX) are obtained from literature
and determined via implemented half reactions. In contrast, values relating to LogK-EX
(E stands for each applied element in the batch experiments) are determined by apply-
ing PhreeqC in combination with UCODE. R symbolizes the correlation coefficients for
each fit. Eu®* fits are adapted manually; hence no R-values are available. Regarding
orthoclase no ion exchange and only one sorption site (logK a) is incorporated in the
model. Stabilitiy constants logK a and b stand, e. g., for the S_aOEu2+, S_bOEu2+

strong and weak surface complexes, respectively (section 4.4.2.1).
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Tab. 4.4

Mineral-specific stability constants estimated by fitting experimental batch

data sets
SCP Muscovite Orthoclase
Cs' Sr* Eu Sr* Eu*
logK a 1.12 -4.1 3.5 -4.8 1.95
logK b -5.66 -6.6 1.6
SSD 1/690 1/151 1/100
(K a/K b)
EX 0.0
logK_EX -1.23 -0.9 -0.6
KX 1.64*10° (v 1/20), 2.18*10° (v 1/80)
logK_KX 1.3
NaX 4.32*10°3 (viv 1/20), 3.01*10° (Mv 1/80)
logk _NaX 0.6
HX 0.0
logK_HX 1.26
R 0.9512 0.8558 0.9123
4.4.1 Titration model fits

Fig. 4.9 offers a comparison between the measured and fitted data set regarding mus-
covite a) and orthoclase b) titration curves. Major characteristics of both graphs are
well reproduced even though small differences between the measured and the fitted
data sets are apparent. According to /HIL 98/ results offered in Tab. 4.3 show fairly
good fits referring to the correlation coefficient R (R > 0.9 in both fits). Orthoclase
shows only small offsets, while muscovite is represented perfectly except for slight dif-
ferences relating to higher pH-value.
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Fig. 4.9
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a) correlation coefficient R = 0.944, b) R = 0.992. Derived SCP are provided in Tab. 4.3.

For comparison, fitted final SCP and SCP-values derived from literature are provided in

Tab. 4.5.

To some extent, determined SSD and SSA-values particularly for orthoclase seem to

be quite high in relation to typically applied values, e. g. SSD 2.31 sites nm? /DAV 90.

However, the preconditioning processes of the minerals by the retailer have to be taken

into account in order to put the assessed values into proportion. Especially applicable

for orthoclase, where the retailer claims the application of hydrofluoric acid throughout

the conditioning process at some point which affects mineral lattice traits such as the

SSA and hence SSD /BRI 11/. Furthermore, applied BET measurements hold a fairly
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high error according to /OCH 11/, which also needs consideration. Despite, generally
speaking, comparable parameter values can be found in literature as Tab. 4.5 shows.
Due to similar applied preconditioning techniques of the minerals and comparable ex-
perimental set ups a direct comparison is justified. However, since data is lacking, al-
bite is chosen as a close enough equivalent for orthoclase in order to at least estimate

the correctness of the assessed parameter dimensions.

Tab. 4.5 Summary of relevant literature parameter sets/values to verify assessed

SCP. See also Tab. 4.3 for reasons of comparison

Mineral SSA SSD pK 1 pK 2
[m?g™] [sites nm™]

/ARN 01/ Muscovite | 1.4 2.61 7.76 -6.11
ITIC 93/ Muscovite | 5.2
/ARN 99c/ Albite 3.1 7.74 -6.47
/ARN 98/ Albite 0.2
/WAL 05/ Albite 21.6
/HEG 84/ Orthoclase | 15.2

Hence, determined pK-values refer well to literature as illustrated in Tab. 4.3. Concern-
ing stability constants of surface exchange reactions (Tab. 4.4, LogK_EX) no relevant
data is available regarding muscovite and orthoclase. Hence, at this point a verification

of these parameters is not possible.

4.4.2 SCM fits

The TM of muscovite and orthoclase offer SCP that are applied as fix parameters in
both final SCM to assess the remaining required SCP, i. e. stability constants for sur-
face complexation and ion exchange reactions of muscovite and orthoclase. Priorly as-
sessed and now subsequently employed parameters can be obtained from Tab. 4.3. All
final models (muscovite and orthoclase) apply the same surface complexes. Hence,

comparing results with one another is reasonable.

In the following figures measured experimental data is represented by colored symbols
and simulated ones by black characters. Assessed log K-values are provided in
Tab. 4.4. Verifications of the fitted log K-values to literature data sets are not possible

since there are no stability constants available regarding relevant surface complexation
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reactions and exchange reactions for the applied elements on muscovite and ortho-

clase surfaces.

4.4.2.1 Fitting approach

In general, the determination of pending stability constants is iteratively approached
starting out with the application of initial values obtained from varying data bases. Con-
ducting numerous simulation runs offers the possibility to get an insight of the interac-
tion of the CEC, stability constants and possible varying sorption affinities of the em-
ployed elements towards special sorption sites on the minerals’ surfaces. Since mica
minerals hold more complex surfaces compared to feldspar minerals, both silica sur-
faces are implemented differently into the geochemical speciation code PHREEQC. Or-
thoclase, on the one hand, employs only one sorption site (a), while muscovite, on the

other hand, is described by strong and weak sorption sites (a and b).

Intending to develop a simple, widely applicable model which is capable to reporduce
experimental data as good as possible lead to the implementation of the common
monodentate surface complexes S_aOCs*, S_aOSr", and S_aOEu?", where S stands
for the surface of the according mineral, ‘a’ and ‘b’ for the sorption sites, respectively.

For reasons of comparability these complexes are applied in all fits.

Obtained fits generally match collected data sufficiently. However, regarding Cs* and
Sr** offsets between the measurements and the estimated data are evident regarding
both minerals (section 4.4.2.2 and 4.4.2.3). Hence, in order to improve correlations
between the fitted and experimental data, the muscovite-Sr* data set is chosen to
adapt PHREEQC codes by means of introducing further, partially more complex
surface reactions, exemplarily. Therefore, the monodentate surface complex

S_aSr(OH) and the bidentate (S_a0),Sr complex are implemented into the codes.

Fig. 4.10 illustrates results obtained from the application of varying surface complexes.
The different graphs are meannually adapted to offer a better overview of the assessed
data. The graps highlight mean values of sorbat cocentrations regarding the two
employed solid liquid ratios, where each color represents the fit of one surface
complex. Here, black characters illustrate the collected experimental data as well as
the final fitted data set (x) as a means for comparison. The values for the according

stability constants of each complex combination can be obtained from Tab. 4.6. For
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further information regarding the final calculated data set of the muscovite-Sr* batch

experiment see section 4.4.2.2.
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Fig. 4.10 Comparison of fitted results based on different sets of surface species. The

graphs represent manually adapted sorption isotherms

The red shadow exemplarily illustrates the range of the measurements for the species set
(S_a0),Sr, S_aOSr(OH). The final fitted data set is symbolized with black crosses.

Tab. 4.6  List of applied surface complexes and according log K-values. a and b re-

fer to strong and weak sorption sites

Complex Site CEC
LogKa Log Kb

S_aSrO(OH) -12.0 -0.7
S_aosr' -12.0 -0.7
(S_a0),Sr -12.0 -0.7
S _a0Sr*, S_aSr(OH) -6.9, -12.0

S_a0sr*, (S_a0),Sr -4.0,-12.0

(S_a0),Sr, S_aOSr(OH) -12.0, -10.1

(S_a0),Sr, S_bOSr* -11.0, -19.0 -19.0 -0.9
S_aO0Sr", S_bsr* -4.1 -6.6 -0.9
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As illustrated in Fig. 4.10, so far it is not possible to determine a fit that correlates satis-
factorily over the entire data set. Sorbat concentrations ranging between 25 % and
55 % are difficult to estimate. Fig. 4.10 highlights that no matter which complex or
complex-combination is applied the steepness of the sorption isotherm is not affected
resulting in low correlations regarding the mentioned sorbat-concentration range. So far
it is only possible to shift the curve longitudinally by applying varying surface complex-
es, and vertically by introducing different values for the stability constant of exchangea-

ble cations.

As shown in Fig. 4.10 the bidentate complex-combination (S_a0),Sr—S_bOSr" (strong
a, weak b sites) produces similar results compared to the final fitted data set that em-
ploys the fairly simple, monodentate, two-sites’ complex S_aOSr* - Sr_bOSr". Since it
is the aim to produce a simple, broadly applicable model, the implementation of the
model associated with the single monodentate surface complex is favored over the sur-
face-complex combination regarding all fits.

However, further research is needed to fully understand the according surface reac-
tions and geochemical processes, in order to be able to reproduce experimental data

more precisely.

4.4.2.2 Muscovite SCM

Cesium

Fig. 4.11 offers a comparison between the measured experimental data and the calcu-
lated data set. Differences are obvious, even though the illustrated results offer the
best fit obtained after applying PHREEQC in combination with UCODE. Obtained SCP
are illustrated in Fig. 4.11 a).

Sorbat concentrations resulting from higher initial element input of 10° mol L™ are esti-
mated satisfactorily. In comparison, the fitted data set representing 10® mol L™ Cs*
shows major deficits. Similar differences can be observed regarding smaller element

concentrations.

As indicated in section 4.3.2 sorbat concentrations resulting from initial element con-

centrations of 10 to 10® mol L™ Cs* could represent sorption maxima referring to the
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maximum amount of effective sorbat concentration. Unfortunately, so far it is not possi-
ble to estimate data sets that display the experimental data and hence the sorption
plateau of Cs® on muscovite surfaces more accurately. However, the developed
PHREEQC codes undergo constant reevaluation and improvement. It is likely that a
better adapted input file for PHREEQC results in an enhancement of the fit's proper-

ties, which is planned to be achieved throughout an upcoming research project.
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Strontium

Generally speaking, data illustrated in Fig. 4.12 a) represents sufficient correlations be-

tween measurements and experiments.

However, significant discrepancies are still apparent regarding initial Sr** concentra-
tions of 10 mol L™. Here, the pronounced relation between increasing sorbat concen-
trations and increasing pH-values is unsatisfactorily displayed. Regarding smaller ele-
ment concentrations offsets are smaller; hence the fitted data set describes major sorp-

tion trends more precisely.

In Fig. 4.12 b) both data sets (calculations and measurements) are plotted against the
pH. It becomes obvious, that even though sorption tendencies are sufficiently repre-
sented regarding initial Sr?* concentrations of 10° mol L™ to 10 mol L™ sorption edges

are estimated slightly too steep compared to experimental values.

However, since the focus of this study lies on trace element concentrations the as-
sessed SCP parameters display the collected experimental data satisfactorily and may
be obtained from Fig. 4.12 a) or Tab. 4.4.
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Europium

As shown in Fig. 4.13 a) and b) simulated data generally offers a good fit of the musco-

vite-Eu" measurements.

However, the estimated data shows a slightly better correspondence concerning low

element concentrations: Fitted Eu* amounts of 10° mol L™ and 10°® mol L™* show minor
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deficits. Whereas in comparison, sorbat concentrations representing initial 10”7 mol L™
to 10® mol L™ Eu®" are adequately simulated regarding all pH-values. However, overall
major sorption trends as well as sorption edges are satisfactorily represented whereat,
i. e. different amounts of sorbed Eu® correlate well with the applied M/V as well as in-

creasing sorbat percentages involve decreasing Eu* concentrations.

Plotting the pH against sorbed relative Eu” percentages (Fig. 4.13 b)) illustrates the in-
fluence of the CEC regarding the mica mineral: Due to element and crystal-lattice in-
teractions lowest observed relative sorbed Eu® concentrations do not fall below 20 %.

Hence, the implementation of CEC reactions regarding muscovite is reinforced.

Furthermore, Fig. 4.13 b) underlines slight offsets between the fitted and measured da-
ta set in the range of pH 4.5 and 6. As shown, calculated concentrations underestimate
measured ones which has already been indicated in Fig. 4.13 a). However, interactions
between sorption processes and pH conditions are still satisfactorily displayed by
means of correctly fitted sorption edges in Fig. 4.13 a) and b).

According assessed stability constants are given in Fig. 4.13 as well as in Tab. 4.3 and
Tab. 4.4. Due to the good correlation between the experimental data and the fit the de-
rived SCP are assumed to hold a high accuracy. The application of the SCM to a syn-
thetic sediment also backs up this statement (section 6.3.1).
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Fig. 4.13 Results of the muscovite-Eu®" fit: a) black characters represent the fitted
data set, b) gives pH-dependencies

4.4.2.3 Orthoclase SCM

Analogue to muscovite the experimental data of orthoclase is simulated. In compari-
son, the only difference lies in the application of different SCP obtained from the TM
(Tab. 4.3) and in the exclusion of the CEC since generally K-feldspars are no major
cation exchangers. Hence, the only outstanding parameter to be assessed for ortho-

clase is the surface stability constant for surface complexes where no difference is
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made between strong and weak sorption sites due to the orthoclase’s straightforward

crystal lattice structure.
Strontium

As indicated in section 4.3.3 measurements regarding initial element concentrations of
107 mol L™ are neglected from further data processing. Hence, Fig. 4.14 only illustrates

fitted data referring to higher initial element Sr** concentrations.

In general, the estimated data set represents measurements sufficiently since major
sorption trends are successfully represented. However, similar to muscovite-Sr?* fit ex-
perimental data regarding sorbat concentrations in the range of 20 % to 50 % are diffi-
cult to calculate (Fig. 4.14 b)). Here, estimated sorption percentages associated with in-
itial Sr** concentrations of 10® mol L™ are too low at the pH of 6.4. In contrast, sorbat
concentrations resulting from initial Sr** input of 10° mol L™ and pH conditions of 7.8

are significantly overestimated (Fig. 4.14 a)).
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Europium

Fig. 4.15 illustrates the fit of the measurements from Eu** batch experiments. The de-

termined Eu®* surface complex stability constant equals 1.95.

As illustrated, both data sets correspond very well. All major sorption trends regarding
all pH conditions and element concentrations are represented. Simulated sorption edg-
es express measured ones satisfactorily. However, minor discrepancies between the fit
and the measured data can be observed regarding Eu® concentrations ranging be-

tween 10 mol L™ and 10® mol L™ which is similarly reported for muscovite.

Here again, the application of the developed SCM to a synthetic sediment (sec-
tion 6.3.1) and the successfully modeled results support the robustness of the as-

sessed data set regarding the batch experiment orthoclase-Eu®*.
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Fig. 4.15 Results of the orthoclase-Eu®" fit: a) black characters represent the fitted

data set, b) gives pH-dependencies

4.5 Future perspectives

Concluding, the conducted measurements and obtained SCP embody reliable data
sets offering the possibility to closer analyze sorption behavior of sediments. Further-
more, the generally good correlation between the experimental data and each fit em-

phasizes the robustness of the determined SCP. The exemplarily application of the
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Eu® SCM to a synthetic sediment (section 6.3.1) further backs up the assessed SCP

and approves the chosen bottom-up approach of this study.

However, difficulties lie in the execution of the extensive experimental set-up. The cor-
rect application of the geochemical speciation code PHREEQC also demands solid

background knowledge regarding the code and is hence under constant improvement.

Further research will be conducted as part of an upcoming project in order to gain a
better insight into the chemistry of radionuclides crucial for long-term safety analysis.
Within this following research the Cs*-orthoclase system is planned to be repeated and
PHREEQC input files are intended to be improved. More detailed geochemical condi-
tions will be applied, e. g. incorporating elevated saline conditions as well as competing
cations and ligands in order to obtain robust, reliable data complementing sorption data

bases that are applied in chemical transport scenarios.
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5 Identification and selection of governing environmental
parameters E;

The sorption of radionuclides onto the relevant mineral phases (section 2.1) is gov-
erned by environmental parameters such as pH, dissolved inorganic carbon (DIC),
temperature, ionic strength (salt concentration) and concentration of complexing and

competing ions.

5.1 Environmental parameters

To keep the complexity and the CPU time to a minimum, the number of environmental
parameters was limited and only those were selected having an important influence on-
to sorption processes. The selected environmental parameters E; — Eg are listed below,
one should, however, keep in mind that factors such as pH and DIC or Ca and IS are

correlated.
1. EipH
2. E,: DIC

3. Eas: lonic strength IS
4. E,: Total concentration of Al
5. Es: Total concentration of Ca

6. Eg: Total radionuclide concentration

Obviously, there are more complexing and competing ions than considered as envi-
ronmental parameters; the most important representatives amongst them are silicon
and iron. The concentration of the ions SiOs* and Fe* is primarily determined by equi-
libria with solubility limiting mineral phases (suitable phases would be quartz and
hematite, respectively), and the input parameters already established above. Thus
these concentrations can be considered as “secondary” environmental parameters
whose value can be derived from the already established values for E; to E¢. This pro-
vides two alternatives of handling them: It can be incorporated into r3t or it can become
part of the computation scheme to generate the multi-dimensional K4-cloud. To keep

the chemical speciation calculations with r3t at a minimum, the second alternative has
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been selected within this project. A final criterion for establishing the Kyi-matrix is the
relevance and concentration of repository-specific radionuclides. The following ele-
ments are selected (section 2.4): Am, Cm, Cs, Ni, Np, Pu, Ra, Se, Th, and U (with Am

and Th also used as chemical analogues for Cm and Pu).

Beside these chosen parameters, there are further environmental parameters at the
Gorleben site, such as organic material which is ubiquitous in these sediments and
might impact the sorption of the radionuclides. However, to keep the system simple it is
decided to not consider further parameters like the organic ligands at this stage. This
organic material is only included as a carbon source due to metabolistic activities, see

section A.7.

5.2 Best estimation of minimum and maximum concentrations

Based on the site-specific environmental conditions in the sedimentary overburden of
the Gorleben salt dome as well as the maximum element concentrations of repository-
relevant radionuclides the following minimum and maximum concentrations of relevant
environmental parameters E; — E¢ are proposed for the calculation of the Kg-matrices
for each sedimentary unit (UAF, AT, LAF, section 2.2) in Tab. 5.1. Our reasons and ar-
guments for the variation of these environmental parameters are taken from various

documents as explained below.

As a basis for the estimation of the minimum and maximum values of pH, DIC, lonic
Strength [IS], [Al] and [Ca] the chemical data for groundwater in the sedimentary over-
burden of the Gorleben salt dome was used /KLI 04/ (Tab. A.2 to Tab. A.4 in appen-
dix). Additionally, the soluble Al and Ca contents in the most important mineral phases
in the Gorleben sediments are considered for the maximum values. Based on the mass
percentage of the relevant Al-minerals (gibbsite, anorthite, muscovite), Ca-minerals
(calcite, anorthite) and carbonates (calcite) their soluble Al-, Ca- and DIC-content were
calculated by PHREEQC and added to the maximum values. Also on basis of /KLI 04/

the different error distribution functions (EDF) for E; — E¢ were estimated.

In order to determine the maximum radionuclide concentrations [RN], which are need-
ed to establish the K4-matrix, far-field calculations for a scenario with relatively high ra-
dionuclide release rates from the near field was regarded (brine intrusion scenario).

The calculations have been performed with a two-dimensional model described in de-
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tail in /KEE 05/. The selection of the maximum radionuclide concentrations is described

in section 2.4.1.
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Tab.5.1  Proposed minimum and maximum values of environmental parameters (concentrations in mol L™)

Environmental UAF AT LAF EDF

parameter Min Max Min Max Min Max

| = pH 6.40 8.68 6.73 9.26 6.36 8.69 Uniform

E;: DIC 3.53E-04 9.05E-03 7.78E-04 8.03E-03 1.32E-03 1.35E-02 log-Uniform

Es: IS 9.58E-04 1.77E-02 3.86E-04 4.55E-02 6.14E-03 5.00E-01 log-Uniform

E4: [Al] 7.68E-07 4.29E-06 1.20E-07 8.83E-04 5.10E-07 8.54E-05 log-Uniform

Es: [Ca] 2.40E-04 4.84E-03 2.64E-05 1.02E-03 8.77E-05 1.67E-01 log-Uniform

Ee: [RN]
Am 1.00E-14 1.00E-08 1.00E-14 1.00E-08 1.00E-14 1.00E-08 log-Uniform
Cm 1.00E-14 1.00E-08 1.00E-14 1.00E-08 1.00E-14 1.00E-08 log-Uniform
Cs 1.00E-12 1.00E-06 1.00E-12 1.00E-06 1.00E-12 1.00E-06 log-Uniform
Ni 1.00E-12 1.00E-06 1.00E-12 1.00E-06 1.00E-12 1.00E-06 log-Uniform
Np 1.00E-13 1.00E-07 1.00E-13 1.00E-07 1.00E-13 1.00E-07 log-Uniform
Pu 1.00E-13 1.00E-07 1.00E-13 1.00E-07 1.00E-13 1.00E-07 log-Uniform
Ra 1.00E-13 1.00E-07 1.00E-13 1.00E-07 1.00E-13 1.00E-07 log-Uniform
Se 1.00E-12 1.00E-06 1.00E-12 1.00E-06 1.00E-12 1.00E-06 log-Uniform
Th 1.00E-14 1.00E-08 1.00E-14 1.00E-08 1.00E-14 1.00E-08 log-Uniform
U 1.00E-12 1.00E-06 1.00E-12 1.00E-06 1.00E-12 1.00E-06 log-Uniform




5.3 Temperature

In Northern Germany, the average temperature of the near surface groundwater is 8 °C
IKAP 61/. The geothermal gradient in Northern Germany amounts to 0.03 °C m™
/LEG 04/. Therefore the temperature for a model representing a sedimentary overbur-
den in Northern Germany would vary in the range between 8 °C and 20 °C for a depth
between 0 and 400 m below ground surface (bgs). Presuming this temperature field,
the solubility of rock salt lies in the range of c¢(T=8°C)=358.85gL" and
¢ (T =20 °C) = 360.54 g L™ with a difference of 2.22 g L™ or 0.62 % solely’ (Tab. 5.2).
Due to this marginal impact, the dependence of the salt solubility on the temperature is

not regarded in groundwater flow simulations.

Tab. 5.2  Equilibrium solubility ¢ of rock salt (NaCl) /DAN 67/ in water depending on

the temperature T

Temperature T 0°C 10 °C 20 °C
Concentration ¢ [g L] 356.85 358.70 360.54

To this end, the code used for groundwater flow simulations only regards the depend-
ency of the dynamic viscosity y and the density p on the temperature /FEI 99/. Heat
transport or the influence of the temperature on the environmental parameters is not
regarded in the flow and transport codes used in this project. The influence of the tem-
perature on the groundwater density and therefore on the flow field is marginal com-
pared to the influence of the salt concentration on the density (Tab. 5.3). However, the
influence of the temperature on the dynamic viscosity of the groundwater is not insignif-

icant and should be considered in flow simulations.

Tab. 5.3  Viscosity and density of water depending on the temperature T and the salt

concentration c, calculated after /FEI 99/

Temperature T 8°C 8°C 20 °C 20 °C
C minimum maximum minimum maximum
u(c,T) [kg m* s 1.41-10° 2.79:10° 1.00-10°® 2.03:10°
p (c,T) [kg m™] 999.68 1198.98 998.20 1197.20

Z¢ (T =8 °C) interpolated linearly between ¢ (T =0 °C) and ¢ (T = 10 °C).

81



This work focusses on the geochemical interactions whose dependency on the tem-
perature in the above mentioned range is negligible (section 3.2). A constant tempera-
ture for the entire model domain enables us to identify the effects of geochemical
changes isolated from the effects of the temperature-dependent changes in the dynam-
ic viscosity. As a consequence, a constant temperature for the entire model domain
was defined, neglecting the effects of the temperature on the viscosity of the ground-
water. The temperature increase at the contact to the salt dome is also not considered

in our model.

The disposal of radioactive waste in a salt dome will increase the temperature at the
top of the salt dome with a maximum after a few thousands of years. Approx. 10,000 a
after the closure of the repository the initial temperature conditions will be met due to
the decreasing heat production and the subsequent cooling. Considering a time span
of one million years, the temperature increase during the thermal phase has no signifi-
cant influence on the subrosion or the groundwater flow through the sedimentary over-
burden of the salt dome /BUH 08/. Radionuclide release into the overburden will only
occur in case of an altered evolution of the repository system. Current investigations
show that such scenarios are typically dominated by diffusive transport in the repository
with radionuclide releases several 10,000 a after the closure of the repository
/BUH 10/, i. e. at a point in time, when the temperature effect of the repository in the

overburden is no more existent.

Thus a constant temperature field of 14 °C for the entire model area is assumed as a
mean value between 8 °C at the surface and 20 °C in 400 m depth. For future simula-

tions, the need to apply a realistic temperature field should be checked.
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6 Calculation and evaluation of smart Ky-values

6.1 Methodology

The sorption of radionuclides onto the relevant mineral phases is modeled in the geo-
chemical speciation program PHREEQC /PAR 99/ as a function of important environ-
mental parameters. For each sedimentary unit UAF, AT and LAF a specific geochemi-
cal model was defined, containing the mineral phases as defined in section 2.2.
Various important geochemical influence parameters (section 5.1) are also specific for
each unit. Here, it should be noted, that the calculated smart K4-values for LAF were
not implemented in r3t due to the high ionic strength in these sedimentary unit. This will

be done in the follow-up project by using the PITZER.

Some restrictions to be obeyed are:

1. A gas phase must be defined in the data base but without specifying a respective
partial pressure in the PHREEQC input file. In such a way CO, is a know compo-
nent but will not define the carbonate content (and thus overrule the settings for
DIC passed on by UCODE).

2. The pH as defined by UCODE is automatically preserved only through the first re-
action step in PHREEQC (initial solution calculation). Further steps (equilibrium
with mineral phases and the actual sorption step) require a specific coding to keep

the pH at the wanted value.

3. The charge balance is kept by varying the content of calcium, for unknown reasons
the more natural choice of sodium (as the highest concentrated ion) caused con-

vergence problems.

4. The mineral phases Calcite and Anorthite that are part of the chemical calculations
within r3t are defined as not undergoing dissolution/precipitation reactions. Other-

wise their content would be changed and thus differ from the r3t results.

5. The mineral phases Quartz and Goethite are considered as being available indefi-
nitely. They can partly dissolve and precipitate and thus define the Si- and Fe-
content within the aqueous solution, which in turn may affect the speciation of the

radionuclides.
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6. The mineral phases Gibbsite, Muscovite, Kaolinite, and lllite are only required as

sorbing phases and thus need not to be defined within the mineral assemblage.

6.1.1 Calculation of K4-values in PHREEQC

The smart Ks-values are based on mechanistic surface complexation models (SCM),
vary in time and space depending on the actual geochemical conditions and can be
used as predictive values within the conventional paradigm of distribution coefficients
(Ka)-

Generally, all calculations of Ky-values are performed as batch reactions in PHREEQC
with the project-specific thermodynamic data base ESTRAL.dat see section 3 for de-
tails of its setup or the attached CD. The following sequence in the PHREEQC input
file, which based on description by /PAR 99/, JAPP 05/ and /MER 08/, forms the basis:

1. First, the groundwater solution is defined (by the SOLUTION keyword) describing

also all important environmental parameters (E;) that are variable.

2. Second, the present site-specific mineral phases (section 2.2) are equilibrated with
the groundwater solution, this utilizes the EQUILIBRIUM_PHASES keyword.

3. Third, all relevant surfaces parameter (binding sites in sites m?, specific surface
area in m2 g™, mass of solid in g kgw*, SCM type) are defined with the SURFACE
keyword. However, the explicit diffuse_layer calculation is excluding for being con-

sistent with the used SCM parameter sets.

The nomenclature of the different surfaces can be chosen freely. Here, the surfaces
are named according the mineral abbreviation after /KRE 83/ (e. g. Gt for goethite). In
this project, the generalized two-layer model described by /DZO 90/ was used for mod-
eling surface complexation reactions. All necessary SCM parameters (pK./pK,-values,
log K-values, reaction equations) are selected as explained in section 3.3 and were im-
plemented as SURFACE_MASTER_SPECIES and SURFACE_SPECIES in the
ESTRAL.dat data base (in attachment).

Finally, the distribution coefficients (Kq) for every radionuclide in each sedimentary unit
(UAF, AT, LAF) were calculated under specified groundwater chemistry conditions.
Based on Component Additivity Methodology /DAV 98/, which relies on the principle

that the radionuclide sorption in a particular medium can be determined based on the
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additive radionuclide sorption effect from the individual minerals, the Kys were calculat-

ed as presented in following equation and exported in a separate file.

K, (L/g or m¥/kg) = MOkors / Guor gm de|¢m| (6.1)

Molsory Jiot = the adsorbed amount per unit mass of solid [mol g™

mol,,L™" = the equilibrium concentration of [RN] [mol L]
Ka,i = distribution coefficient [L g™] for the individual mineral i
D, = mass fraction of mineral i with respect to the bulk medium

After these batch reactions, it is important to save the resulting solution composition af-
ter equilibration with the SAVE keyword. After it, the saved new solution is used in sub-

sequent surface simulations through the USE keyword.

6.1.2 Variation of environmental parameters in UCODE

The sorption of radionuclides is modeled as a function of the selected geochemical in-
fluence parameters E; — E¢ (section 5). Parameter variation is performed by UCODE
(version 1.024 /POE 05/) and assembling of Kyi-matrices by a separate program,
paste.exe, a freeware port of the respective linux command to windows. The infor-
mation flow between UCODE and PHREEQC is shown in Fig. 6.1.

For the simultaneous transmission of multiple K4-values for the same space-time point
of r3t (multi-element-sediment combinations), it is definitely advantageous if Ks-values
have identical coordinates (E;) for all element sediment combinations. Then only one
next-neighbor search is necessary. However, the approach to calculate separate
Kg-matrices for each element-sediment combination only works with excluded competi-

tive effects between different sorptives and sorbates.

To enable a highly automated calculation, the following approach is proposed:

1. Deployment of the vector E of the parameters and the associated ranges of values
(+ if necessary error distribution functions - EDFs). This depends on whether an

equidistant grid is necessary or arbitrarily populated grids can be used.

2. Generating a matrix of all the realizations of E and storing in a separate file.
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3. Line-by-line reading of this matrix and substitution of the concrete realization of E;
into a template file for the PHREEQC input. For this purpose, UCODE is used.

4. Calculation of each Ky; by PHREEQC, extraction of this value via batch-file and
storage together with E;.

Building the combined PHREEQC/UCODE model (see also Fig. 6.1) is performed
stepwise in the following order.

UCODE
via batch-File v

b

SOS parameter file

*.txt
Parameter variation (sequential)
UCODE-main input file PHREEQC template file
*in *.tpl (each data set from SOS]
- UCODE instructions file

Kp matrix for r3t *.instructions

Fig. 6.1 Information flow between UCODE and PHREEQC

1. Creating and implementing the PHREEQC model (as the inner computation rou-
tine). The program must be run from a batch file so that it can later be launched
from the UCODE main input file. This is attained by using a batch version of
PHREEQC instead of the common version with graphical user interface. It is nec-
essary for each radionuclide to combine the Ky-values obtained for several miner-

als into one specific for the chosen sediment.
2. Creating the files associated with running UCODE:

a. The main input file (filename.in) controls the iteration process: It tells UCODE
which models to execute, which parameters to substitute, and how to extract
the PHREEQC-simulated values. Here, there is also a chance to modify input

parameters by some simple arithmetic and logic. This is, e. g., required to cor-
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4,

relate the ionic strength with the content of a variety of ions. Moreover, new

parameters can be defined that are computed from the original ones.

b. The template file (flename.tpl) is a modified PHREEQC input file, in which
UCODE inserts test values of parameters given by the SOS file. It should be
noted here that an input parameter provided by UCODE can be substituted

simultaneously on several occurrences within the template.

c. The instruction file (filename.instructions) tells UCODE which values from the
PHREEQC-selected output file will be extracted.

d. So-called “observations” have to be defined in the main input file, here only as

place-holders (dummies) to allow a proper output processing by UCODE.

e. The SOSFile (filename.txt) provides all parameters for the variable geochemi-
cal environment to UCODE to determine the corresponding Kg-values. It is
created separately with the help of an EXCEL macro.

f. It must be taken care of that failed computations of Ks-values within the inner
(PHREEQC) routine must be signaled to UCODE without causing a premature
stop of the overall computation cycle. Such failures may happen for extreme
combinations of varied input parameters. In such case Ky shall be assigned a
value of -1 (negative values cannot be computed by “normal” geochemical
speciation calculation). This is achieved by replacing in a PHREEQC selected
output file from a normal run the Ky-values with -1. Thus modified file is saved
as dummy.txt. Before every execution of PHREEQC this dummy.txt is copied
and renamed to the actual chosen filename for the selected output (file-
name.txt). PHREEQC produces only a selected output file, and thus overrides
the dummy, if the simulation was terminated normally. If PHREEQC was ter-
minated normally UCODE reads the computed Ky-value otherwise it reads a -
1.

Intermediate test step: Execution of UCODE in forward mode (usually also as
batch file) to verify the accuracy of the PHREEQC input file and its derived
PHREEQC outputs.

The parameter variation (provided by the SOSFile) will then be extended to all pa-

rameters.
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5. Finally, each extracted Kg-value has to be combined with its originating parameter

combination to be stored in a special matrix (for details see below).

The computation of the Ky-values was planned for a total of six variable input parame-
ters, namely the pH-value, the total concentration of dissolved inorganic carbon (DIC),
the ionic strength IS, the total concentration of dissolved aluminum [Al], the total con-
centration of dissolved calcium [Ca], and the total concentration of (one) dissolved ra-
dionuclide [RN]. Currently, [Al] is not treated as varying environmental parameter due
to difficulties in the conceptual model. However, Al is still considered as geochemical
element (equilibrium phase). To minimize efforts for both computing Ky-values and re-
trieving them within the modified rt code (requiring just one next-neighbor search),
Kg-values for all eight radionuclides (Cs, Ra, Ni, Am, Th, Np, U, Se) will be stored in-
side the same vector of a unique input parameter combination. This means identical
coordinates (E;) for all element-mineral combinations, which implies that the concentra-
tion range of each radionuclide has to extend over the same order of magnitude. Then,
scaling factors can be introduced to map the concentration range for all radionuclides
onto the same basic range. In addition, the approach to calculate simultaneously
Kg-matrices for each element-mineral combination only works with excluded competi-
tive effects between different sorptives and sorbates. This assumption must be verified

by investigating the sensitivity analyses with respect to all radionuclide concentrations.

Moreover, as the concentration ranges span several orders of magnitude the respec-
tive parameter variation should be done rather on a logarithmic scale than on a linear
one. Generally, a logarithmic EDF may of course also be true for other input parame-

ters.

The distribution of the various input parameters, as determined in section 5, will be

used to generate the SOSFile.

6.1.3 Possible types of K4-clouds

As a first approximation an equidistant grid (implying a uniform parameter distribution)
iSs generated, just taking the expected minimum and maximum values for each input
parameter and dividing this range by the number of steps. This has the advantage of
requiring only very simple (and consequently very fast) interpolation algorithms inside

the modified r3t code. As starting point for the number of steps, the pH as most sensi-
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tive input parameter has 15 steps, the radionuclide concentration [RN], the DIC, the
ionic strength and the calcium concentration have 8 steps each. As a next step, the re-
sults from the sensitivity analyses shall serve as guidance for how many steps per in-
put parameter are optimal. However, the total number of steps directly scales the size
of the resulting Ky-cloud, where restrictions have to be taken into account, see end of

next section.

Later, more realistic EDFs will be used eventually resulting in Ky-cloud with a higher
density in the center and fewer points at the edges. This can again be realized in (at

least) two different ways.

As an intermediate step to at least roughly mapping the real EDFs of the input parame-
ters onto an equidistant grid one could enlarge the grid and populate all knots in the re-
gion of high probability, but populate only every 2™, 3" or 4™ knot in the tailing regions.
Then (i. e. before storing the Ky-cloud and delivering it to r3t) advanced interpolation al-
gorithms can be used to assign also Kg-values to all unpopulated knots. This will save
computational efforts within the modified r3t as this interpolation has only to be done

once.

The most advanced version, unfortunately also requiring the largest computational ef-
forts within the modified r3t code (and thus slowing down computation) will be the us-
age of real EDFs, necessarily leading to a Ky-cloud with an arbitrary distance between
each point in all dimensions of the grid.

6.1.4 Storage structure of the K4-cloud

The Kg-cloud has to obey a well-defined formal structure, which is outlined below. It
consists of two parts. First, a header provides all information to define type and dimen-
sion of the Kg-cloud. Second, the actual Ky-cloud follows optionally including the corre-
sponding input parameter values. The overall cloud file then obtains an MD5 checksum
to allow for identifications of later data manipulations which will be stored in a separate
file. A simple UNIX program capable of doing of is md5sum. Each cloud file obtains a
unigue file name composed of the following elements (which are all connected by un-
derscore characters). The file name ends with “.dat” in case of the cloud and with

“.md>5” in case of the associated MD5 checksum file.
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1. Project title (up to 8 characters)
2. Site/experiment name (up to 8 characters)
3. Sediment name (up to 4 characters)

4. Running number or final version (up to 5 characters)
Example for this naming convention: ESTRAL GORLEBEN UAF final.dat

Part A: Header

1. 0" line: a magic word to distinguish the equidistant case from the real distribution:
EQUI or DIST

2. 1%line: description of the problem /task (up to 255 characters)
3. 2" line: date and time of creation (Format: yyyy-mm-dd; hh:mm)

4. 3"line: name and institution (in parentheses) of creator, different names are sepa-

rated by semicolon (up to 255 characters)

5. 4" line: number of distinct input parameters (including the generic radionuclide
concentration) and number of radionuclides (Format: two integers separated by

space)

6. 5" line: Abbreviations of all input parameters (Format: strings with a maximum
length of six characters each, separated by space), to be selected from a pre-
defined pool at the moment consisting of pH, DIC, IS, [Ca], [RN]. This defines the

order of input parameter variations used for the K4-cloud matrix.

7. 6" line: Specification which dimensions are actually logarithmic ones (will stay as

empty line if there are no logarithmic scales used)

8. 7™ line: In case of an equidistant K4-cloud, this specifies start value, step size and
numbers of steps for each input parameter, all separated by space. The start val-
ues for DIC, [Ca], and [RN] are given in mol m’3, for IS in mol L™. In case of a ma-
trix population based on a real EDF, only the number of steps is given. The actual

values for each input parameter are then part of the tupels within the Ky4-cloud.
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9. 8" line: Chemical symbols for each radionuclide considered (Format: strings with a
length of one or two characters as defined by the IUPAC, separated by space).

This defines the order of specific Kg-values within each line of the Ky-cloud matrix.

10. 9" line: Factors to be multiplied with the generic radionuclide concentration [RN] to

obtain the real concentration for each radionuclide.

An example for such a header is presented below:

EQUI

Final Kd cloud for UAF (upper aquifer; Cs, Ra, Ni, Am, ..)
2012-03-26; 17:00

Madlen Stockmann; Johannes Schikora (HZDR)

5 8

pH DIC IS [Ca] [RN]

2 345

6.4 0.17 15 -3.5 0.21 8 -3.02 0.19 8 -3.62 0.19 8 -12 0.86 8
Cs Ra Ni Am Th Np U Se

110 1 100 100 10 1 1

Part B: Actual multi-dimensional matrix for the Kq-cloud (in a linearized form).

The specific format of this part has to be defined in a way that primarily allows for a fast

access by the r3t code.

For the equidistant case it will contain vectors of the Ky-values for each radionuclide,
i. e. comprising of as many numbers as specified by the second parameter of the 4"
header line — and in exactly the order as induced by the 7" line of the header. No fur-
ther information is required since the coordinates of the associated input parameters
for each vector can be derived directly from the position of the vector in the cloud. This
requires that the order of vectors follows the sequence of the indices of a multidimen-
sional matrix. There, the left-most parameter listed in the 5 header line will be varied
most frequently whereas the right-most parameter will be the one varied at last.

In case of real EDFs for the Ky-cloud input parameters, the coordinates of each dimen-
sion must be stored together with the Kg-vector. Thus each vector consists of as many
parameters as given by the sum of the first and second parameter of the 4™ header

line, again following the order specified in the 5™ and 7™ line of the header, respective-

ly.

There are some boundary conditions to be kept in mind, however, to avoid too long

computing times (as the Ky-cloud has to be surveyed rather often within one r3t run).
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Ideally the whole cloud should be small enough to fit into the memory of a CPU (in
case of parallel computing this holds for each core), which currently sets an upper limit
of ca. 2 GByte. Example: If six dimensions (E; — E¢) were practiced, with 20 points per
dimension. This gives 20° = 6.4x10’ points. As Kg-values for all 8 radionuclides of in-
terest will be stored together for each point, it results in 5.12x108 floating point (such a
precision should suffice, requires 4 Bytes per value) numbers. This in turn equals
2.048 GByte — thus there is not any safety margin here.

6.2 Uncertainty analyses and sensitivity analyses

The sensitivity and uncertainty analyses of the so-called smart K4-values are done by
coupling a third computer code as outer shell to the two above mentioned codes
PHREEQC and UCODE. This third code is SimLab, a software package for uncertainty
and (global) sensitivity analysis, which is developed at the JRC Ispra. The most recent

version of SimLab may be obtained from http://simlab.jrc.ec.europa.eu/.

The information flow between SimLab and the existing combined model
UCODE/PHREEQC is visualized in Fig. 6.2. The inner routines are identical to those
presented in Fig. 6.1. They are coupled via batch-files. A detailed description of the

coupling of these codes can be found in /SCH 11/.
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Simulation
results *.txt

SimLab

4

UCODE
via batch file

File with all (varied)

parameter sets *.txt
Parameter variation (sequential)

UCODE control Pt';:je?;e'f’iult
file *.in oaing

(for each data set)

UCODE extraction
\file *.instructions

Fig. 6.2 Information flow between SimLab, UCODE and PHREEQC

According to /SCH 05/ variance-based methods are a subset of sampling-based meth-
ods. Generally, Monte-Carlo methods (sampling-based methods) are performed in the
following way /HEL 00/, /SCH 05/:

1. Determination of the probability distributions for the input variables,
2. Creation of multiple samples for the input variables from these distributions,
3. Evaluation of the model for the samples,

4. Analysis of the resulting model output distribution function (uncertainty analysis),
and

5. Sensitivity analysis.

6.2.1 Sensitivity analysis and results

SimLab provides in contrast to UCODE also methods for global variance-based sensi-
tivity analysis (SA). So it is possible to investigate the behavior of the considered sys-
tem over the full range of its input parameters. In the framework of a local SA one only
investigates the system response to small perturbations of the current input parameter

values. This type of analysis is useful for systems that already operate in a defined
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point, for example in an optimum. In this case a local sensitivity analysis shows how
the system responses to (small) disturbances. Sensitivity indices which are calculated
with local SA methods are only valid for the point in the parameter space defined by the
used input parameters. This is especially important for nonlinear problems like that
considered here. Furthermore local SA methods aren’t capable to quantify interactions

between parameters.

Global SA methods don’t have these disadvantages. Their indices are valid for the
whole parameter space and they are able to quantify interactions between the input pa-
rameters. Variance-based global SA methods also have the advantages that they are
model independent and that their indices are easy to understand. Because of these
reasons it is decided to switch from local methods (UCODE) to global methods (Sim-
Lab).

In detail, the use of the extend Fourier Amplitude Sensitivity Test (eFAST) as SA meth-
od is favored. Details about this method are given below. The classical FAST method
was already developed in the 70’s by /CUK 73/, /CUK 75/, /ICUK 78/ and /SCH 73/. In
1998 /SAL 98/ improved the classical FAST method and in 1999 /SAL 99/ extended the
version towards a calculation formula for the total sensitivity index (eFAST).

The basic idea of FAST is the transformation of the multi-dimensional parameter space
spanned by y = f (X4, X2, ..., X) into a one-dimensional parameter space. That way the
multi-dimensional integral, which would be necessary to calculate the variance of the
output V(y), can be calculated by a one-dimensional integral. The transformation of the
original function is done by a ‘search curve’ which explores the parameter space. This
curve depends only on the variable s and is described by a set of equations G;. Using
these equations, the original parameters x; are replaced. /SAL 99/ propose the follow-

ing transformation function G;(sin[w;-s])

x. =+ . Larcsin(sin(e, - s)) 6.2)
2

with w; as different, properly chosen, integer angular frequencies assigned to the indi-

vidual parameters x;.

After this transformation y depends only on s and all the parameters x; will change
along the specified search curve when s is varied. The multidimensional integral for the

variance simplifies to one-dimensional integral, which is easier to compute.
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The extended Fourier Amplitude Sensitivity Test provides two indices for the evaluation
of the importance of an input parameter — S; the first-order sensitivity index and St the

total sensitivity index.

The first-order sensitivity index is calculated as follows

. D VIEIX) -
Li D V() 63

V[E(y|x)] is the amount by which the total variance of the model output would be re-
duced if it would be possible to determine the true value of x; within its range of varia-
tion. S, ; is therefore a measure (in percent) of the relative importance of the parameter
X;. A sensitivity index of S; ; = 0.5 means that 50 % of the output variance is caused by
parameter x;. So if one knows the true value of x;, one could reduce the total variance
of the model output by 50 %. In principle it is very unlikely that the true value of a pa-
rameter can be determined. Nevertheless the first-order sensitivity index helps to make
a reasonable decision about the parameter on which further research should be con-
centrated and thus to reduce the uncertainty associated with this parameter. The pa-

rameter with the largest S; offers the greatest potential to reduce the output variance.

The total sensitivity index is defined as follows

D(_i) EV(y[x_;)]
S, . =1- =
lRL D V(y)

(6.4)

E [V(y|x.)] is the amount of the total variance that would remain if all parameters except
X; had been fixed to their true value and x; is the only parameter which can vary accord-
ing to its distribution. The total sensitivity indices can be used for model simplification.
A parameter with St = 0 would not affect the model output alone (main effect) or via in-

teractions and thus can be fixed to any value within its parameter range.

The Kgy-values and their UA/SA are calculated as a function of important environmental
parameters (section 5). As a result of the sensitivity analysis, the importance of the en-
vironmental parameters can be identified. In the following, the results exemplary for the
sorption of U(VI) in the upper aquifer (UAF) at the Gorleben site are presented. Fig. 6.3
shows the 3-D plot for the Kq-matrix for U(VI) as a function of pH, [Ca], and [DIC] (loga-

rithmic scale).
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Fig. 6.3 Multidimensional Kg-matrix for U(VI) as a function of pH, [Ca], and [DIC]
(Kq in m3 kg™, logarithmic scale)

The ranking list of sensitivity indices for U(VI) in UAF is presented in Tab. 6.1. and for
all other radionuclides in Tab. 6.2 to Tab. 6.4. Indices ranked highest are the most sen-

sitive parameters. It is obvious that pH mainly influences the sorption of radionuclides,
followed by [Ca], and [DIC].
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Tab. 6.1  Sensitivity indices for log Ky-values for U(VI) in UAF calculated with eFAST

(25 000 parameter samples)

Ei S St Sti— S, Rank
pH 0.779 0.788 0.009 1
[Ca] 0.146 0.152 0.006 2
[DIC] 0.067 0.075 0.008 3
[U] 0.0004 0.003 0.003 4
IS 0.0002 0.003 0.003 5

The difference between the total sensitivity index and the first-order sensitivity index is
an indicator for the level of interaction of the respective parameter. A difference of zero
would mean that a parameter doesn’t contribute to the output variance via interactions,
but solely via the main effect (first-order sensitivity index). So for the sorption of U(VI) in
the UAF the most important parameters show little interaction. They contribute mostly
direct to the model output variance. The fact that the other radionuclides have very little
first-order sensitivity indices supports our assumption that the radionuclides do not in-

fluence each other and can thus be calculated simultaneously.
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Tab. 6.2

Sensitivity indices first order for log Ky-values for radionuclides in UAF calculated with eFAST (25 000 parameter samples)

E; Cs Ra Ni Am Th Np U Se
pH 0.993 0.746 0.987 0.787 0.049 0.884 0.779 0.962
DIC 0.000 0.000 0.009 0.155 0.942 0.064 0.067 0.000
IS 0.000 0.005 0.001 0.001 0.000 0.000 0.000 0.012
[Ca] 0.000 0.219 0.005 0.014 0.001 0.001 0.146 0.002
[Cs] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ra] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ni] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Am] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Th] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Np] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[U] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Se] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
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Tab. 6.3

Sensitivity indices first order for log Ky-values for radionuclides in AT calculated with eFAST (25 000 parameter samples)

E; Cs Ra Ni Am Th Np U Se
pH 0.996 0.989 0.974 0.214 0.034 0.374 0.895 0.994
DIC 0.000 0.000 0.011 0.721 0.957 0.476 0.091 0.000
IS 0.001 0.006 0.004 0.007 0.000 0.001 0.002 0.001
[Ca] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Cs] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ra] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ni] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Am] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Th] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Np] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[U] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Se] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Tab. 6.4

Sensitivity indices first order for log Ky-values for radionuclides in LAF calculated with eFAST (25 000 parameter samples)

E; Cs Ra Ni Am Th Np U Se
pH 0.992 0.413 0.965 0.820 0.061 0.854 0.446 0.790
DIC 0.000 0.000 0.000 0.110 0.868 0.096 0.029 0.000
IS 0.002 0.047 0.011 0.012 0.003 0.001 0.001 0.107
[Ca] 0.001 0.457 0.015 0.012 0.046 0.002 0.498 0.044
[Cs] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ra] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Ni] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Am] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Th] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Np] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[U] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[Se] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003




6.2.2 Uncertainty analysis and results

Another benefit from the use of SimLab as an extra shell is that it is also possible to
perform uncertainty analysis (UA) within SimLab. So both analyses, SA and UA, can be
done inside one program and it is not necessary to switch the interface. SimLab pro-
vides for the purpose of UA histograms, cumulative distribution functions and inverse
cumulative distribution functions. It also calculates statistical descriptors like mean, var-

iance, standard deviation or skewness of the distribution of the simulation results.

All mean smart Kg-values for UAF, AT and LAF and their minimum, maximum and

standard deviation (2c) are summarized in Tab. 6.5.

Tab. 6.5 Mean smart K4-values for UAF, AT and LAF and their minimum, maximum

and standard deviation 2o (Kq in m3 kg™, logarithmic)

Mean Min Max SD (20)
UAF
log Kq4(Cs) 0.76 -0.46 2.32 0.74
log K4 (Ra) -0.13 -1.49 1.38 0.60
log Kg (Ni) -2.01 -3.99 0.08 1.06
log Kg (Am) 0.63 -1.29 3.45 0.98
log Kq4(Th) 0.24 -0.76 1.32 0.51
log K4 (Np) -3.54 -4.48 -2.36 0.49
log Kq (V) -2.98 -7.02 0.90 1.88
log Kq (Se) -2.58 -5.07 -0.06 1.16
AT
log Kq4(Cs) 2.00 0.67 3.46 0.76
log Kq4 (Ra) 3.64 1.45 5.65 1.10
log Kg (Ni) 0.40 -1.75 1.92 0.99
log K¢ (Am) 3.90 1.94 5.92 0.93
log Kq4 (Th) 0.71 -0.80 2.40 0.84
log K4 (Np) 0.02 -0.87 1.13 0.47
log Kq (V) -1.29 -5.95 2.48 2.17
log Kq (Se) -4.41 -7.52 -1.44 1.63
LAF

log K4 (Cs) 0.74 -0.51 2.40 0.74
log K4 (Ra) -0.67 -2.33 2.36 0.90
log Kg (Ni) -2.27 -4.45 0.16 1.10
log Kg (Am) 0.11 -2.02 2.85 0.99
log Kq (Th) 0.02 -0.96 1.40 0.47
log Kq (Np) -3.58 -4.46 -2.25 0.43
log Kq (V) -4.06 -7.92 0.82 2.09
log Ky (Se) -3.10 -4.99 -0.25 0.93
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A suitable tool for the description of the resulting total variance is the frequency distri-
bution function. This allows to determine the probability of the parameters to fall in a

certain interval.

In Fig. 6.4. the frequency distribution of the pre-calculated log Ky-values exemplary for
the sorption of U(VI) in UAF based on eFAST over all environmental parameters (sec-
tion 5) is shown. The remaining frequency distributions for all investigated radionu-

clides in UAF, AT and LAF are given in appendix A.5.
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Fig. 6.4 Frequency distribution of 25 000 pre-calculated logKg4-values for U(VI) in
UAF (logKg in m3 kg™

As shown in Fig. 6.4, the log Ky-values for the sorption of U(VI) onto mineral surfaces in
UAF range from -7.0 to 0.9 with a mean smart Ky4-value of -2.98. Comparing to the
temporally constant conservative Kg-value of -2.7 from /SUT 98/, which was previously
used in r3t for the retention of radionuclides in UAF at Gorleben site, the resulting mean
Kgs show good agreement, but accounts now for geochemical variations. Thereby,

freshwater conditions are assumed for UAF and saltwater conditions for AT and LAF.
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Comparing to assimilable literature Kgy-values (Fig. 6.5), such as from /ZAV 04/,
/BRA 03/, /BRA 08/, /ARC 08/ and /JOS 11/, mainly good correlations between mod-
elled smart K;-values and published Ky-values are obtained. Apparently the sorption of

Cs, Ra and Am in AT is overestimated, which has to be clarified in further modelling.
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Fig. 6.5 Modelled mean smart K;-values compared to literature values

6.3 Evaluation of K4-values for defined batch systems

In order to check the bottom-up approach, i. e. the calculation of K4-values as a func-
tion of the environmental parameters for sediments containing several minerals by
considering the sorption on each mineral phase, two approaches were applied. On the
one hand it was decided to perform additional batch sorption experiments for a specific
mineral mixture (“synthetic sediment”), particularly to check the new surface complexa-
tion parameters for orthoclase and muscovite derived by sorption experiments with Eu
(section 4). On the other hand batch experiments from literature were applied to check,
whether the sorption models and parameters as well as the modeling approach used
are adequately describing the sorption behavior of uranium on synthetic and natural
sands. And therewith back-up the data sets used to describe the sorption of U(VI) on

quartz, muscovite and iron oxides.
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6.3.1 Sorption of Eu on a synthetic sediment

The application of a surface complexation model to a synthetic sediment further backs
up the assessed parameters and approves the chosen bottom-up approach of this
study. Hence, representing naturally occurring sediments by means of their constitu-
ents is proven to offer robust and trustworthy data sets.

The composition of the synthetic sediment was defined as 10 wt% orthoclase, 10 wt%
muscovite and 80 wt% quartz, related to the sedimentary composition of the upper aqg-
uifer. It was decided to perform these experiments with Eu for three pH-values ranging
between 3 and 8), two different V/M ratios (1/80 and 1/320) and for three different ele-
ment concentrations (10, 5-10° and 10° mol L™). It is the aim to check whether the
applied surface complexation models with the respective parameters for all minerals
are able to describe the Ky-values for the sorption of Eu** under different environmental
conditions for this synthetic sediment. The results from the batch experiment are shown
in Fig. 6.6.
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Fig. 6.6 Results of the batch experiment with Eu®" applying the synthetic sediment

In figure a) % Eu® sorbed is plotted against the pH. Figure b) illustrates the sorbate con-

centrations in % of each sample for different V/M ratios and initial Eu®* concentrations.

Through the application of our surface complexation model for Eu®* of the according
sediment constituents muscovite and orthoclase, and by employing a literature data set

for quartz the simulation is conducted. Therefore, the surface complexation parameters
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for quartz (introduced by /KIT 99/) that comprise the specific surface area (SSA), the
surface site density (SSD), as well as the Eu®* stability constant are applied. The here
conducted experimental set up and developed final surface complexation model show
similarities compared to the procedure chosen in /KIT 99/, which backs up the imple-
mentation of the according model with its parameters. However, a drawback embodies
the assumption that /KIT 99/ applies a quartz mineral holding a comparable, good puri-
ty since unfortunately, no explicit information concerning the employed Mt. Myoken
quartz can be obtained from /KIT 99/ or other literature.

Fig. 6.7 illustrates the results of the applied SCM where colored characters symbolize
measured and black ones simulated data sets. The application yields a satisfying simu-
lation of the measured data regarding all sorption trends without limitations for all rang-
es of element concentrations.
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Fig. 6.7 Presentation of fitted results regarding the synthetic sediment which are
obtained by applying the final SCM

Colored characters symbolize the measured experimental data. Black symbols and graphs

stand for the fitted data and relate to the according V/M, pH, and Eu®" concentration.

The good description of the experimental data of the synthetic sediment reinforces the
conclusions concerning the robustness of the assessed parameters regarding both

minerals. Furthermore, the successful application of the surface complexation model
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also affirms that the simulation of sediments by means of their mineral constituents is
feasible, thus backing up the chosen bottom-up approach of this study. A detailed de-

scription of this work can be found in /BRI 11/.

Sorption results obtained from the batch experiment employing the synthetic sediment
illustrate that other than assumed, here, quartz holds the major influence concerning
sorption processes under the examined conditions. Only relatively high element appli-
cations of 10®° mol L™ and 10 mol L™ Eu®* result in significant fraction bound by sur-
face complexation regarding muscovite and orthoclase. Hence, at the Gorleben site the
percolation and possible breakthrough of potential contaminants comparable to Eu®*
(such as Am**) at trace element concentrations are here mostly governed by the pres-
ence of quartz and maybe by other sediment fractions where studies are still pending.

6.3.2 Sorption of U on synthetic and natural sands

Further, experimental results from another experimental and modeling study published
in /BRA 08/ have been selected to qualify our models as well as the bottom-up ap-
proach. Experimental data from batch experiments with uranium on natural and syn-

thetic sands performed by HZDR have been used.

For simulation all protolysis constants and log K-values for the sorption reactions of
uranium on quartz, muscovite and goethite from the RES3T data base as described in
section 3.3.3 have been applied. For the specific surface area, the values given in
/BRA 08/ were used. The synthetic sand consists of 95 % quartz and 5 % muscovite
with specific surface areas of 0.047 m? g, and 0.88 m? g™, respectively. The results of
the simulation are shown as green curve in Fig. 6.8. The simulation significantly under-

estimates the experimental curve.
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Fig. 6.8 U(VI) sorption on synthetic sand. Experimental data (/BRA 08/) compared
to simulation results for a mixture of quartz and muscovite (Q/M) and

quartz, muscovite and goethite (Q/M/G) (see text for details)

The reason for that is probably an additional iron content of about 5 % in the mineral
muscovite, which was shown by digestion and ICP-MS analysis in /BRA 08/. As in this
study it is also assumed here that muscovite contains an iron oxide with an average
specific surface of 10 m? g™. For this oxide the data listed in the ESTRAL.dat data base
for goethite are applied. With the assumption that muscovite contains 6 % of this iron
oxide a quite good agreement between experimental and simulated curve is reached.
These results give further confidence in the models and the approach used. Further
calculations with natural sand including the dependence on the initial uranium concen-

tration will be performed and documented in the final report.

The relevance of the different surface species is shown in Fig. 6.9. For pH-values < 6
the most important complex is QzOUO,". For pH-values > 6 the species QzOUO,OH
and GtOH,(UO,),CO3(OH); are the most dominating ones, i. e. due to the high amount
of quartz in the mixture it is important over the whole pH-range, whereas sorption of U
on muscovite only plays a minor role. Although only available in accessory amounts the

iron oxides are quite important for the description of the system.

108



2.0E-07

—=— m_Qz0OU02+
™~ —— m_QzOUO2(0OH)

1.6E-07

1.2E-07

c[mol/lkg

8.0E-08

4.0E-08

0.0E+00

1.4E-07

1.2E-07

1.0E-07 -

8.0E-08

6.0E-08

¢ [mol/kg]

4.0E-08

2.0E-08

0.0E+00 #rm—a=a—--0=0=0

/ \'\ —+— m_QzOU02C03-
/ m_MiOUO2(QH)

t—a—a—f—f———

4

5 6 7 8 9 10

—— m_GtOHUO2+2
-# m_GtOUO2+

~4-m_GtOUO2(0OH)2-
M GtOHUO2(OH)4-2
~%-m_GtOHU02CO3

~e-m_GtOH2U02(C03)3-3
m_GtOH2U02(CO3)2-

//j\‘/?\ m_GtOH2(U02)2C03(0H)3

3

pH

Fig. 6.9 Distribution of uranium on different sorbed species of quartz, mica (top)

and goethite (bottom) for the system U — synthetic sand

As a second system uranium soprtion on a natural sand was selected. The pH

dependent sorption curve measured in /BRA 08/ is shown in Fig. 6.10. Due to the

investigations in /BRA 08/ the natural sand is characterized by 90 % quarz, 5%

muscovite and 5 % iron oxide. For the simulation this mineral ratio and the same

parameters as used for the synthetic sand are applied. The resulting curve in

comparison to the experimental values is shown in Fig. 6.10. As expected sorption on

goethite plays a more important role than for the synthetic sand because of the higher
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content of this mineral in the mixture. The simulated curve shows a quite good
agreement for the plateau of the sorption curve in the pH range between 5 and 8.
However, the sorption edge at low pH-values (between 3.5 and 5 is significantly
underestimated by the simulated curve. The reason for that might be an additional
mineral phase or even organic material, which are not considered in the simplified

bottom-up approach using three minerals only.
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Fig. 6.10 U(VI) sorption on natural sand

Experimental data (/BRA 08/) compared to simulation results for a mixture of quartz and

muscovite (Q/M) and quartz, muscovite and goethite (Q/M/G). See text for detalils.

The role of the single surface complexes is shown in Fig. 6.11. It illustrates that the
uranium surface complexes with goethite are dominating over the whole pH range.
Only in the pH range 3 to 5 the complex on quartz, QzOUQO," contributes in a similar
order of magnitude as the hydroxo-complex on goethite GtOHUO,". In the pH range
5.5 to 9 the sorption is firstly controlled by the hydroxo-complex GtOHUO,(OH), and
above pH 6.5 clearly by the carbonato-complex GtOH,UO,(CO3)3>.
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Finally sorption of uranium on granite was simulated. The experimental data stem also
from /BRA 08/. As discussed there a mixture of orthoclase of 35 % quartz, 33 % mus-
covite, 31 % albite und 1 % goethite was assumed for the simulations. For the specific
surface areas of the minerals quartz and muscovite the same values as applied for the
sand have been selected. For albite and goethite 1.4 m? g*, and 1.2 m® g* have been
used, respectively /ARN 99c¢/. Log K-values have been taken from the ESTRAL.dat da-

ta base for albite are taken from /ARN 99c/. For all other minerals the values from



RESS3T data base as described in section 3.3.3 have been applied. The results of the
simulation are shown in Fig. 6.12. The simulated curve very well fits the experimental
data. It can also be seen that all the mineral phases contribute to some extent and no
single phase can be neglected. Nevertheless, the main contributor to uranium sorption
is albite. In this case, where quartz and muscovite are present roughly in the same

amount, sorption on muscovite plays a more important role than sorption on quartz.
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Fig. 6.12  U(VI) sorption on granite. Experimental data (/BRA 08/) compared to simu-
lation results

Granite was assumed as a mixture of quartz (Qz), muscovite (Mi), goethite (Gt) and albite

(Alb). The contribution of each mineral is shown (see text for details).

In general the results from all applications of the bottom-up approach give quite good
results for the sorption of europium and uranium, respectively, underpinning the con-

cept developed here. In a follow on project application cases for additional elements
will be included broadening the basis for the bottom-up approach.
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7 Conceptual model for the consideration of spatial and
temporal changes of geochemical conditions

The transport code r’t is used so far to consider the transport of radionuclides in large
model areas over long periods in time. The previous version of r’t used linear and non-
linear isotherms to describe retardation proceses of contaminants. It was also possible
to describe the sorption parameters as a function of the concentration of another ele-
ment, whose transport is considered in r’t. However, it was not possible so far to de-
scribe the sorption of a contaminant as a function of the concentration of several envi-
ronmental parameters, and particularly not to describe the pH value as a function of
both, proton transport and chemical reactions with mineral phases.

7.1 Conceptual model for variable chemistry

A key part of the whole project is the conceptual model for implementation of the rele-
vant chemical processes into the transport code. As described in section 6.1.2 five en-
vironmental parameters have been selected, pH, ionic strength and concentration of
DIC, Ca, and the selected radionuclides. An important assumption is that the interac-
tion between the radionuclides is neglected. Further it is assumed that radionuclides
generally do not impact the geochemical conditions. Therefore, major effort needs to

be put on the other five environmental parameters.

A crucial aspect of our concept is that the pH-value is affected by proton transport and
by chemical reactions with the dissolved ions (preferably DIC and Ca) and mineral
phases of the sediments. According to the results from site investigation main reactions
in the Gorleben aquifers are calcite dissolution (mainly in the upper aquifer), microbial
SOC degradation causing enhanced CO, partial pressures (DIC source) and dissolu-
tion of feldspars /KLI 07/ (section 2). lon exchange processes, which might occur in the
aquitard and at the interface to the upper aquifer, have not been regarded to keep the

system not too complex and clearly represented.

7.1.1 Strategy

In general the concept comprises the following steps, which are described in more de-

tail in the following sections:
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3.a)

3.b)

7.1.2

Calculation of the changed concentrations for Ca and DIC, as well as for the pH-
value on the basis of transport calculation and possible sources (e. g. microbial
DIC formation). The resulting concentrations/pH are denoted [Ca]T, DICT and
pHT.

Examination, whether the solution is under- or oversaturated with respect to cal-
cite (section 7.1.6). At this stage of development it is assumed that there will be
always enough calcite in the system. However, a mass balance for calcite is per-
formed, because it will be needed for the further improvement of the model.

In case of undersaturation of calcite it will be precipitated. The amount of precipi-
tated calcite, the resulting concentrations for Ca and DIC as well as the new pH-

value are then iteratively calculated as described in section 7.1.7.

In case of oversaturation of calcite it will be dissolved. The amount of dissolved
calcite the resulting concentrations for Ca and DIC as well as the new pH-value
are then iteratively calculated as described in section 7.1.8.

The concentrations and the pH-value resulting from step 3.a) or 3.b) are denoted
as [Ca]*, DIC* and pH*.

The new equilibrium concentrations together with the current radionuclide con-
centration will be used to select the Kd-value for each radionuclide for this time

step.

Calculation of proton and hydroxyl ion concentrations from the equilibrium pH-

value pH*.

General terms

In order to get a consistent calculation the following aspects and assumptions need to
be adhered.

1. For each sediment (hydrogeological unit) the initial conditions need to be fixed:

2.

The conditions all over the sediment are the same (future option: a gradient)
The mineral composition of each sediment

The initial concentrations of DIC and Ca in solution as well as the pH-value are

fixed and are derived from equilibrium calculations with PHREEQC. Initial concen-
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trations for Si, Fe and Al are not needed, since their transport is not considered.
Their concentration is determined by the pH-value and the mineral phases quartz,

goethite and gibbsite, respectively.

For some elements sources might exist. One example is DIC, which is known to be
produced by microbial degradation of organic material via sulphate reduction. Vol-

ume or plane sources can be defined as time dependent functions in [mol (m* s)™].

Initial concentrations for Na and Cl are taken from the relative salt concentrations
calculated with d3f, (section 7.1.4). Concentrations for K, Mg and SO, are calculat-
ed from the NaCl concentration via scaling factors (corresponding to the composi-

tion of seawater /LAN 02/). The scaling factors are as follows:

fk = 0.017
fug = 0.097
fso4 = 0.053.

These values are not constant and might change for example in the case of sea-
water transgression or subrosion of the salt dome. However, at this stage the fac-
tors are considered to be constant.

Inflow concentrations:

10.

11.

Concentrations need to be given for Ca, DIC, Na, Cl, K, Mg, SO, and “pH”.

For radionuclides temporal dependent mass flows, which might be derived from
near-field calculations, are used as input. For the radionuclide release from a salt
dome — as considered here — it is assumed that the radionuclide inflow occurs via a

point source.

In this concept it is assumed that the radionuclides do not influence each other and

also do not influence the geochemical conditions in general.
All thermodynamic data are taken from the ESTRAL.dat data base.

It has to be denoted that all concentrations for r’t need to be given and are handled
by the code in [mol m™®]. Therefore all concentrations in the formulas in this section

are given in this unit, if not stated otherwise.
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7.1.3 Temperature

The temperature is considered to be spatially and temporally isotropic. For the depth
range of 0 — 400 m considered in this project a value of 15 °C is assumed. The ther-
modynamic data, which are documented for 25 °C, do not need to be re-calculated.
The AH-values for the relevant mineral phases (calcite, gibbsite and anorthite) have
been investigated and show that changes in the solubilities are within the range of the
data uncertainties. A more detailed description and explanation for the use of a con-

stant temperature is given in section 5.3.

7.1.4 lonic strength

The ionic strength is derived from the calculations of the code d*f for density driven
flow. Beside the flow field d*f calculates the distribution of the relative concentration of
sodium chloride, Crelnact * (value between 0 and 1). This value has to be transferred to
r’t for each point in space. This need to be done for selected points in time, depending
on the problem considered.

The ionic strength | is calculated from the relative concentration of sodium chloride as
follows. The concentration for the saturated NaCl solution Csatnacy iS calculated via the

mass fraction, density and molar weight of NaCl as

CsatNacl = Macl * Pnact / Maci = 5428.78 [mol m-3]

with the mass fraction My,c) = 0.265 /DAN 67/ and the density pnaci = 1197.2 kg m™ of
saturated NaCl solution at 20°C and the molar weight Myac) = 0.05844 kg mol™. The

sodium chloride concentration is then calculated as Cnaci = Cre/Naci - Csat,NaCl-
The ionic strength is defined as
I=0.5. Z:[i]zi2
i

with the concentration of the dissolved ions [i] in [mol L'] and their corresponding

charges z;.

% Please note that Crel,Nacl = f(T). This is important, if in a later stage a temperature field is considered
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A simple approach is then
| = 0.5([CIT + [Na*])/10° = cyaci /10°.

In a slightly extended approach additionally the ions K, Mg and SO, are considered us-

ing the scaling factors (see above) and a corrected sodium concentration:

| = 0.5([CI']+[Na*]+[K*]+4-[Mg*]+4-[SO.*])/10°
=[CI -O.5(1+0.859+0.017+4-0.097+4-O.053)/103

resulting in

| = 1.24.[CI]/10°.

The activity coefficients are derived from the Specific lon Interaction Theory (SIT)
/CIA 80/. For the relevant ions the single activity coefficients are formulated according
to SIT:

|Og yCaz* =-4D+ gCa,CI . mCI’ mit gCa,CI =0.14
logy,: ==9D+é&y ¢ -m,. Mitey o =033
logy,. =—D+é&,c-m, Mite,q =012

log Vwco; = D+ épcosna My, Mt Ecog e = 0.0

0.5012+/1

with an extended Debye-Huckel-Term D=—"—"""_
1+1.5J1

and the interaction coefficients g;.

The data are taken from /RAN 08/.

7.15 Transport of the relevant components

The transport of Ca, DIC and protons (and hydroxyl ions) is considered in r’. Calcite
(CaCO; — Cc) need to be balanced, since it is the sink/source for Ca and DIC. It is as-
sumed that the concentration of free calcium ions [Ca®*] equals the total concentration
of calcium [Ca]y.. The impact of further solution species as Ca(HCO;)*, CaCO3° und
Ca(OH)" is in the considered pH range between 3 and 9 always below 2 % and is
therefore neglected here. The initial concentrations of Ca and DIC as well as the initial

pH-value are usually derived from equilibrium calculations (section 7.1.2).

Since the pH-value is a function of the ionic strength I, the activity correction need to
be performed by pH = - 10g([H Jkorr - 71+), as described in section 7.1.4. The activity

coefficient for H" is derived by
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logyy, =—2°D+ ) _é&,. ,[K]1/10°

with the concentration of the most relevant anions (CI', HCO3; SO4*) [K], and the SIT
interaction coefficients &. For H* only the interaction coefficient €4, ¢. = 0.12 is availa-
ble. The interaction coefficients of other monovalent cations Na* and Li* with the rele-
vant anions €ya+ncos- = 0.0 and €. soq2- = -0.03 show that these interactions are low.
Considering typical SO, concentrations this contribution is always below 1 % of the in-

teraction of H* with CI'. Then it is
logy,,, =-D+0.12[CI"]/10°
and for hydroxyl ions
log 7,,,- =—D.
After a transport step of protons and hydroxyl ions the pH-values is calculated from
their concentrations as
pHT =[H'1°"7..

with

[H +]/1O3 —X= [H +]k0rr ,

K 7

Vw+Vou-

o _[HT/10° +[OH T /10° _ \/[[H*]T /10° +[OH T /10°

5 5 ] —[H'T[OH] /10° +

and the ionic product of water Ky, = 10" mol?L°.

7.1.6 Determination of over-/undersaturation of calcite

In the first step the ionic activity product (IAP) is calculated with the following equation

T T T
log IAP =log [Dllo(i] +pHT +log [Cl:gg —log(1+10°35® 410PH10%290) 511 014 [C(I)1
(7.2)

The saturation index S; shows, whether the solution is over- or undersaturated

118



_ logIAP —logK 03
S, =10 .

For S; > 1 the system is oversaturated, calcite precipitates (section 7.1.6). For Si < 1
the system is undersaturated, calcite becomes dissolved (section 7.1.8).

7.1.7 Precipitation of calcite

Firstly a correction factor is defined

I:Korr = \/S_l )

Then it is estimated, which amounts of [Ca] und [DIC] theoretically would fulfill the solu-
tion equilibrium

_[ca]” [DicI”

Ca korr
[Ca] =

and [DIC]korr —

Korr Korr

Afterwards the corresponding concentration differences are determined. The according
to amount lower concentration change has to be applied to both components. The fol-

lowing concentration of calcite precipitates

A[C1=Min([C]" —[C]°")F,
With a damping factor Fp, which can be defined by the user and index i describing the
component (Ca or DIC). Therewith the new equilibrium concentrations of Ca and DIC
are calculated

[CT =[CT -AlC]

The proton concentration in equilibrium is the iteratively calculated. For the first step of

the outer iteration the initial value for the inner iteration is

Hef=ln]

and for the following steps of the inner iteration
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[H*T.. = [H*] + Foc [D1CT - [HCO; ] (7.3)

with £ [DICT ~[DICT

= is applied.
DIC [DlC]T pp

For further steps of the outer iteration the starting value of the inner iteration is

e for the case Fkorr <0 [H *I; from the last outer iteration where Fgorr > 0,

e for the case Fkorr > 0 [H*I i. e. the proton concentration derived in the last

—end ?

outer (and inner) iteration loop.
For the following steps equation (7.3) is applied.

For the concentration of HCO;™ holds

[Heo; ] = [DICT (7.4)
’ Ksl
([H+];/1o3 +1]

with K¢ = 4,689:10™! mol L™.

Convergence of this inner iteration is assumed, when the change in pH-value is below
103, With the new pH-value and the new concentrations of Ca and DIC in equilibrium
the ionic activity product (IAP, equation (7.2)) is calculated again. This outer iteration is
repeated until the difference between the correction factor and 1 is below 107,

For this iteration an oscillation between precipitation and dissolution should be avoided
by reducing the damping factor for the case that the saturation index < 1 occurs by a

defined factor and repetition of the calculation until a saturation index > 1 is achieved.

7.1.8 Dissolution of calcite

In analogy to the procedure for the precipitation of calcite the dissolved calcite concen-

tration is calculated by

A[Ci] = Min([ci ]T _[Ci]korr)FD
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From that the new equilibrium concentrations for Ca and DIC in solution are deter-

mined:
[C1*=[C] +A[C]

The concentration of protons and hydroxiyl ions are calculated by

10° 7,

[H]_pH

[OH"]_ 1074 K, n K7§+KBA7Ci (7.5)

10°  logy,, 2 4

with Kg = 2,133-10 mol L. The concentration of protons has to be corrected in the

same way as after a transport step by the following equation
([H +]/103 _ X) — [H +]korr

with

Ky (7.6)

_[H"1/10° +[OH 1/10° _\/([H+]/103+[OH‘]/103
2 2

2
J ~[H*][OH "1/10° +

Y+ ¥ on-
The equilibrium pH-value is then

pH* — [H +]korr7/H+ )

The new equilibrium constants are used to calculate the new ionic activity product (log
IAP) and from that the new concentrations of Ca and DIC as well as the equilibrium pH-
value. The iteration is continued until the difference between correction factor and 1 is
lower than 107,

Within the iteration an oscillation between dissolution and precipitation need to be
avoided. This is realized by reducing the damping factor — for the case the saturation
index exceeds 1 — by a defined value and repetition of the calculation until the satura-

tion index is <1.
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After termination of the iteration the proton concentration, which is needed for the

transport step has to be back-calculated from the pH-value by an activity correction via

[H'1/10° =107P" /y .-

Afterwards the hydroxyl ion concentration is updated by

[OH —]/103 :10—(|09KW /lOe—pH) /7OH— .

7.2 Implementation of the conceptual model

In the following, the extensions made to rt in order to implement the conceptual model
described in section 7.1 are described using a simple 1D test case. This test case con-
sists of a vertical column that is saturated with a first mixture in a state of equilibrium
with respect to the environmental parameters denoted as Estral agents in the pro-
gramme files. In a first phase, fluid consisting of this same mixture plus a contaminant
is injected at the bottom of the column with a constant inflow velocity. In a second
phase the inflowing fluid is replaced by another mixture of different composition with
regard to the environmental parameters but without any contaminant. How to setup this
problem with r’t's configuration files and standard script is now described, thereby also

showing the concrete values used for this numerical experiment.

Fig. 7.1 shows the content of the file “pollutant”’. Here, RN-001 denotes the contami-
nant; the next four lines introduce the Estral agents. They must all be present and

named exactly like this to get proper treatment after each time step.
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pollutant

model estral

version version 1
RN-001

agent eCa

agent eDIC

agent eH

agent eOH

pollutant end

Fig. 7.1 Content of the programme file “pollutant”

Programme file “initial” shown in Fig. 7.2 contains the initial conditions for all Estral
agents and the contaminants. For convenience, there are functions |_H_from_pH and
|_OH_from_pH that compute the initial concentrations of protons, [eH] and hydroxyl
ions, [eOH] from a prescribed pH and the ionic strength taken from flow code d*f.

initial

model estral

version version 1

liquid

validity all

global const 0.0

validity all end

validity eCa
EFF SRS

global const 25.02

validity eCa end

Fig. 7.2 Content of the programme file “initial”
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validity eDIC

dasasEEsssd

global const 1

validity eDic end

validity eH

A

global function I _H from pH 7

validity eH end

validity eOH
HHFF RS

global function I OH from pH 7

validity eOH end

validity RN-001
FHAHE A

global const le-9

validity RN-001 end

liquid end

initial end

Fig. 7.2 (cont.) Content of the programme file “initial”

The file “boundary, shown in Fig. 7.3, defines values at the inflow boundary for the two
phases (time < 10000 s and time > 10000 s) for the contaminant and all Estral agents.
Again, there are several convenience functions for specifying [eH] and [eOH] in terms
of a pH and the ionic strength from d*. B_H_from_pH_2 e. g. has the length of the first

phase in seconds, the pH for phase one, and the pH for phase two as arguments.
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boundary

model estral

version

version 1

validity all
FHAFEE RS

time independent

surface

2 inout 0.0

time independent end

validity all end

validity eCa
FHAFEE S

time dependent

surface 0 time 0 level const 25.02
time 10000 1level const 25.02
time 10001 level const 0.24394
time 99999 level const 0.24394
time end

time dependent end

validity eCa end

validity eDIC

FHEHHE SRS

time dependent

surface 0 time 0 level const 1.0

time 10000 level const 1.0
time 10001 level const 3.14394
time 99999 level const 3.14394
time end

time dependent end

Fig. 7.3 Content of the programme file “boundary”
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validity eDIC end

validity eH
[Fiddddaddddd

time dependent

surface 0

time dependent end

validity eH end

validity eOH
HHFF RS

time dependent

surface 0

time dependent end

validity eOH end

validity RN-001

iddssasEissssi

time dependent

surface 0

time dependent end

validity RN-001 end

boundary end

level function B H from pH 2 10000 7 8.05518

level function B OH from pH 2 10000 7 8.05518

time 0 1level const le-5
time 10000 level const le-5
time 10001 level const O
time 99999 level const O
time end

Fig. 7.3 (cont.)

Content of the programme file “boundary”
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In the programme file “retention” (Fig. 7.4), the function Estral_Kd implements the
smart K4-concept. Arguments are (strictly speaking) the concentrations of protons, DIC,
Ca and the corresponding radionuclide, i. e. [eH], [eDIC], [eCa], and [RN-001], respec-
tively. lonic strength from d*f is implicit, and the last argument ('6' in this case) selects
which smart Kg-value (indexing starts with zero) from the ones associated with the giv-
en point in the smart Ky-cloud is returned. The smart Ky-cloud itself is loaded into the
memory from a file in the “config”-Folder called “cloud” on the first invocation of this

function. The format of this file has to follow the description in section 6.1.4.

retention

model estral

version version 1

hydrogeo2mat

MATERIALl: UNIT1

hydrogeo2mat end

MATERIALL

rock density 700 porosity 0.2 porosity im 0.0 g 1.0

diffusion le-9 alpha L 0.2 alpha T 0.0

RN
mobile
equilibrium Henry function Estral Kd eH eDIC eCa RN-001 6
mobile end

RN end

MATERIALI end

retention end

Fig. 7.4 Content of the programme file “retention”

Fluid velocity and salt concentration are precomputed by the flow code d*. The pro-
gramme file “flow” (see Fig. 7.5) directs r’t to the respective files provided by d*. In the
stationary case (referring to both velocity and salt concentration) a single input file is

read before the first timestep. In this case, r’t can use its own timestep control. In the
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instationary case, r’t reads an input file before each timestep. Timesteps in r’t will be

automatically in sync with those used in df.

flow

model estral

version version 1

velocity instationary path "$ (HOME) /ESTRAL/rnt/estrald/input/"

fluid density const 1000.0

flow end

Fig. 7.5 Content of the programme file “flow”

The parameters listed in file “defaults.scr” (Fig. 7.6) are damping factors and error
bounds for the postprocessing after each timestep (see section 7.1 for description) for
precipitation ('1") and dissolution ('2") of calcite, respectively. Experience with how to
choose these values is rather limited yet, but the values shown work reasonably well
with this example.

ESTRAL DAMP1

= 0.05;
ESTRALiDAMPZ = 0.2;
ESTRALiEPSI = 0.005;
ESTRAL EPS2 = 0.005;

Fig. 7.6 Content of the programme file “defaults.scr”

The purpose of this test case is to illustrate the extensions made to r’t and to verify that
the implemented concepts basically work and produce plausible results. The following
remarks are therefore only of a qualitative nature. During phase two, solution 1 being in
equilibrium with calcite at pH 7 is replaced by a second solution of pH 8. Chemical re-
actions occur starting from the inflow zone and propagating through the column, see
Fig. 7.7. As a consequence of calcite precipitation the pH of the inflowing solution de-

creases from 8 to about 7.5 in accordance with the conceptual model.

The retrieved smart Kg-values show their highly nonlinear dependence on the environ-
mental parameters and the concentration of the respective radionuclide. Examplarily
the spatial distribution of the smart Kg-value for uranium in the column is depicted in

Fig. 7.8, which roughly shows that smart Ky-values are larger towards the bottom of the
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column (inflow) and smaller towards the top. This is the result of an increasing pH and
a decreasing Ca concentration at the bottom of the column in phase 2. The radionu-
clide uranium injected in phase one should therefore show a larger retardation towards
the bottom of the column at this point in time, which is in accordance with Fig. 7.9. The
decreasing retardation with increasing column length leads to a faster uranium
transport at the top of the column, therewith causing an asymmetric spatial distribution
with a flatter slope to the top of the column.
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o
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Fig. 7.7 Calcite precipitation over length of column (middle of phase two)
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Fig. 7.8 Smart Ky-values for uranium retrieved as a function of the environmental
parameters over column length (middle of phase two)
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Uranium concentration over column length (middle of phase two)
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8 Applied simulation of selected processes

Applied simulations were conducted for the Gorleben reference site. An overview of the
geology and hydrogeology is given in section 2.3. Possible future climate transitions
are a seawater trans- and regression and the freezing and thawing of permafrost,
amongst others. These two climate transitions are described in the following with a fo-
Cus on respective past climate transitions in Northern Germany and the potential future
climatic evolution of the reference site. Model simulations were only conducted for a
seawater trans- and regression (in the following denoted as “seawater transgression”).

Results of these applied simulations are given in sections 8.3.4 and 8.4.4.

8.1 Climate transitions

Possible future climate transitions can be derived from the geological past. The Qua-
ternary period is characterized by extreme climate changes, i. e. the repeated advance
and retreat of inland ice sheets, and the transgression of the North Sea in Northern
Germany due to a global sea level rise /BEN 95/. With the knowledge about past cli-
mate and its driving forces, possible future climate states can be simulated.

Several studies investigate the possibility of a future sea level rise due to global warm-
ing. Ganopolski /GAN 07/ assumes a sea level rise of 20 m to 30 m within the next
50,000 a. Taking the thermal expansion and density changes of seawater into account,
the melting of the global ice volume can be calculated. Therefore, a sea level rise of up
to 80 m is possible /WIL 93/, but is not regarded as a realistic scenario /MEY 06/. Ac-
cording to different publications, the next cold stage may be expected in ca. 20,000 a
[EMI 57/, not earlier than 50,000 a /LOU 00/ or even not earlier than 170,000 a to
500,000 a /ARC 05/. Values are based on different methods, such as the evaluation of
oxygen isotopes of foraminifers from deep-sea cores or of the orbital parameters, and

on different assumptions, e. g. regarding the future CO, emissions.

All in all, a repetition of past interglacial and glacial cycles is most probable on a time
scale of one million years, so that a future cold stage or a sea level rise have to be
considered for the long-term future. In this project, the Holstein Warm Stage is used as
a reference for warm stage model simulations and the Weichsel Cold Stage as a refer-

ence for cold stage model simulations.
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8.1.1 Seawater Transgression

Quaternary sea level oscillations can be regarded as a result of the Milankovitch cycles
and hence are dependent on the global ice volume /IMB 84/. In Northern Germany, the
sea level variations amounted to several dekameters up to ca. 120 m in the course of
the last 18,000 a /STR 04/. Several Quaternary North Sea transgressions are recorded
for Northern Germany. In the geological past, periods of seawater inundation in North-
ern Germany persisted for about a few thousand years only /STR 04/. The maximum
extension of the Quaternary marine transgressions occurred during the Holstein Warm
Stage (Fig. 8.1), which lasted from 335,000 until 330,000 a before present (BP). The
marine transgression occurred in form of a single, uninterrupted sea-level rise with an
average rising rate of 1 m per 100 a /STR 04/. This led to a local sea level rise of more
than 50 m /STR 04/ up to ca. 65 m /LIN 85/, while the global sea-level rise amounted to
more than 100 m /ROH 98/. The sea-level high stand persisted for the time of ca.
5,000 a.
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Fig. 8.1 Global sea level record of the past 500,000 a modified from /ROH 98/

Solid lines are based on different climate proxies. The dashed line shows schematic sea-
level fluctuations sketched through the control points following the main trends in the oxy-
gen isotope record. Cross-hatched ovals show ranges of interglacial sea-level highstands.
Error bars represent ranges of glacial sea-level lowstands according to the model presented
in /ROH 98/. The red oval shows the Holstein interglacial.

8.1.2 Permafrost

In the geological past, climate states with the formation of permafrost occurred periodi-
cally at the Gorleben site. According to model calculations, permafrost during the
Weichsel Cold Stage in the Gorleben area reached thicknesses between 40 m and

140 m /KLI O7/. Here, periods with and without permafrost alternated with a periodicity
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of ca. 10,000 to 30,000 a. The permafrost growth and decay can be simulated for a
time of 40,000 a according to Fig. 8.2.

Completely unfrozen zones — so-called taliks — could have been formed in areas be-
neath rivers and lakes due to their thermal influence /DEL 98, KEL 98/. In case of a fu-
ture glacial it has to be assumed that there will be, similar to that of the last glacial
(Weichselian), an inland ice sheet north or northeast of the Gorleben area. During the
maximum extension of the Weichselian ice sheet ca. 16,000 to 20,000 a BP /STR 04/,
the ice margin was located in the immediate vicinity of the investigation area in less
than 50 km distance /KOE 00/. Permafrost areas melt in case of a glacial overriding
because of a subglacial thermal disequilibrium /BOU 04/. Therefore, the permafrost de-
cays below the glacier. Glacial meltwater is forced into the subglacial aquifer, and will
rise to the free surface beyond the permafrost areas in front of the ice sheet. In this
case, large volumes of meltwater could infiltrate into the underground and flow into the
lower aquifer of the model domain. According to Boulton /BOU 93/ unfrozen zones in
the permafrost may concentrate discharge and produce exceptionally high upward wa-
ter fluxes. The river Elbe, which served as a glacial valley with a talik during the Weich-
selian, is expected to persist and, due to the high meltwater volumes from the ice
sheet, have a larger width than today /KOE 00/. Another talik is assumed to have been
formed beneath the River Seege further south. During rainfall or flood events, these
taliks serve as infiltration areas for groundwater recharge. At the same time, groundwa-
ter could be discharged due to high inflow from the north into the lower aquifer, through

the taliks of the upper aquifer, up to the surface.

The climate transition between the present climate and the permafrost conditions is on-
ly theoretically discussed in this report and is not modeled. Therefore, only results of
model simulations of the constant climate and the seawater trans- and regression are

presented in the following.
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Fig. 8.2 Calculated permafrost depth depending on the surface temperature for the
past 50,000 a, modified from /DEL 98/

8.2 Groundwater flow and transport model

Flow and transport were simulated using the codes d3f for groundwater flow and r3t for
radionuclide transport, which were developed under the auspices of GRS /FEI 04,
FEI 99/. Main characteristic of d3f is the possibility to calculate the transient, density-
driven transport of salt, which is the most important process influencing the groundwa-
ter flow in the model area /KLI 07/. Transport calculations with r3t are based on the flow
field calculated by d3f. The most important feature of r3t is the possibility to simulate pol-
lutant transport in very large model domains for long periods in time. The smart

Kg-concept was implemented in the transport code r’t (section 7).

8.2.1 Model set-up

The model is based on a schematic cross section through the Gorleben area, which
summarizes all main geological and hydrogeological characteristics (section 2.3) of the
site under present conditions (Fig. 8.3). It comprises three geological units, represent-
ing the lower aquifer, the aquitard, and the upper aquifer. The lower aquifer is charac-

terized by high salt concentrations of the groundwater, resulting from the contact to the
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salt dome in the lower aquifer and leaching of salt, while the upper aquifer is character-
ized by low salt concentrations. Groundwater recharge takes place at the surface. Part
of this water is drained to the lowlands of the river Elbe, while the other part may infil-
trate through the hydraulic windows of the aquitard down to the lower aquifer. At the
contact to the salt dome within the lower aquifer, salt can be dissolved rising the salt
concentration and the density of the groundwater. From the contact to the salt dome,
the water flows to the north and sinks down in the northwestern rim syncline. Apart
from that it can rise up into the upper aquifer through the hydraulic windows or through
the aquitard, resulting in locally elevated layers of salt water underlain by less saline

water and in salt water areas at the surface.
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Fig. 8.3 Schematic cross section of the hydrogeological system at the Gorleben

reference site, modified from /KLI 02/

8.2.2 Model geometry

A two-dimensional model was set up based on the schematic cross section (Fig. 8.3)
and the geological and hydrogeological information given by numerous publications
(e. g. /KLI 07/, /IKLI 02, /LUD 02/). The two-dimensional model has a length of 16.4 km
and a maximum depth of 400 m (Fig. 8.4). It consists of three different units represent-
ing a lower and an upper aquifer with an intercalated aquitard. In the model, both aqui-
fers have a thickness of 100 m. The northwestern rim syncline is realized in the model
with an additional thickness of the lower aquifer of 150 m. The aquitard has a thickness
of 50 m. Both, the Hamburg Clay and the Lauenburg Clay Complex, are locally inter-
rupted by hydraulic windows, i. e. local absence of the aquitard. One hydraulic window
with a width of 500 m is realized close to the southern boundary of the model and a
second hydraulic window at the northern boundary of the northwestern rim syncline.

The contact of the lower aquifer to the cap rock of the Gorleben salt dome is marked in
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red in Fig. 8.4. All figures of the model and results of the simulations are exaggerated

by a factor of 10.
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Fig. 8.4 Geometry of the groundwater flow and transport model with two aquifers

and an intercalated aquitard

8.3 Flow simulations

Values for the hydraulic parameters were taken from different publications about the
Gorleben aquifer system (cited in /FLU 09/ and /NOS 09/). The permeability k is
1-10™? m? for the aquifers and 1-10™*® m? for the aquitard. The porosity ¢ is 0.2 (aqui-
fers), and 0.05 (aquitard). A uniform longitudinal dispersion length a, of 10 m, a trans-
versal dispersion length ar of 1 m and a molecular diffusion coefficient D, of

1-10° m? s™ are set for the entire model domain (Tab. 8.1).

Tab. 8.1  Hydaulic parameters for the three hydrogeological units upper aquifer
(UAF), aquitard (AT) and lower aquifer (LAF)

Parameter Notation UAF AT LAF
Permeability k [m?] 1-10* 1107 1-10*
Porosity o [-] 0.2 0.05 0.2
Longitudinal dispersion length ap [m] 10
Transversal dispersion length ar [m] 1
Molecular diffusion coefficient | Dy, [m*s™] 1-10°

As an initial condition, the temperature rises linearly from 8 °C at the surface to 20 °C

at the bottom of the model. Heat transport is not calculated in the simulations.
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The salt concentration is given in form of a relative concentration /FEI 99/:

¢ i Mtracer
Crel ———abs it Cops =
Cabs,max Miracer * My 0
2
and
Crel = relative salt concentration = relative salt mass fraction [-]
Cabs = absolute salt mass fraction [-]
Capsmax = Maximum absolute salt mass frcation [-]
Meracer = mass of salt [kg]
My,0 = mass of water [kg].

The expected salt concentrations range between fresh water (minimum absolute salt
mass fraction = 0.0) to saturated brines (maximum absolute salt mass fraction = 0.265,
equivalent to 360.54 g L™).

Initial and boundary conditions as well as changes in the hydraulic parameters for each

climate transition are described in the following.

8.3.1 Present state and constant boundary conditions

The model simulation starts with the present climate state. Therefore, present condi-
tions need to be simulated first. Initial conditions for the salt concentration are set ac-
cording to the presumed salt distribution in the Gorleben area after the end of the
Weichsel Cold Stage and the beginning of the Holocene at 11,500 a BP /STR 07,
KLI 07/. Therefore, the upper 70 m of the model domain show fresh water conditions
(crer = 0). The salt concentration rises linearly from ¢, = 0 to 1 within the lower 30 m of
the upper aquifer. The aquitard and the lower aquifer show salt water conditions
(cres = 1). Boundary conditions are defined according to different publications /KLI 07,
KLI 02, LUD 02/. In the Gorleben Channel, where the lower aquifer has contact to the
salt dome, salt can be dissolved. Therefore, the salt concentration at this location is set
to ¢ = 1 at a length of 4 km (red line in Fig. 8.4). At the southern and the northern part
of the model surface, groundwater recharge of 160 mm alis defined in form of an in-

flow of freshwater with a velocity of 5.1 10° m s™ with a salt concentration of ¢, = 0. In
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the center of the surface, a hydrostatic pressure is given. Here, fresh water may infil-
trate (¢ = 0) or groundwater of different salinity may be discharged (in- and outflow
boundary condition). At the northern boundary, an inflow of groundwater into the lower
aquifer is defined with a velocity of 6.3:10® m s and a salt concentration of ¢, = 0. Af-

ter 11,500 a model time, the present climate state is reached.

8.3.2 Seawater Transgression

The simulation of permafrost conditions starts after 161,500 a of model time (11,500 a
until reaching the present state and another 150,000 a of constant conditions). Then
the lateral boundaries are closed and a time-dependent pressure boundary condition is
defined at the surface representing a transgression for 5,000 a, a sea-level high-stand
at 50 m for another 5,000 a, and a regression for 5,000 a. The salt concentration of the
seawater is set to ¢, = 0.13. At the contact to the salt dome, the boundary condition of

Crel = 1 remains.

8.3.3 Permafrost

Starting from the present state, the model is run for another 150,000 a model time. In
the model, permafrost regions in the upper aquifer are realized by a reduction of the
permeability of k = 1:10™ m? to k = 1:10?° m?. The permafrost extends over the entire
thickness of the upper aquifer of 100 m. A large unfrozen zone with a width of 5 km is
located in the area of the Elbe lowlands above the northwestern rim syncline. Another
smaller unfrozen zone is located below the River Seege at 450 m to 550 m north of the
southern boundary (south of the southern hydraulic window). All other hydrogeological
parameters remain unchanged from the present climate state. At the model surface, a
Dirichlet condition is defined representing a hydrostatic pressure. Similar to the present
climate state, an in- and outflow boundary condition is set for the salt mass flow. For
the southern boundary of the lower aquifer, a hydrostatic pressure for the total mass
flow and an in- and outflow boundary condition for the salt mass flow are defined. At
the northern boundary of the lower aquifer, a maximum inflow of meltwater is assumed
which is given in form of a head gradient of 0.1 /KOE 00/. The inflow boundary condi-
tion for the northern boundary of the lower aquifer is then defined as time-dependent
function, where the inflow rate is interpolated depending on the permafrost thickness,

and the salt concentration of the inflowing water is ¢, = 0.
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8.3.4 Results of the flow simulations

Three different points in time are discussed in detail: The present state (11,500 a mod-
el time), the point in time after the time frame of 150,000 a with constant boundary
conditions (161,500 a), and the point in time after the seawater trans- and regression
(176,500 a).

8.34.1 Present state (11,500 a)

The hydrogeological system, as presented by /KLI 07/, /KLI 02/ and /LUD 02/ can be
quite well described with this model /FLU 09/. After 11,500 a model time, the present
stage is met (Fig. 8.5). At the surface, groundwater recharge takes place leading to low
salt conentrations in the upper aquifer. Adjacent to the areas of groundwater recharge
at the surface, groundwater is discharged. In the center of the surface, where the
hydrostatic pressure is set, the groundwater flow is directed downward. At the hydraulic
windows, groundwater from the upper and the lower aquifer can mix. In the vicinity of
these areas, numerous changes in the flow direction can be observed. Part of the
groundwater is drained to the surface while another part descends into the lower
aquifer. In the upper part of the lower aquifer, the groundwater flow is directed from the
hydraulic windows to the center of the aquifer. The inflow of formation water from the
north into the lower aquifer leads to a decrease of the salt concentration in the lower
aquifer. At the contact to the salt dome, salt is dissolved and transported to the rim
syncline according to the flow direction. There, the saline groundwater descends due to
its higher density. These opposing flow directions in the upper and lower part of the
lower aquifer are forming a convection cell within the lower aquifer. The model shows a
clear density stratification. Highest salt concentrations up to ¢, =1 are found in the
northwestern rim syncline and at the contact to the salt dome, while in the upper part of
the lower aquifer lower salt concentrations of ¢, = 0.4 — 0.6 can be observed. The are-
as of groundwater inflow are characterized by the lowest salt concentrations. Fresh wa-
ter conditions (< 1 g L™ of total dissolved solids (TDS), classification after /DAV 67/) are
found in these areas as well as at the center of the surface. The dominant process for

the salt transport is advection.
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Fig. 8.5 Salt concentration and velocity field for the present state at 11,500 a
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8.3.4.2 Constant boundary conditions (161,500 a)

The model shows a clear decrease in salt concentrations compared to the present
state in particular in the lower aquifer and the northwestern rim syncline (Fig. 8.6). Salt
concentrations of ¢, = 1.0 only remain at the contact to the salt dome, where salt is
constantly dissolved. In the northwestern rim syncline, the salt concentration is reduced
to about ¢, = 0.4 — 0.6. This reduction results from the inflow of fresh water into the
lower aquifer which dilutes the salt water in the rim syncline and transports it up to the
surface. The areas of groundwater discharge at the surface are broadened. General
flow directions are preserved. The flow velocity is slightly reduced, especially in the up-
per aquifer. After 160,000 a model time, the salt concentration and the groundwater
flow almost meet steady-state conditions. The dominant process for the transport of the

salt is, as for the present state, advection due to the high flow velocities.
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Fig. 8.6 Salt concentration and velocity field for constant boundary conditions at

160,000 a (length of velocity vectors proportional to velocity)
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8.3.4.3 Seawater transgression

During the seawater inundation, no inflow of fresh water is defined. Therefore, the ad-
vective groundwater flow ceases and convection is the dominant process for the mixing
of differently mineralized water and the transport of salt. In the aquitard, where a lower
permeability is set, the dominant transport process for the salt is diffusion.

A clear change in the flow field can already be seen shortly after the boundary condi-
tions have changed. In the lower aquifer, the flow directions roughly remain unchanged
apart from the missing inflow of fresh water into the lower aquifer. In the southern part
the flow is still directed to the north towards the contact to the salt dome and the rim
syncline. After the passage of the rim syncline, the groundwater partly flows further in
northward direction and then partly flows back to the contact to the salt dome due to
the formation of a convection cell above the rim syncline. In the aquitard, the flow ve-
locity decreases due to the missing groundwater recharge. Slight formation of fingering
structures occur in the upper aquifer which result from infiltration of seawater with high-

er salt concentration (c, = 0.13) into the upper aquifer (Fig. 8.7).

An almost horizontal density stratification of the groundwater occurs with increasing
density with depth and a more abrupt increase of salt concentrations within the lower
aquifer. The entire upper aquifer shows a salt concentration equal to that of the sea-
water of ¢, = 0.13 after the time of the inundation. Particularly in the upper aquifer, the

salt concentration is elevated compared to the salt concentration at 160,000 a.

An inundation time of only a few thousands of years has a clear influence on the salt
concentration and the groundwater flow in the upper aquifer and in the aquitard. During
this period, the salt concentration and flow directions of the lower aquifer are hardly af-
fected by the changed boundary conditions. Steady-state groundwater flow and salt

concentration distributions are not met after an inundation time of 15,000 a.
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8.4 Transport simulations

In the transport simulations, the following singles nuclides as well as decay series are

regarded:
e Single nuclides: Cs-135, Se-79, Ni-59, Np-237
e Americium decay series: Am-243, Pu-239, U-235
e Uranium decay series: U-238, U-234, Th-230, Ra-226.

Additionally, in each of the three model simulations, the transport of an inert tracer was
regarded in order to be able to compare the transport of the radionuclides, which are
subject to radioactive decay and sorption, to the transport of an inert substance.

In the case of an altered evolution of the repository, radionuclides can be released from
the near field into the far field, be transported through the overburden, and reach the
biosphere. In the model, the radionuclides are released into the model area at the cen-
ter of the contact to the salt dome in form of a stylized inflow function derived from for-
merly conducted model simulations for the Gorleben site (Fig. 8.8, after /KEE 05/). For
each of the considered radionuclides, the maximum of the respective source term is
identified. All of the source terms have their maximum between 1,000 a to 100,000 a
after the closure of the repository. In the model simulations, a straightforward approach
to simplify these source terms is realized in order to better interpret and compare the
results. Thus, the source terms are defined as stylized, constant release rates in the
amount of the maximum concentration of the respective radionuclide as determined by
IKEE 05/ for a time of 9.9:10" a (Fig. 8.9, Tab. 8.2). For the inert tracer, the source term
was set to the source terms of Cs-135, U-238 and Am-243, respectively. In this study,
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the impact of altering geochemical conditions in the hydrogeologic system due to cli-
matic changes is to be identified. In order to observe these impacts in the entire model
domain and to keep the interpretation simple, the inflow of radionuclides is assumed to

start at 1,000 a after the present state (12,500 a model time).
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Fig. 8.8 Source terms from the near to the far field for considered radionuclides as
determined by /KEE 05/
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Fig. 8.9 Stylized, constant source terms from the near to the far field for considered

radionuclides as applied in the model simulations
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Tab. 8.2 Source terms for the considered radionuclides

The asterisk indicates that an inert tracer was modeled with the same source term as the
marked radionuclide. Indented radionuclide names indicate the considered daughter nu-
clides of the radionuclide named above them.

Nuclide Flux [mol s™]
Cs-135* 4.35-10™
Np-237 2.78-10™"3
Se-79 4.73:10*
Ni-59 5.03-10*
Am-243* 1.64-10*3
Pu-239 2.98-10™
U-235 1.71-10"
U-238* 5.68:10™"
U-234 3.59-10"
Th-230 3.63-10
Ra-226 8.50:10™°

An inflow of radionuclides is only given at the center of the salt dome. For all other
boundaries, inflowing water always has a radionuclide concentration ¢, of 0 mol m?,
while for an outflow, c,, is set equal to the concentration in the outflowing groundwater
(in- and outflow boundary condition). The half-lives of all considered radionuclides are
taken from /MAG 06/ and given in Tab. 8.3.

For transport simulations, the environmental parameters have to be quantified for the
initial and boundary conditions. /KLI 04/ gives a comprehensive overview of groundwa-
ter chemical data for the Gorleben area as described in section 2.4.3.1 and given for
the three hydrogeological units in Tab. 2.7. For the transport simulations, only the pa-
rameters pH, Ca, and DIC are required (Tab. 8.4). The salt concentration for each time
step is provided by d* simulations, and r’t calculates the required ionic strength from
the salt concentration as described in section 7.1.4. Based on the environmental pa-
rameters and the ionic strength, r’t selects the according smart Kg-value from the
Kg¢-cloud. The assignment of smart Ky-values is only applied to the aquitard and the

upper aquifer, for the lower aquifer, conventional Ky-values are set.
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The mineral composition of the hydrogeological units is accounted for during the calcu-

lation of the smart Kq-clouds (section 2.3) and does not have to be specified in the r’

calculations.

Tab. 8.3

Half-lives (HL) /MAG 06/ and Kg-values /SUT 98/ of the regarded radionu-

clides

Limit between fresh water and saline water is at TDS = 10 g L™. Indented radionuclide

names indicate the considered daughter nuclides of the radionuclide named above them.

Radionuclide HL [a] Kg, sand (aquifer) Ky, Silt, clay
[m® kg™ (aquitard) [m® kg™]
Fresh Saline Saline
6
Cs-135 2:10 0.07 0.002 0.07
6
Np-237 2.144-10 0.01 0.01 0.3
5
Se-79 4.8-10 0.001 0.001 0.001
Ni-59 7.5-10* 0.02 0.006 0.09
3
Am-243 7.37-10 0.1 3 20
Pu-239 2.411-10* 0.1 0.1 3
U-235 7.038-10° 0.002 0.0006 0.02
9
U-238 4.47-10 0.002 0.0006 0.02
5
U-234 2.46-10 0.002 0.0006 0.02
4
Th-230 7.54-10 0.2 0.2 0.2
Ra-226 1.6-10° 0.04 0.002 0.04
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Tab. 8.4 Initial pH-value and initial concentration of the components Ca and DIC for
the three hydrogeological units upper aquifer (UAF), aquitard (AT) and
lower aquifer (LAF)

Parameter Unit UAF AT LAF
pH [] 7.5 8.0 7.2
Ca [mol m?] 1.21 0.24 22.28
DIC [mol m?] 2.70 3.57 4.75

Comparative calculations were conducted neglecting the smart Kg-concept and using
constant Ky-values for each hydrogeological unit. The sorption coefficients used here
were gained from a study evaluating sediment and groundwater samples from the
Gorleben region. Here, the Ky-values were differentiated with respect to the concentra-
tion of total dissolved solids in the water. “Saline water” is defined by a TDS content
higher than 10 g L™, “fresh water” shows a TDS content lower than 10 g L™, hence the
limit between fresh and saline water is given by a relative salt concentration of
Cres = 0.0375. For every radionuclide the constant Kg-values, which depend on the
groundwater salinity and the sediment type, are stated in Tab. 8.3 /SUT 98/.

Since transport calculations are based on transient flow fields, the salt concentration is
not constant in time. The assignment of the appropriate conventional Ky-values was
performed taking the evolution of the isoline of the salt concentration ¢, = 0.0375 and
of the flow field into account (Fig. 8.10). For zones with salt concentrations of
Crel > 0.0375, the Ky-value for saline groundwater is assumed. This is the case for the
lower aquifer and the aquitard for all three points in time. However, mainly in the upper
aquifer this cannot always be clearly determined and has to be based on personal
judgement. The assignment of the Ky-values then depends on the flow direction. In the
beginning of the inflow of radionuclides at 12,500 a model time, the salt concentration
in the upper aquifer is mainly above c, = 0.0375. During the time of the constant
boundary conditions, the salt concentration decreases and shows fresh water condi-
tions in almost the entire upper aquifer after 161,500 a model time. After ca. 50,000 a
to 60,000 a the isoline meets the upper limit of the aquitard, and after ca. 90,000 a it is
in a steady-state (both not depicted). Although the upper aquifer does not show fresh
water conditions for the entire time of the constant boundary conditions, the Kg-values
are assigned assuming fresh water conditions. This is due to the fact that most of the
regarded radionuclides are only reaching the upper aquifer at a later stage of the model

simulations, when fresh water conditions in the upper aquifer are dominating. For the
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seawater transgression, the Kg-value for the upper aquifer is set for saline groundwater

conditions according to the quickly established elevated salt concentration (Fig. 8.10).

Tab. 8.5 gives a matrix for the assignment of the conventional Ky-values for the differ-

ent time frames of the transport simulations.

Fig. 8.10
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Tab. 8.5  Matrix for the assignment of conventional Ky-values for the different time

frames of the transport simulations and for the three hydrogeological units

UAF AT LAF
Present state fresh saline saline
Constant boundary conditions fresh saline saline
Seawater transgression saline saline saline

8.4.1 Present state

For the present state and the constant boundary conditions, a Dirichlet condition is set
for the inflow into the lower aquifer. The inflowing groundwater is assumed to have a
chemical composition according to the formation water of the lower aquifer (Tab. 8.4).
An in- and outflow boundary condition is stated for the model surface, depending on
the flow direction, which was determined in the d3f calculations. The chemical composi-
tion of the outflowing water at the surface equals the calculated actual chemical com-
position of the groundwater. In case of an inflow, the chemical composition is defined
equal to the composition of the precipitation water /MAT 94/, which is described in sec-
tion 2.4.3.3 and given in Tab. 8.6.

Tab. 8.6  pH-value and concentration of the components Ca and DIC for the precipi-
tation water /IMAT 94/

Parameter Unit Precipitation water
pH [] 5.6
Ca [mol m?] 0.025
DIC [mol m?] 0.002
8.4.2 Seawater Transgression

For the marine transgression, the water composition at the model surface is dependent
on the flow direction. An in- and outflow boundary condition is set for the surface with a
seawater chemistry according to /LAN 02/, which is described in section 2.4.3.2 and
given in Tab. 8.7. For the sea water transgression, the lateral boundaries of the model

are defined as impermeable.
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Tab. 8.7  pH-value and concentration of the components Ca and DIC for the sea-
water after /LAN 02/

Parameter Unit Seawater
pH [-] 5.6
Ca [mol m?] 0.025
DIC [mol m?] 0.002
8.4.3 Permafrost

For the Permafrost state, the in- and outflow boundary conditions at the model surface
for the present state apply. At the southern boundary a hydrostatic pressure is defined
in the flow simulations. Here, formation water may enter the model area, while for an
outfow the chemical composition of the water is calculated by r’t. From the north, gla-
cial meltwater is flowing into the lower aquifer. The composition of glacial water is de-
rived from the composition of an Antarctic ice core /LEG 88/ (appendix, section A.2)
and described in Tab. 2.10. The DIC concentration was taken from /MAT 94/ assuming
that the effects of increased solubility in precipitation and decreased atmospheric CO,
concentration during glacial compensate each other. pH-value and Ca and DIC con-

centrations considered in model simulations are summarized in Tab. 8.8.

Tab. 8.8 pH-value and concentration of the p Ca and DIC for the glacial meltwater
after /LEG 88/ and /IMAT 94/

Parameter Unit Glacial meltwater
pH [] 5.7
Ca [mol m?| 0.005
DIC [mol m?] 0.002

For the transition between permafrost and the present climate (and vice versa) the
boundary condition for the model surface is maintained. The southern boundary of the
lower aquifer is impermeable in case it is impermeable in d3. An in- and outflow
boundary condition is defined in case the boundary is not impermeable in d3f. A step-
wise function is used to define the chemical composition of the inflowing groundwater

from the north.
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In case the velocity of the inflowing groundwater is

Vin (perm afrost) —Vin (present)

Vi< " +vin(present),

the chemical composition of the formation water (Tab. 8.4) is used, while in case

Vin (permafrost)—vin (present) ( )
V. > +v. | present),
in 10 in

the chemical composition of glacial meltwater is used (Tab. 8.8).

8.4.4 Results of the transport simulations

The results of the transport simulations with the smart K4-concept comprise the con-
centration distributions of calcium and DIC as well as the pH-values in the model area.
Furthermore, the calcite concentration and the ionic strength are calculated by r’t. The
temporal evolution of these environmental parameters is described in section 8.4.4.1.

The transport of the inert tracer is described in section 8.4.4.2. Transport simulations
were summarized to three model runs. Single nuclides were modeled in one model run,
while the radionuclides of the americium decay series and of the uranium decay series
were each calculated in two separate model runs. Therefore, the calculated
smart Kg-values and the radionuclide concentration distributions of each of the respec-

tive group of radionuclides are described in separate sections 8.4.4.3 to 8.4.4.5.

Many results of the transport simulations cannot be depicted in this report.
Smart Kq-values and radionuclide (and tracer) concentration distributions for the de-
scribed points in time, which are not depicted in sections 8.4.4.2 to 8.4.4.5, can be

found in the appendix (section A.9).

8.4.4.1 Environmental parameters

In the following, the evolution of the Ca and DIC concentration as well as the pH-value

as calculated by r’t are described. Additionally, r’t stores the calcite concentration in
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the model area in form of an integrated calcite concentration, i. e. the given values for
one time step are the sum of the calcite concentrations of all time steps. Negative val-
ues indicate the calcite concentration is lower than initially defined, positive values indi-
cate the calcite concentration is higher than initially defined. The distribution of the ionic
strength is derived from the salt distribution calculated by d*f according to the concep-
tual model (section 7.1.4).

The values of the environmental parameters at 0 a (Fig. 8.11) are conform to the initial
conditions as described in section 8.4.1. In the first time step the calcite concentration
is still 0 mol m™. The distribution of the ionic strength is consistent with the initial condi-

tions of the relative salt concentration in the d*f simulations.
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South North

a) Cal[mol m?

b) DIC [mol m?¥]

c) PH[]

d) Calcite [mol m3]

e) lonic strength [mol L]

Fig. 8.11 Distribution of environmental parameters at the beginning of the model

simulations at 0 a
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After 11,500 a model time, the distribution of the environmental parameters has
changed according to the flow field, the boundary conditions and the geochemical in-

teractions of the environmental parameters (Fig. 8.12).

In the northern and southern part of the upper aquifer, groundwater recharge takes
place. The rainwater has a low pH-value of 5.6, while the formation water in the upper
aquifer had a pH-value of 7.5 at the beginning of the simulation. Additionally, the rain-
water has a low content of [Ca] = 0.025 mol m™ and [DIC] = 0.002 mol m™ compared to
the initial Ca and DIC concentrations in the upper aquifer of [Ca] = 1.21 mol m™® and
[DIC] = 2.70 mol m™®. Due to the influence of the lowly mineralized rainwater, the Ca
and DIC concentrations in the recharge areas decrease compared to the formation wa-
ter of the upper aquifer. As a consequence of the low concentration of Ca and DIC,
calcite dissolves causing an increase of the pH-value to above the initial value of the
formation water. The evolution of the ionic strength follows the trend of the relative salt
concentration (section 8.3.4.1) with highest concentrations in the Gorleben Channel
and the northwestern rim syncline. In the center of the upper aquifer, the groundwater
is still affected by the groundwater recharge in the south and in the north. Calcite is
dissolved, the pH-value increases, and the Ca and DIC concentrations are decreased.

The aquitard has a low permeability, and therefore low flow velocities are to be ob-
served here (section 8.3.4.1). Changes of the environmental parameters in the aquitard
are mainly caused by diffusion from the lower and the upper aquifer into the aquitard.
As a conseqguence, trends of the changes in the two aquifers can be traced into the ag-

uitard.

The lower aquifer shows different zones of the geochemical environment: The region of
formation water inflow north of the northwestern rim syncline, the region of influence of
the hydraulic windows with complex groundwater flow, and the region with the high sa-

linities at the contact to the salt dome and in the northwestern rim syncline.

Initially, the formation water is not at equilibrium with calcite. Initial environmental pa-
rameters were defined according to /KLI 07/ without equilibrating them prior to the sim-
ulations. Therefore, calcite precipitates in the lower aquifer. After 11,500 a, this effect is
most evident in the northern part of the lower aquifer, where formation water is entering
the model area. As a consequence, the pH-value as well as the Ca and DIC concentra-

tions of the inflowing formation water are decreasing after entering the model area.
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In the vicinity of the northern hydraulic window, part of the groundwater flow from the
lower aquifer is directed through the hydraulic window to the upper aquifer and from
there to the south. At the same time, part of the groundwater from the upper aquifer
descends through the hydraulic window, mixes with the groundwater from the lower
aquifer and is then directed to the south. Thus in the lower aquifer, the alteration of the
geochemical parameters can be traced from the northern part, where the groundwater
inflow takes place, to the upper parts of the lower aquifer south of the northern hydrau-
lic window. The complex flow patterns additionally result in a plume with higher Ca and
DIC concentrations in the upper aquifer south of the hydraulic window. In this region,
the pH-value is lower than given by the initial conditions and is also lower than in the
others parts of the upper aquifer. Calcite dissolution and precipitation can only be
vaguely distinguished.

The area in the vicinity of the contact to the salt dome and the northwestern rim syn-
cline is characterized by a high salinity i. e. a high ionic strength. It is important to note
that the smart K4-concept is so far not designed for dealing with very high ionic
strengths as featured by saturated brines. Therefore, results for the environmental pa-
rameters in this area have to be handled with care, since at this stage the Pitzer formal-
ism is not implemented in our model. Ca and DIC concentrations decrease compared
to the initial conditions. This is a result of the inflow of recharging rainwater, which
mainly enters the lower aquifer through the southern hydraulic window. Relatively high
DIC concentrations are remaining in the lower parts of the lower aquifer. At the same

time, the mentioned region shows a considerable decrease of the pH-value.
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Fig. 8.12
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Environmental parameters for the present state at 11,500 a
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Following up the evolution of the environmental parameters during the time of constant
boundary conditions until just shortly before the marine transgression occurs (Fig. 8.13
at 160,000 a), the trend of the geochemical changes and thus the alteration of the envi-

ronmental parameters can be traced as described above.

The influence of the ascending groundwater in the upper aquifer becomes more dis-
tinct, which can most clearly be observed for the Ca concentration. At the same time,
the recharged rainwater maintains its influence on the upper aquifer, which is demon-
strated by the decreasing DIC concentration. The pH-value increases in the southern
and northernmost region, where there is a strong influence of the recharge, while it de-
creases in the region of the northern hydraulic window, which is influenced by the as-
cending formation water from the lower aquifer. In the center of the upper aquifer, the
different types of groundwater mix. Calcite is still being dissolved in the upper aquifer.

In parts of the lower aquifer, mainly the southern region, calcite is dissolved, which
leads to an increase of the pH-value. At the bottom of the lower aquifer, i. e. at the con-
tact to the salt dome, calcite precipitates. This is the region of high ionic strength. There
is no calcite dissolution in the northwestern rim syncline, so the pH-value is lower than
in the southern region. The Ca concentration distribution is mainly affected by the
groundwater recharge with lowly mineralized rainwater in the south. The DIC concen-
tration strongly decreases in the entire model domain, while the DIC distribution rough-
ly stays the same. In the northern part of the lower aquifer the process observed after
11,500 a continues, i. e. the amount of precipitated calcite is further increased accom-
panied by lower pH-values and lower Ca and DIC concentrations compared to the for-

mation water.
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Fig. 8.13
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Environmental parameters for constant boundary conditions at 160,000 a
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A seawater inundation of 15,000 a drastically influences the distribution and concentra-
tion of all environmental parameters (Fig. 8.14). The inflow of formation water into the
lower aquifer terminates with the onset of the marine transgression. A horizontal layer-
ing of the groundwater can be observed, where the salt concentration and the density
are increasing with depth. The advective groundwater flow ceases and diffusion be-
comes the main transport process for the salt. The upper aquifer is affected by the
overlying seawater, resulting in an elevated salt concentration (section 8.3.4.3) and ion-
ic strength. With the onset of the transgression, fingering structures occur in the upper
aquifer, which result from infiltration of seawater with higher salt concentration
(Cres = 0.13) into the upper aquifer.

The pH-value levels out over the entire model domain but stays below the pH-value of
seawater of 8.2. In most of the model domain calcite precipitates, which is leading to
the mentioned decrease of the pH-value compared to seawater.
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Fig. 8.14 Environmental parameters after the seawater inundation at 176,500 a
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8.4.4.2 Transport of an inert tracer

The inert tracer is not subject to sorption or radioactive decay, so transport simulations
should feature the widest concentration distributions and the highest concentrations
compared to the considered radionuclides. Three transport simulations were conducted
with different source terms for the tracer, for which the source terms of Cs-135, Am-243
and U-238 are employed.

The dominant transport process is advection; diffusion is of subordinate importance for
the present and constant boundary conditions until 161,500 a model time. Therefore,
the tracer is transported from the contact to the salt dome to the north and into the low-
er aquifer according to the flow direction (Fig. 8.15; figures for the tracer distribution
employing the U-238 source term can be found in the appendix, section A.9, Fig. A.22).
Then it rises up to the upper aquifer by passing the aquitard in the model center as well
as the northern hydraulic window. Smaller tracer concentrations are found south of the
contact to the salt dome in both aquifers and the aquitard. Here, diffusion drives the
tracer distribution. After 160,000 a model time, the tracer can be observed almost in the
entire model domain except from the northernmost area, where inflow boundary condi-
tions are set causing a flow from north to south. The results of the three model simula-
tions only differ slightly in the tracer concentration, the areas of tracer distribution are

identical.

During the sea water inundation, the advection ceases and diffusion gains influence.
After 176,500 a fingering structures are observed in the upper aquifer. At the end of the
model simulations, the tracer distribution extends over the entire model domain with
highest concentrations in the central and northern part and lowest concentrations in the

southern part of the upper aquifer.
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a) 160,000 a, source term according to the Am-243 source term, loga-
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rithmic scale [mol m™]
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c) 160,000 a, source term according to the Cs-135 source term, loga-
rithmic scale [mol m™]
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d) 176,500 a, source term according to the Cs-135 source term, loga-
rithmic scale [mol m™]
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Fig. 8.15 Distribution of the inert tracer after the constant boundary conditions
(160,000 a) and after the seawater transgression (176,500 a) for the
source terms in accordance to the source term of Am-243 and Cs-135
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8.4.4.3 Transport of selected single nuclides

Generally, calculated smart Ks-values are higher than those given by /SUT 98/. Aver-
age calculated smart Kg-values are compiled in Tab. 6.5 and Fig. 6.5. The smart
Kg-values for Cs-135 are about three orders of magnitude higher than the correspond-
ing conventional Ky-values. For Se-79 the smart Ky-values fit quite well to the conven-
tional Ky-values. For the aquitard they are slightly higher, for the upper aquifer slightly
lower than the conventional values. The smart Ky-values of Np-237 and Ni-59 are in the
same order of magnitude as the conventional Ks-values. Generally the trends and the
development of the environmental parameters can be traced in the evolution of the
smart Kg-values. The pH-value is the environmental parameter with the by far strongest
influence on the smart Ky-value of the selected single nuclides as discussed in sec-
tion 6.2. The Kg-values of the cations Cs-135, Ni-59, and Np-237 increase, whereas the

Kg-value of Se-79, occurring in anionic form, decrease with increasing pH.

The distribution of radionuclides is in good agreement with the calculated smart
Kg-values. Many of the radionuclides are retarded within the aquitard and do not reach
the upper aquifer. Se-79 is the only anion of all regarded single nuclides. Therefore its
smart Ky-values follow the opposite trend than the smart Ky-values for Cs-135, Np-237
and Ni-59. This leads to an increased transport of Se-79 in areas, where the other sin-

gle nuclides are increasingly retarded and the other way around.

Exemplarily the transport of Cs-135 and Se-79 is described in detail in the following
(sections 8.4.4.3.1 and 8.4.4.3.2), the transport of Np-237 and Ni-59 is only described
briefly (section 8.4.4.3.3).

84431 Cs-135

Calculated smart Kg-values are generally higher than Ky-values given in /SUT 98/. For
Cs-135 (Fig. 8.16), the conventional Kg-value is 0.07 m® kg™ for the aquitard under salt
water conditions as well as for the upper aquifer with fresh water conditions. The
smart K¢-value of Cs-135 after the first time step is calculated to be 84.6 m® kg™ in the
aquitard. In the upper aquifer, the smart Kg-value is 4.4 m® kg™ for the lower part and

4.8 m® kg™ for the upper part of the aquifer.

During the first 11,500 a model time the smart K;-value very well follows the evolution

of the environmental parameters, in the upper aquifer as well as in the aquitard. Since
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the pH-value is the most important parameter, the smart Kg-value is higher in area with
higher pH and vice versa. Additionally the higher content of clay minerals causes the

higher smart Kg-values in the aquitard.

For constant boundary conditions, the trends in the evolution of the environmental pa-
rameters and the calculated smart Ks-value persist. The smart Kg-value in the aquitard
continues to decrease, especially above the northwestern rim syncline, where the
pH-value is the lowest. Where groundwater from the lower aquifer rises to the upper
aquifer and is transported to the south, lowest smart K¢-values of 1 — 2 m* kg™ in the
upper aquifer are found. Elevated smart Kg-values of ca. 12 m* kg™ can be observed in
the areas of groundwater recharge. Highest smart Kg-values of up to ca. 14 m* kg™ are
found in the vicinity of the southern hydraulic window according to the highest
pH-values found there.

Under the influence of the reduced flow velocities and the missing inflow of lowly min-
eralized water during the seawater transgression, the system equilibrates and shows a
more uniform distribution of the environmental parameters and smart Kg-values. In the
aquitard, the smart Kg-values range from ca. 55 m*kg™ in the southern part to ca.
6 m* kg™ in the northern part according to the distribution of the pH-value. In the upper
aquifer, the smart Kg-values show an even more uniform distribution with values of
1-8m®kg™. Where the pH-value is decreasing, the smart K-value descreases as
well. The fingering structures, caused by the mixing of higher mineralized seawater at
the surface with the lower mineralized groundwater in the upper aquifer, can be ob-

served for all environmental parameters as well as for the smart K;-values.

The inflow of radionuclides starts at 12,500 a model time. Therefore, no radionuclide
concentration is to be observed at the start of the simulations or at the present stage
after 11,500 a model time. Therefore, the concentration distributions after 160,000 a

and after 176,500 a model time are only discussed here.

After 160,000 a Cs-135 is transported mainly in the lower aquifer (Fig. 8.17). Here, the
Kg-value is set to 0.002 m*® kg™. The transport calculations are based on the same flow
simulations, therefore the concentration distribution in the lower aquifer is identical for
both implementations. According to the flow direction, Cs-135 is transported from the
contact to the salt dome to the north. In the aquitard, the smart Ky-values and the con-
ventional Ky-value differ by three orders of magnitude. Therefore, Cs-135 is retarded

strongly and does not reach the upper aquifer when employing the smart Ky-value. In
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contrast to that, Cs-135 concentrations can be observed in the upper aquifer up to half

of the vertical extent in case the conventional Ky-value is employed.

During the seawater transgression the dominant horizontal flow components in the up-
per aquifer recede and the vertical components become more important. The upper
aquifer shows saline conditions, therefore the conventional Ky-value is strongly reduced
to 0.002 m®* kg™. Cs-135 is transported through the upper aquifer and reaches the sur-
face vertically above the contact to the salt dome. In contrast to that, the smart K;-value
is still strongly elevated in the aquitard with values between 6 m® kg™ and 55 m® kg™.
Cs-135 does not reach the upper part of the aquitard or the upper aquifer during the

simulation employing the smart K4-values.
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Fig. 8.16
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d) Smart Ks-value, logarithmic scale [m® kg™], 176,500 a

176500 years

0.0

-1.0

Smart Ky-values for Cs-135 for different points in time
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Fig. 8.17
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Distribution of Cs-135 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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8.443.2 Se-79

For Se-79 the pH-value is the most important environmental parameter, too. Since
Se0,” is the basic species considered here, its trend is opposite to that of the cations,
Cs*, Ni** and NpO,". Its smart K4-value decreases with increasing pH-value. For Se-79,
the smart Ky-value and the conventional Ky-value are not differing as much as the val-
ues for Cs-135 (Fig. 8.18). The conventional Kg-value is 1-10° m® kg™ in the entire
model domain. At the beginning of the simulation, the smart K¢-value is 4-10° m® kg™ in
the aquitard. The lower part of the upper aquifer shows a higher smart Kd-value of

3-10° m® kg™, while the upper part shows the highest smart K-value of 8:10° m* kg™.

In general the smart Ks-value follows the distribution of the pH-value. At the present
state (11,500 a), the smart Ky-value is slightly elevated in the aquitard compared to the
beginning of the simulation and shows values between 5-10° m® kg™ in the southern
part and 3-102 m® kg™ in the northern part. In the upper aquifer, the smart Kq-value is
reduced compared to the beginning of the simulations. In the areas of groundwater re-
charge, where the pH is relatively high, the smart Kg-value is ca. 1.7-10° m® kg™, while
in the central part it is in the range of 6-10* —1-10° m®kg™. Above the northern hy-
draulic window, highest smart Ky-values in the upper aquifer are observed with maxi-
mum values of ca. 1-102 m® kg™. Therefore a broader distribution of Se-79 is expected
in the aquitard and a higher retention of Se-79 in the upper aquifer compared to the
simulations employing the conventional Ky-value by /SUT 98/.

Assuming constant boundary conditions, the influence of the northern hydraulic window
on the smart Kg-value in the upper aquifer increases. Where the groundwater from the
lower aquifer ascends, mixes with water from the upper aquifer and flows southward,
the smart Kg-value rises, due to decreased pH-values there. The central part of the up-
per aquifer now shows smart Kg-values of 1:10% m® kg™. Within a small range above
the northern hydraulic window, smart Kq-values of up to 1-10™ m*® kg™ are reached. The

smart Ky-values within the aquitard are only sparsely altered.

The overlying seawater has a balancing effect on the smart K4-values in the upper ag-
uifer and the aquitard. While the smart K;-value of Cs-135 decreases in the aquitard af-
ter a seawater transgression, the smart Ks-value of Se-79 rises, again caused by a de-
crease of pH. In the upper aquifer, a broad distribution of a smart Ks-value of ca.
6-10°m®kg" can be observed for Se-79. Maximum smart Ks-values of ca.

1-102 m® kg™ are reached in the fingering structures.
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Se-79 generally shows a lower Ky-value (both for the conventional Ky-value and the
smart Kg-value) than Cs-135. Therefore after 160,000 a model time, a wider distribution
of Se-79 can be observed (Fig. 8.19). Se-79 is transported into the northwestern rim
syncline and even reaches the model surface approximately vertically above the salt
dome for both Ks-implementations. Resulting from the lower smart Kq-values in the ag-
uitard compared to the conventional Ks-values, Se-79 is less retarded in the aquitard
when employing the smart Ky-concept. Therefore a larger amount of Se-79 reaches the
upper aquifer. In the upper aquifer the smart Ky-value is lower than the conventional
Kg¢-value south of the location of the radionuclide inflow and higher in the area north of
the inflow location. The general groundwater flow in the area, where Se-79 enters the
upper aquifer, is directed to the north. Therefore, a wider distribution of Se-79 is ob-
served for the conventional Kg-value after 160,000 a model time. In contrast to that,
higher concentrations of Se-79 are observed for the smart K;-value. Due to the higher
smart Kg-values, the distribution of Se-79 is spatially limited and Se-79 accumulates.
This would result in an elevated radiation exposure at the surface although the reten-

tion is elevated.

The seawater transgression does not have an explicit influence on the Se-79 distribu-
tion in the model domain. Se-79 is transported further through the northwestern rim
syncline and through the aquitard to the north. This applies for the conventional
Kg-value as well as for the smart Ky-value. Only in the upper aquifer, a broader distribu-
tion of Se-79 can be observed for the conventional K4-value due to its broader distribu-
tion at the beginning of the seawater transgression. Additionally the smart K;-value is
considerably elevated leading to a smaller spatial distribution and hence higher con-

centration of Se-79.
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Fig. 8.18
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Smart Ky-values for Se-79 for different points in time
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Fig. 8.19
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Distribution of Se-79 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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8.4.4.3.3 Np-237 and Ni-59

The smart Ky-values for Np-237 and Ni-59 are generally in in the same order of magni-
tude as those given by /SUT 98/. For both the trend in the spatial and temporal devel-
opment of the smart Kg-value (appendix, Fig. A.23) is comparable to that of Cs-135,
since both elements have increasing smart Kg-values with increasing pH-values. For
the pentavalent Np-237 the conventional Kq-value in the lower aquifer is 1-102 m® kg,
therefore it is strongly retarded in the lower aquifer and only reaches the aquitard after
160,000 a. There the conventional Kg-value by /SUT 98/ is 3-10" m® kg™, while the
smart K¢-value is in the range of 0.2 -3 m?kg™. After the seawater transgression
Np-237 has still not reached the upper aquifer in either of the simulations (appendix,
Fig. A.24).

For Ni-59, the smart Ky-values are in the same range as those of Np-237, thus the dis-
tribution of Ni-59 and Np-237 is very similar after each regarded point in time. Employ-
ing the smart Ks-concept, Ni-59 does not reach the upper aquifer. Setting a conven-
tional Ky-value a small Ni-59 distribution can be found in the upper aquifer (appendix,
Fig. A.26). Ni-59 does not reach the model surface after 176,500 a model time.

8.4.4.4 Transport of the radionuclides of the americium decay series

For all considered radionuclides of the Am-243 decay series, a separate input function
was defined (section 8.4). Pu-239 and U-235 are therefore not only generated by radi-
oactive decay, but are released into the model area as well. For these simulations the
focus is on the transport of U-235 (section 8.4.4.4.3). Am-243 (section 8.4.4.4.1) and
Pu-239 (section 8.4.4.4.2) feature high smart K;-values, so the transport is restricted to
the lower aquifer. The smart Kyg-values and transport of these two radionuclides is only
evaluated briefly, the corresponding figures can be found in the appendix (Fig. A.27 to
Fig. A.30). In general all three radionuclides are in a different way affected by the envi-
ronmental parameters. Am-243 follows the trend of Cs-135, Ni-59 and Np-237, i. e. the
smart Kg-values are increasing with increasing pH. For Pu-239 the DIC concentration is
the dominant environmental parameter but pH also plays an important role. With an in-
crease in DIC smart Ky-values decrease due to the formation of mobile carbonate
complexes. For uranium the major effect in the upper aquifer and aquitard is a de-

crease of the smart Ks-values with increasing pH. The sorption plateau is around a
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pH-value of 6 with decreasing smart Ky-values at higher pH, caused by enhanced for-

mation of carbonato and calcium-carbonato complexes.

8.4.4.41 Am-243

For Am-243 all the observed effects described in the following can be explained by the
dependence of the smart Ks-value on the pH-value. At the beginning of the simulation,
the smart K-value for Am-243 is ca. 2:10* m® kg™ for the aquitard, 2 m® kg™ in the up-
per part of the upper aquifer and 1.8 m® kg™ in the lower part of the upper aquifer (ap-
pendix, Fig. A.27). The conventional K¢-value is 20 m®kg™® for the aquitard and
0.1 m® kg™ for the upper aquifer. The smart Ks-values are in good agreement with the
pH-value. Until reaching the present state, the smart Ky-value in the aquitard stays in
the range of ca. 2:10* m®* kg™, while in the upper aquifer the influence of infiltrating
rainwater becomes visible. In the southern and northern part of the upper aquifer, the
smart Kg-value is ca. 20 m® kg™, while in the central part it is between 0 — 10 m® kg™.
During the evolution with constant boundary conditions, the smart K;-value even rises
and reaches values of up to ca. 9:10°m*kg® in the southern part and of ca.
3.10* —5.10* m®* kg™ in the northern part. Close to the northern hydraulic window, the
smart Ks-value decreases to ca. 2-10°m°kg™. In the upper aquifer, the upflowing
groundwater from the lower aquifer leads to a further decrease of the smart Ky-value in
the central part of the aquifer. After the seawater transgression, the smart Kg-value in
the upper aquifer is roughly between 0.5 — 2 m?® kg™, showing higher values in the salt
water fingering structures with higher pH-values and lower values in the areas with a

lower ionic strength and lower pH-values.

Conventional Kg-values were set for the lower aquifer for both simulations. The
Kg-value is 3 m® kg™. Am-243 is sorbed to the sediment within the lower aquifer and
does not reach the aquitard until the end of the model simulations. Therefore the re-
sults for the two implementations employing either the conventional or the

smart Ky-value are identical (appendix, Fig. A.28).

8.4442 Pu-239

For Pu-239 as well the smart Kg-values are in good agreement with the evolution of the
DIC concentration, which is also correlated to the pH-value (appendix, Fig. A.29). The

smart Kg-value stays in the range of 0 — 5 m® kg™ in the upper aquifer, while in the aqui-
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tard it rises during the constant boundary conditions. In the vicinity of the northern hy-
draulic window, it even reaches ca. 100 m® kg™. During the seawater inundation it de-
scends to ca. 10 — 15 m® kg™ in the aquitard. In the upper aquifer the smart K¢-value is
1-2m*kg™. Likewise Am-243, Pu-239 is strongly retarded within the lower aquifer
and only reaches the lower border of the aquitard within the model time (appendix,
Fig. A.30).

8.4.4.43 U-235

At the start of the simulation, the smart K -value of U-235 is 8-:10° m® kg™ in the aqui-
tard, 2-10° m® kg™ in the lower part of the upper aquifer and 1-10° m?® kg™ in the upper
part of the upper aquifer. As discussed above the smart K;-value of U-235 is negatively
correlated with the pH-value. Where low pH-values occur at the start of the simulation,
e. g. in the areas of groundwater recharge, higher smart Ky-values are calculated (Fig.
8.20). In the same way the increased smart Ky-values at the top and the bottom of the

aquitard correspond negatively to the lower pH-value.

This effect becomes even more obvious after the simulation of the constant boundary
conditions. While the smart K¢-value is in the range of 1-10° — 1:10° m® kg™ in the up-
per aquifer for the present state, it rises to 1-10°—1-102m*kg™ for the constant
boundary conditions. The smart Ks-value for the aquitard rises from the south to the
north and shows values from ca. 1 m* kg™ to ca. 250 m® kg™. The ascending ground-
water from the lower aquifer has a lower pH-value than the rest of the upper aquifer

causing elevated smart Ky-values for U-235.

After the seawater transgression, the smart Kg-value is harmonized in the upper aquifer
and the fingering structures are the only areas, where the smart K4-value is elevated,

again with higher values for lower pH-values and vice versa.

Most of the U-235 is transported from the contact to the salt dome to the north accord-
ing to the flow direction (Fig. 8.21). North of the contact to the salt dome, the higher sa-
line groundwater sinks down into the northwestern rim syncline, thus U-235 concentra-
tions can be found here. The U-235 distribution in the lower aquifer is identical in both
simulations. Compared to Am-243 and Pu-239, the K4-value of U-235 is very low in the
lower aquifer (6-10* m®kg™). Therefore, the U-235 distribution is the highest in this

model run. The conventional Kg-value in the aquitard and the upper aquifer is a few or-
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ders of magnitude smaller than the smart Kg-values. After 160,000 a U-235 has

reached the model surface when employing the conventional Ky-value, but it only

reaches the model surface during the seawater transgression when employing the

smart Kg-value. A much wider spatial distribution of U-235 can be observed in the aqui-

tard and the upper aquifer for the implementations of the conventional Ks-value.

Fig. 8.20

South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

0 years
-2.0
-3.0
-4.0

b) Smart K¢-value, logarithmic scale [m® kg™], 11,500 a

11500 years
-2.0
-3.0
-4.0

c) Smart Ks-value, logarithmic scale [m® kg™], 160,000 a

160000 years
-2.0
-3.0
-4.0

d) Smart Ks-value, logarithmic scale [m*® kg™], 176,500 a

176500 years
-2.0
-3.0
-4.0

Smart Ky-values for U-235 for different points in time
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South North

a) Conventional Ky-value, 160,000 a, logarithmic scale [mol m'3]

160000 years
-15.0
-20.0
-23.0

b) Smart K-value, 160,000 a, logarithmic scale [mol m™]

160000 years

-15.0
-20.0
-23.0

176500 years /
-23.0

d) Smart Ks-value, 176,500 a, logarithmic scale [mol m™]

-10.0

176500 years
-15.0

-20.0
-23.0

Fig. 8.21 Distribution of U-235 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value

175



8.4.4.5 Transport of the radionuclides of the uranium decay series

Uranium, which is assumed to exist in the hexavalent state, shows the lowest conven-
tional Ky-values and smart Ky-values, therefore highest radionuclide distributions can
be found for all radionuclides of the uranium decay series. Since Th-230 is one of the
considered radionuclides, for which the DIC is the most important environmental pa-
rameter, results for Th-230 will be discussed in detail in this chapter. As for Pu-239 its
pH-value decreases with increasing DIC content. The smart K4-values of uranium and
Ra-226 are predominantly dependent on the pH-value.

8.4.45.1 U-234 and U-238

Smart Kg-values for uranium are discussed in section 8.4.4.4.3 and depicted in
Fig. 8.20. Due to the very low Ky-values in the lower aquifer, uranium is transported to
the north and into the northwestern rim syncline according to the flow direction (appen-
dix, Fig. A.31). After 160,000 a uranium has reached the model surface for both the
conventional Ky-value and the smart K4-value. U-234 shows a lower concentration at
the surface than U-238 due to the smaller source term (appendix, Fig. A.32). The
smart Kg-value of U-234 is higher than the conventional Ky-value in the aquitard. Thus,
U-234 is mainly retarded in the aquitard and only very low concentrations of U-234 can
be observed in the upper aquifer. In some parts of the upper aquifer, the
smart Kg-value is smaller than the conventional K4-value. Here, the transport of urani-
um should be facilitated due to the reduced sorption. However this does not apply, be-
cause a smaller amount of U-238 and U-234 is released from the aquitard to the upper
aquifer in the first place. Therefore smaller uranium concentrations are observed in the
upper aquifer employing the smart Ky-value. After 176,500 a U-238 and U-234 show
the largest concentration distribution at the surface of all the considered radionuclides

except for Se-79.

8.4.452 Th-230

The smart Ky-value of Th-230 is not primarily dependent on the pH-value but on the
DIC concentration (section 6.2). The development of the smart K;-value is negatively
correlated to the development of the DIC concentration, because mobile carbonato
complexes are formed at the pH conditions considered here resulting in a reduction of

the smart Ky-values (Fig. 8.11 to Fig. 8.14). For example in the area of the upper aqui-
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fer, where low saline groundwater from the lower aquifer rises through the northern hy-
draulic window, the DIC concentration is elevated and the smart Ky-value of Th-230 is
reduced (Fig. 8.22). Highest smart K4-values can be observed in the northern and
southern part of the aquitard of up to ca. 10> m®kg™. During the seawater transgres-
sion, the DIC concentration in the model area levels out. At the same time the
smart Kg-value of Th-230 harmonizes and shows a value of 10 — 15 m® kg™ in the aqui-
tard and of ca. 1 m®kg™ in the upper aquifer. The conventional Kg-value is 0.2 m* kg™
for all formations. After 160,000 a there are only slight differences in the distribution of
Th-230 for the different Kg-implementations (Fig. 8.23).
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Fig. 8.22

South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

b) Smart Kg-value, logarithmic scale [m® kg™], 11,500 a
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d) Smart Ky-value, logarithmic scale [m® kg™], 176,500 a

176500 years

Smart Ky-values for Th-230 for different points in time
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years

-23.0

b) Smart K4-value, 160,000 a, logarithmic scale [mol m'3]

-10.0

160000 years
-15.0
1 -20.0
-23.0
Fig. 8.23 Distribution of Th-230 after the constant boundary conditions (160,000 a)

employing the conventional Kg-value /SUT 98/ and the smart K;-value

8.4.453 Ra-226

Ra-226 shows the highest smart Ky-values of the regarded radionuclides of the urani-
um decay series (appendix, Fig. A.33). Again, maximum values can be observed in the
northern and southern part of the aquitard of up to ca. 4-10° m® kg™. After the seawater
transgression, the aquitard shows a smart Kg-value of 10? — 10° m® kg™ and the upper
aquifer a value of ca. 2-10" m® kg™. The conventional K¢-value is much lower with a
value of 4-102 m® kg™ for the aquitard and the freshwater upper aquifer (during present
and constant boundary conditions) and of 2:10° m® kg™ for the saline upper aquifer

(during the seawater transgression).

As a consequence, only very small Ra-226 concentrations are found in the lowest part
of the aquitard after 160,000 a regarding the smart Ky-value, while regarding the con-
ventional Ky-value Ra-226 is transported half-way through the upper aquifer (appendix,
Fig. A.34). During the seawater transgression, the transport is even facilitated, because

of the higher salinity of the seawater.
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8.5 Conclusions for transport simulations

Transport calculations have been performed to test the modified code, which includes
the implementation of the transport of different components and of the
smart K4-concept. The results of the transport simulations were verified quantitatively
for specific points in time and space and the correlation between the single environ-
mental parameters and the smart Kg-values was analyzed. The results show that

e the implementation of the concept for transport of the geochemical components
works well. The changes in pH, ionic strecngth, concentrations of Ca and DIC, and
dissolution/precipitation of calcite are plausible and can be explained according to

the concept for the different states of climate changes.

e the smart Kg-concept also works well showing the major dependencies and trends
of all selected elements identified in sensitivity analysis, i. e. the dominant effect of
the pH-value on the smart Ky-values for most of the regarded cations. The
smart Kg-values of Cs-135, Ni-59, Am-243 and Np-237 increase, those of Se-79
and uranium decrease with increasing pH-values, under the conditions considered
here. For Pu-239 and Th-230 the DIC concentration has the strongest impact, lead-
ing to a decrease of smart Kg-values with increasing DIC concentrations. These
dependencies can be observed at different points in time, for which different flow
and transport patterns are dominant. These result from the different boundary con-

ditions for the regarded climate states and transitions.

Calculated smart Kg-value are mostly higher than the conventional Kg-values, some
even exceed the Ky-values given by /SUT 98/ in several orders of magnitude. Ky-values
by /SUT 98/ were determined by sorption experiments on Gorleben groundwater and
sediment samples, which can contain more minerals and elements than considered in
our calculations of the smart Ky-values. Thus, results cannot easily be compared to re-
sults of simulations employing the conventional Ky-values. Nevertheless, some of the
smart K4-value calculated on the basis of available thermodynamic sorption data (e. g.
for Cs and Ra) seem to be very high. This observation need to be verified in future

studies.

For the present climate and the constant boundary conditions, the transport of the radi-
onuclides is dominated by advection. The environmental parameters reflect well the in-
teraction of the initial and boundary conditions as well as the mixing processes and

thus the changes of the geochemical environment. The weaker sorbing nuclides are
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transported to the north and the northwestern rim syncline, while the stronger sorbing
radionuclides mostly stay within the vicinity of the source. In the lower aquifer, conven-
tional Ky-values are defined for both implementations, therefore the results of the radi-
onuclide distributions are identical. The weaker sorbing radionuclides, such as urani-
um, reach the aquitard and eventually the upper aquifer after 160,000 a model time.
The smart Kg-concept features higher smart K;-values than the conventional Ky-values,
especially in the aquitard. Therefore the radionuclide distribution is spatially restricted
and smaller for the smart K4-concept.

For a seawater transgression, the flow velocity is considerably reduced and diffusion
dominates both the mixing process between fresh water and saline water and the mi-
gration of radionuclides. The environmental parameters level out over the entire model
domain, just as the smart Kg-values. In the upper aquifer, fingering structures can be
observed due to the overlying seawater. Radionuclide distributions are still mainly
bound to the lower aquifer. The elevated ionic strength in the upper aquifer and the ag-
uitard leads to decreased smart Ky-values. A broader distribution of most radionuclides
is the consequence of the altered geochemical conditions and smart Ky-values, espe-
cially for Cs-135, Se-79 and uranium. The difference in the radionuclide concentrations
for the two implementations can most clearly be observed for Cs-135, Se-79 and all the

considered radionuclides of the uranium decay series.

Generally, the climate states determine the groundwater flow field and thus the flow di-
rection and the dominant transport process (advection or diffusion). In addition to that
the hydrogeochemical changes strongly impact the sorption of the radionuclides. Ac-
cordingly, the results for the radionuclide transport show considerable differences. The
different climate states have a lower influence on the strongly sorbing radionuclides, e.
g. Am-243, while for the weaker sorbing radionuclides, the retardation is strongly influ-
enced by the flow direction and velocity, the dominant transport process and the min-
eralization of the groundwater. Therefore, introducing a temporally and spatially varia-
ble Ky-value, which takes the hydrogeochemistry into account, is a crucial step towards

a more realistic treatment of the sorption in long-term safety assessments.

The transport simulations employing the conventional Ky-value were run for a model
time of ca. 33—-35h. The simulations employing the smart Ks-concept took ca.
100 — 110 h. For the given model set-up and geochemical problem, the needed CPU
time to run the transport model regarding the smart K4-concept and the geochemical

environment is only exceeded by a factor of 3 — 3.5 compared to employing the con-
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ventional Kg-values. This ratio will vary for other models depending on the specific geo-

logical and hydrogeochemical conditions defined in the respective model.
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9 Summary and conclusions

In this work an approach to implement the smart Kg-concept into the transport program
r’t, which is applied to large model areas and very long time scales in long-term safety
assessment, is introduced. So-called smart Ky-values are based on mechanistic sur-
face complexation models (SCM), vary in time and space and depend on the actual
geochemical conditions. Therefore, the concept introduced here is based on an appro-
priate treatment of the most relevant environmental parameters in the transport code

and smart Ky-values calculated in dependence on these parameters.

In the first stage this approach has been developed for a typical sedimentary system
covering rock salt and clay formations in Northern Germany. Such a system can rough-
ly be divided into three different hydrogeological units: an upper aquifer, an aquitard
and a lower aquifer. The upper and lower aquifers are hydraulically connected by hy-
draulic windows in the intercalated aquitard. Each hydrogeological unit is characterized
by a specific composition of single minerals. In our study a bottom-up approach is
used, i. e. sorption for each element is described as the sum of the sorption of the ele-
ment on every single mineral fraction. In order to keep the number of sorbates man-
ageable the considered minerals and elements was constrained. The selection of the
mineral phases was mainly based on reports about the petrography of samples from a
number of different drill cores from the Gorleben site and their relevance for sorption or
influencing of geochemical conditions. As most relevant quartz, feldspar, muscovite,
gibbsite, goethite, calcite, kaolinite and illite have been determined. For the elements
three groups have been considered: elements occurring as radionuclides, elements
acting as competing cations and complexing ligands. The selection of the first group
was based on their relevance for long-term safety, on the question whether they are
sorbing at all and on the availability of comprehensive and reliable thermodynamic da-
ta. For the second and third group the ones with highest impact and high probability of
occurrence in the natural system or released from the repository have been included.
As a result Ni, Se, Cs, Cm, Am, Pu, U, Th, Np, Ra, Ca, Fe, Al, CO3*, and SiO5* have

been selected for the calculations.

For the investigations and calculations within this project, a separate thermodynamic
data base had to be created containing (i) the thermodynamic data for the aqueous el-
ement species and for solid mineral phases as well as (ii) the thermodynamic sorption

data for the representative sorbates (pair of element and mineral). Therefore, the ther-
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modynamic data for the representative elements and mineral phases were identified
and extensively reviewed. Since for some of the relevant mineral phases, particularly
feldspars and mica almost no sorption parameters for surface complexation models
were available, batch sorption experiments with cesium (Cs*), strontium (Sr?*), and eu-
ropium (Eu®") on orthoclase and muscovite, which are representative minerals for the
Gorleben site, have been performed. From titration curves for both minerals and the
results of the batch experiments thermodynamic data have been determined and in-
cluded into the ESTRAL.dat data base.

The sorption of radionuclides to the relevant mineral phases is governed by environ-
mental parameters such as pH, temperature, ionic strength (salt concentration) and
concentration of complexing and competing ions. To keep the complexity and the CPU
time to a minimum, the number of such parameters was limited and only those were
selected having an important influence onto sorption processes. The selected environ-
mental parameters are pH-value, DIC, lonic strength, total concentration of Ca and to-
tal concentration of the considered radionuclide (element). In addition the most
important complexing and competing ions silicon, aluminum and iron have been con-
sidered by the assumption that the concentration of the ions SiO3*, AP** and Fe* is
primarily determined by equilibria with solubility limiting mineral phases (quartz, gibbs-
ite and hematite, respectively). Thus these concentrations have been calculated as part

of the computation scheme to generate the multi-dimensional K4-cloud.

For calculation of the sorption values as a function of the selected environmental pa-
rameters for each element onto the sediments (a defined mixture of relevant mineral
phases) of the three hydrogeological units the geochemical speciation program
PHREEQC was used. Parameter variation is performed by UCODE. The sensitivity and
uncertainty analyses of the so-called smart Kg-values are done by coupling the code
SimLab as outer shell to the two above mentioned codes PHREEQC and UCODE.

The results show quite good agreement of the average sorption values calculated from
the Ky-cloud for the ten selected radionuclides and average sorption values derived
from experimental results determined for the Gorleben sediments. Further, the sensitiv-
ity analysis indicates that for all ten radionuclides pH-value, DIC, and [Ca] are influenc-

ing the sorption coefficient most.

In order to verify the bottom-up approach two different test cases were chosen. On the

one hand an additional batch sorption experiment with Eu on a specific mineral mixture
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(“synthetic sediment”) was performed. Besides checking, whether the contributions of
each mineral phase adequately describe the sorption on the sediment, the results also
gave confidence in the new surface complexation parameters for orthoclase and mus-
covite derived by sorption experiments with Eu. On the other hand batch experiments
from literature were applied to check, whether the sorption models and parameters as
well as the modeling approach used are adequately describing the sorption behavior of
uranium on synthetic and natural sands. In general the results from all applications of
the bottom-up approach give quite good results for the sorption of europium and urani-
um, respectively, underpinning the concept developed here.

A key part of the whole project is the conceptual model for implementation of the rele-
vant chemical processes into the transport code. As described above different envi-
ronmental parameters, pH, ionic strength and concentration of DIC, Ca and ten radio-
nuclides have been selected. An important assumption is that the interaction between
the radionuclides and their impact on the geochemical conditions is neglected, since
they only occur in trace concentrations. Therefore, major emphasis was put on the
treatment of the other five environmental parameters. A crucial issue is the treatment of
pH which is affected not only by proton transport but also by chemical reactions with
the dissolved ions (preferably DIC and Ca) and mineral phases of the sediments. Ac-
cording to the results from site investigations main reactions in the Gorleben aquifers
are calcite dissolution (mainly in the upper aquifer), microbial SOC degradation causing
enhanced CO, partial pressures (DIC source) and dissolution of feldspars. lon ex-
change processes, which might occur in the aquitard and at the interface to the upper
aquifer, have not been regarded to keep the system not too complex and clearly repre-
sented. Except the dissolution of feldspars, which is only indirectly considered to de-
termine the concentration of Al, all other relevant reactions are implemented. The core
of the concept is the impact of calcite dissolution/precipitation on the pH-value, as ob-

served in many natural systems.

Two kind of application cases have been selected to show the feasibility and capability
of the method. Two 1D test cases have been used to check the plausibility of the de-
velopment in a relatively simple system, where chemical changes cause dissolution or
precipitation of calcite and these in turn affect the pH-value and DIC and Ca concentra-
tions. In consequence the Kg-value and therewith the transport of the radionuclides is
impacted. The results of the 1D calculations are plausible showing the applicability of

our approach to implement the smart Kg-concept. Furthermore, one 2D test case was
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regarded and results showed that the method is able to describe long-term chemical
changes in large model areas and their impact on radionuclide sorption with acceptable
calculation costs. Therefore the concept is applicable to fulfil the requirements of long-
term safety assessments. The 2D case was derived from expected impacts of future
climatic changes on the hydraulic conditions in the aquifer system in Northern Germa-
ny, therewith representing a calculation case, which might be addressed in a safety
case for a potential repository in Northern Germany. Simulations show that the envi-
ronmental parameters follow expected trends and major dependencies. The Ky values
change accordingly to the change in environmental parameters. The pH-value has the
most dominant effect on the smart Ky-values for most of the regarded elements, except
for Pu and Th, where the DIC concentration has the strongest impact. The dependen-
cies can be observed at different points in time, for which different flow and transport
patterns are dominant. These result from the different boundary conditions for the re-
garded climate states and transitions.

The results of the concept applied here are very promising. The concept allows de-
scribing radionuclide sorption in large model areas over very long time frames in de-
pendence of variable geochemical conditions. However, more test cases are needed to
further qualify the modified transport code. Simple as well as more complex calcula-
tions should show the applicability of the approach for a larger variation of the environ-

mental parameters and also in model geometry, heterogeneity and complexity of flow.

In the next stage of development additional processes as redox reactions and ionic ex-
change should be considered. The redox conditions will particularly impact sorption of
redox sensitive radionuclides, which have been considered in this study to be present
in an oxidised form. Further, the impact of additional competing cations as well as addi-
tional complexing ligands on radionuclide sorption should be studied in more detail and
simulated by this approach. Finally, the application of the concept on highly mineralised

solutions should be realised by applying the Pitzer formalism.
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A Appendix

Al Data for seawater composition

The compounds of salt deposits as calculated from the composition of average sea-
water are shown in Tab. A.1. These data have been used to estimate seawater con-
centrations for the relevant elements considered here. Selected analyses of seawater
can be found in /KAL 03/ (after /SUM 96/) and are presented in Fig. A.1.

Tab. A.1  Compounds of salt deposits calculated from the composition of average
seawater /LAN 02/

Mineral wt%
NaCl 2.73
MgCl, 0.32
MgSO, 0.23
CaSO, 0.13
KCI 0.07
Ca(HCO3), 0.02
b3 3.50
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Element C [1/kg] haufigste Verbindung
Lithium 174 ug Lit

Bor 4.4 mg H3;BO4

Kohlenstoff 27.6 mg HCOj;, CO3~
Stickstoft 420 ng NOg

Fluor 1.3 mg F~, MgF™

Natrium 10.77g¢  Na™T

Magnesium 1.29 g Mg?t

Aluminium 540 ng Al(OH); , Al(OH)3
Silizium 2.8 mg H,S104

Phosphor 70 ng HPOE_, NaHPO,, MgHPO,
Schwefel 0.904 ¢ SOE_, NaSO, ., MgS04
Chlor 19.354 ¢ Cl™

Kalium 0399 ¢ KT

Calcium 0412 ¢  Ca?t

Mangan 14 ng Mn?*, MnCIT

Eisen 55 ng Fe(OH)3

Nickel 0.5 ng NiT, NiCOs, NiCl™
Kupfer 0.25 ug  CuCOs, CuOHT, Cu?T
Zink 0.4 ug Zn?t, ZnOHT, ZnCO4, ZnClt
Arsen 1.7 ng HASOE_

Brom 67 mg Br~

Rubidium 120 ug Rb™

Strontium 7.9 mg Sr2t

Cadmiun 30 ng CdCls

Jod 50 ug 105

Caesium 0.29+png Cs*

Barium 14 ug Ba?t

Quecksilber 1 ng HgClﬁ_

Blei 2 ng PbCO;, Pb(CO3)%~, PbCl+
Uran 3.3 ug [UO2(CO3)3]t~

Seawater composition /KAL 03/
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A.2

Data about the composition of an inland ice sheet and their meltwaters can be obtained
from the analyses of ice cores. Detailed information about the ice chemistry is given by

Data for element contents in ice cores

/LEG 88/. Data from the Vostok ice core are shown in Fig. A.2.

Swage A B C D E ¥ G H
Depth 0 330 5758 875 1000 1500 1675 1925
{m) 325 550 8350 @5 1475 1600 1850 2080
Na/ 1.2+0.5 451407 37408 36402 23+06 21+04 04+0.1 341406
K* 004+001 0224006 0124002 0154003 0071002 006:£001 0021001 016+£003
K** 001 +001 0124005 004002 008+002 0021001 0014000 001£001 008+0.02
Mg** 03+0.1 1.6+04 10102 1.3+02 06102 45+01 01401 1.3+03
Mgit* 00+00 0.6+03 0.2+01 0.5+01 0.1+01 0.0+ 00 00+00 9.3+062
Ca’” 0.1+005 25+09 0.9+05 1.8+05 04+03 02+01 0.1 4005 264+ 006
Ca?** 006 +0.04 23+08 08405 1.7+05 03+03 0.140.1 0.08 +£0.04 1.8+06
NH, 01+005 023+0.14 0233006 0194009 019+007 0.11+£003 010+£002 0.141+003
H* 20413 25107 21407 25406 1.7+08 1.4+04 29+0.3 22407
Y 0.5+ 04 S51+11 EA AN 39+04 11 +05 10102 08102 4.2+ 1.1
Ci * —09+06 —~014£05 —~12+08 —02402 —15407 -—15+02 +03+0G1 +03+09
NGy 0.254+008 14407 04402 081403 0.25+0.1 .25+ 01 035+01 1.0+04
SO% - 281046 53+13 44+08 52411 36407 27404 22402 42+09
SO;** 26+06 48+1.2 39408 4.8+ 1.1 33+07 24+03 21401 38409
SO+ 1.6+10 45413 27+12 45+ 10 1.6+ 09 0.9+04 21x01 36+1.2
T 0.1+0.1 29+ 11 09+06 22406 04402 0.14+01 0.1+0.1 24+08
Al 30+ 1.5 97+ 37 31420 72422 14+11 543 3+2 79+ 27
Cl/Na,, 0.7+08 1.81+02 13404 L7401 0.8+0.3 0.7+0.1 29406 1.9+04
AC +02+03 —~02+05 +91+04 —02+04 +04£02 +05+£02 +04£02 -02+08
z 72129 2354350 158433 196422 02+18 84411 7.0+07 187+£39
Fig. A.2  lonic distribution (in pEq L), Al content (in ng g*) and Cl/Na,, weight ratio
for various stages along the Vostok ice core /LEG 88/
A.3 Groundwater data from Gorleben site

Groundwater geochemical data for the different groundwater types at the Gorleben site
are listed in Tab. A.2 to Tab. A.4.
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Tab. A.2

Groundwater geochemical data for the Ca-HCOgs-type after /KLI 04/

TDS: Total Dissolved Solids; EC: Electric Conductivity

TDS lon pH EC K log Na log Mg log Ca log (Ca) | Fei log
balance (K) (Na) (Mg) (Fetwr)
[mg L] [%] [1 | [uScm™|[mg L™ [mgL™]| [mgL™]| [mgL"]| [mgL"]| [mgL"] |[mgL™]| [mgL"] |[mgL"]| [mgL"]
Nr 37 37 35 36 37 37 37 37 37 37 37 37 35 35
Min 113 -12.41 | 6.6 117 | 0.27 | -057 | 6.15 | 0.79 | 0.73 | -0.14 | 19.8 1.3 0.01 -2.0
Max 471 2.27 8.1 502 50 | 07 | 217 | 1.34 | 108 | 1.03 | 77.6 1.89 3.5 0.54
Mean | 272 -0.48 7.5 295 | 1.83 | 0.18 | 10.1 | 0.98 | 514 | 059 | 48.32 1.64 0.7 -0.43
Var |1.36:10*| 549 | 0.144 |1.56-10*| 1.17 | 0.084 | 13 | 0.019 | 11.1 | 0.133 | 454 0.047 0.8 0.308
Al log (Al) cl log (Cl) SO~ log SO, | HCO; | logHCO; | PO Sio, log SiO;
[mgL’] | (mgL™] | [mgL"] | [mgL’] [mg L] [mgL’] | [mgL’] | [mgL’'] | [mgL’"] [mg L] [mg L]
Nr 2 2 37 37 37 37 37 37 18 21 21
Min 0.04 1.4 4.9 0.69 0.5 -0.3 62.85 1.8 0.1 8.0 0.9
Max 0.06 -1.22 27 1.43 40.4 1.61 313 2.5 0.88 45 1.65
Mean | 0.05 -1.31 | 12.47 1.05 14.3 0.99 165 2.16 0.26 21.21 1.29
Var |2.00-10*| 0.016 | 31.7 0.038 126 0.194 6.67-10° 0.055 0.117 88.9 0.039




LT

Tab. A.3  Groundwater geochemical data for the Na-HCOs-type after /KLI 04/
TDS: Total Dissolved Solids; EC: Electric Conductivity
TDS lon pH EC K log Na log Mg log Ca log (Ca) | Fe log
balance (K) (Na) (Mg) (Fetwr)
[mg L] [%] [1 |[uScem™|[mgL™|[mgL™]| [mgL™] |[mgL™]|[mgL™]| [mgL"] [[mgL™]| [mgL™] |[mgL”]| [mgL”]
Nr 30 30 30 29 29 29 30 30 30 30 30 30 30 30
Min 189 -3.28 7.2 161 1.0 | 0.0 42 1.62 | 0.36 | -0.44 2.4 0.38 0.05 | -1.34
Max 8190 97.2 8.9 660 53 | 072 | 7790 | 3.89 | 9.43 | 097 | 64.53 1.81 259 | 0.41
Mean | 611 2.91 8.0 383 | 2.15 | 0.29 337 1.94 | 213 | 012 | 9.72 0.85 0.40 | -0.63
Var |2.06-10°| 319 0.178 |2.23-10*| 1.23 | 0.038 [1.98-10°| 0.1.65 | 5.09 | 0.185 | 128 0.1 0.295 | 0.178
Al log (Al) cl log (Cl) SO~ log SO, | HCO; | logHCO; | PO Sio, log SiO;
[mgL’] | (mgL™] | [mgL"] | [mgL’] [mg L] [mgL’] | [mgL’] | [mgL’'] | [mgL’"] [mg L] [mg L]
Nr 8 8 30 30 23 23 30 30 16 21 21
Min 0.01 -2.0 6.38 0.8 0.1 -1.0 104 2.02 -0.1 15.5 1.19
Max 1.10 0.04 | 42.48 1.63 26.91 1.43 366 2.56 4.63 59.0 1.77
Mean 0.47 -0.56 | 18.23 1.22 3.84 0.11 218 2.31 1.73 26.13 1.38
Var 0.139 | 0.416 71.4 0.038 38.9 0.522 6.89-10° 0.029 2.03 150 0.029
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Tab. A.4

TDS: Total Dissolved Solids; EC: Electric Conductivity

Groundwater geochemical data for the Na-Cl-type after /KLI 04/

TDS lon pH K log (K) Na log (Na) | Mg |log (Mg) Ca log (Ca) | Few: | log (Fewr)
balance
[mgL™] | [%] [1 [Scm™| [mgL7] | [mgL™] | [mgL™] | [mgL"] |[mgL']| [mgL"] |[mgL™] | [mgL"] |[mgL’]| [mgL"]
Nr 655 655 | 623 | 636 639 639 655 655 655 655 655 655 597 597
Min 127 | -9499 | 1.1 | 159 1.0 0.08 47 1.67 0.2 0.7 1.96 0.29 | 0.01 -1.89
Max |448250| 74.96 | 10 |383000| 5100 | 3.71 |196900| 5.29 | 1950 | 3.29 4110 3.61 |34.10| 153
Mean | 77990 | -0.37 | 7.2 | 73000 | 317 2.04 | 27900 | 4.01 |396.3| 225 893 269 | 6.85 0.57
Var |8.55-10°| 88.3 |0.289|5.46-10°/1.94-10°| 0.514 (1.19-10°| 0.506 |1.4-10°| 0.514 |5.03-10°| 0.371 | 38.5 0.34
Al log (Al) cl log (Cl) SO.* log SO, | HCO; | logHCO; | PO Sio, log SiO;
[mgL™ | [mgL™] | [mgL™] | [mgL’] [mg L] [mg L] [mg L] [mg L] [mg L] [mg L] [mg L]
Nr 103 102 655 655 647 647 636 636 196 432 432
Min 0.05 -1.30 18 1.25 0.15 -0.82 2.99 0.48 -2 1 0.0
Max 1.8 0.26 | 328300 5.52 7880 3.9 943 2.97 3640 58 1.76
Mean | 0.31 -0.65 | 46500 4.22 1630 2.66 290 2.42 42.02 18.23 1.20
Var 0.093 | 0.115 [3.25-10° 0.54 2.93-10° 1.03 1.90-10* 0.047 1.21-10° 81.2 0.057




A4 Data compilation SSA from sorption data base RES3T for relevant

mineral phases/-groups

Tab. A.5 Literature values for Gibbsite and recommended mean SSA

Mineral | SSA Grain size Measurement References
[m?g] [um]
Gibbsite | 0.2 BET-N2 TYM96
Gibbsite | 0.8 BET (general) DMBC97
Gibbsite | 0.9 BET-N2 TYM96
Gibbsite | 1.5 BET (general) ZDT06
Gibbsite | 2.0 BET-N2 GG85
Gibbsite | 3.4 BET-N2 HVB87
Gibbsite | 3.5 BET (general) CKWZ06
Gibbsite | 3.5 Manufacturer's Specification | SEM99
Gibbsite | 4.0 BET-Kr JGHO4
Gibbsite | 4.0 BET (general) ZRS94
Gibbsite | 4.9 1.0 BET (general) H94
Gibbsite | 11.2 BET (general) RLL98
Gibbsite | 13.0 Rhodamin B Adsorption WDAOO
Gibbsite | 18.0 BET-N2 HHV99
Gibbsite | 19.8 0.5 BET-N2 HVB87
Gibbsite | 25.0 BET-N2 SSLS98
Gibbsite | 31.0 BET-N2 HPQ71
Gibbsite | 38.0 Water Vapor Adsorption PKV06
Gibbsite | 38.0 BET (general) VSAAJO7
Gibbsite | 40.1 BET (general) K97c
Gibbsite | 40.3 BET-N2 HHV99
Gibbsite | 40.8 BET-N2 HHV99
Gibbsite | 45.0 BET-N2 PFRF77
Gibbsite | 47.0 BET-N2 HPQ72
Gibbsite | 50.0 BET-N2 GSBO07a
Gibbsite | 56.5 BET-N2 GFG96
Gibbsite | 58.0 BET-N2 HPQ72
Gibbsite | 65.3 BET-N2 LWCCHO06
Gibbsite | 96.0 BET (general) YSS01
Mean 26.3 0.75
+26 9.1 0.1
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Tab. A.6

Literature values for Fe(lll)-minerals and recommended mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
Goethite 1.4 BET (general) | T93
Goethite 5.5 BET-N2 TEI95
Goethite 7.5 BET (general) | MDCF93b
Goethite 9.0 BET-N2 BCHSS98
Goethite 14.7 BET-N2 MS92
Goethite 15.0 BET-N2 BALEB99
Goethite 15.1 0.25 BET-Ar PVPGGO03
Goethite 15.6 BET-N2 MDO1b
Goethite 15.7 BET (general) | NS91
Goethite 17.0 BET-N2 HPQ72
Goethite 17.0 BET-N2 MRS81
Goethite 17.9 0.25 BET-N2 PVPGGO03
Goethite 20.0 BET-N2 MMDDAOQO
Goethite 21.0 BET (general) | NS96
Goethite 214 BET-N2 E99
Goethite 21.8 BET-N2 SS00
Goethite 23.0 BET-N2 BLBBSO01
Goethite 24.0 BET-N2 ESBKO1
Goethite 24.0 BET (general) | MSHVB96
Goethite 27.0 BET-N2 RSRC99
Goethite 27.0 BET-N2 TAO1b
Goethite 27.0 BET-N2 ZSPO7
Goethite 27.7 BET-N2 CRCO08
Goethite 27.7 BET-N2 GMO01
Goethite 27.7 BET-N2 SCRO00
Goethite 28.0 BET-N2 HPQ72
Goethite 28.0 BET (general) | S79
Goethite 30.0 BET (general) | RM0O1b
Goethite 31.2 BET-N2 GG85
Goethite 32.0 BET-N2 HPQG68
Goethite 32.4 0.1 BET-Ar PVPGGO03
Goethite 32.7 BET (general) | PS04c
Goethite 33.0 BET-N2 RSRC99
Goethite 33.1 BET (general) | WAABCOO
Goethite 33.7 BET-N2 LMJO6
Goethite 33.7 BET-N2 RZEAA88
Goethite 33.8 BET (general) | PHBCO06
Goethite 34.0 BET-N2 DLT89
Goethite 34.4 BET-N2 CRS99
Goethite 34.4 BET-N2 WTO06
Goethite 35.0 BET (general) | MGMO03
Goethite 35.6 BET-N2 PH97
Goethite 36.5 BET-N2 GLS94
Goethite 37.0 BET-N2 BPS00d
Goethite 37.7 BET-N2 CRCO08
Goethite 37.9 BET-N2 SCRO00
Goethite 38.0 BET (general) | HV96
Goethite 38.0 0.1 BET-N2 PVPGGO03
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Tab. A.6

(cont.) Literature values for Fe(lll)-minerals and recommended mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
Goethite 38.2 BET-N2 SCROO00
Goethite 39.0 BET-N2 Y75
Goethite 39.1 BET-N2 PL96
Goethite 39.9 BET-N2 LSS90
Goethite 40.0 BET-N2 CHSGS08
Goethite 40.0 BET-N2 LCV99
Goethite 40.1 BET-N2 WWDPCO06
Goethite 40.3 BET-N2 GAAGNO02
Goethite 40.7 BET-N2 G9%4a
Goethite 40.7 BET-N2 SCROO00
Goethite 42.1 BET-N2 JSLO6
Goethite 42.1 BET-N2 JSLO6
Goethite 43.0 BET-N2 NPLS96
Goethite 43.2 BET-N2 GS93
Goethite 43.7 BET (general) | JSH75
Goethite 43.7 BET-N2 MG96b
Goethite 45.0 BET (general) | BBP97b
Goethite 45.0 BET (general) | HL85
Goethite 45.0 BET-N2 MFG98
Goethite 45.0 BET-N2 MG96b
Goethite 45.0 BET-N2 VRL94
Goethite 46.0 BET-N2 DK90
Goethite 47.5 BET-N2 CS95
Goethite 48.0 BET-N2 Y75
Goethite 48.5 BET-N2 BM79
Goethite 48.8 BET (general) | YM96
Goethite 49.0 0.3 BET-N2 JM77
Goethite 49.2 BET-N2 BC87
Goethite 49.5 BET (general) | K97c
Goethite 49.6 BET (general) | AWJ99b
Goethite 50.0 BET (general) | CCBPC92
Goethite 50.0 BET (general) | GESGA97
Goethite 50.0 BET-N2 ZB99
Goethite 51.8 BET-N2 BM81
Goethite 52.0 BET-N2 HL86a
Goethite 54.0 BET-N2 DHO03
Goethite 54.0 BET-N2 Y75
Goethite 55.0 BET-N2 CHSGS08
Goethite 55.0 BET-N2 RJW93
Goethite 55.7 BET (general) | LS00
Goethite 55.9 BET (general) | ZSK95
Goethite 58.6 BET-N2 DA96
Goethite 60.0 BET-N2 CF01
Goethite 60.0 BET-N2 HPQ71
Goethite 62.0 BET-N2 Cwo04
Goethite 63.5 PFS99
Goethite 63.7 GFG96
Goethite 64.0 RFRGO02
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Tab. A.6

(cont.) Literature values for Fe(lll)-minerals and recommended mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
Goethite 64.4 TEHOO
Goethite 65.0 BPQ75
Goethite 66.0 BET-N2 MF92a
Goethite 66.0 BET-N2 TEO2
Goethite 68.0 BET-N2 R96
Goethite 68.0 BET (general) | RGB85
Goethite 70.0 BET-N2 OTBBPOO
Goethite 70.0 BET-N2 VLOO
Goethite 70.9 BET-N2 APQ67
Goethite 71.0 BET (general) | KPONKOO
Goethite 73.0 BET-N2 TEI95
Goethite 75.0 BET-N2 BPQ75
Goethite 75.8 BET-N2 GEBO7
Goethite 76.0 BET (general) | J90
Goethite 76.0 BET-N2 RAV94
Goethite 76.0 BET (general) | WS01
Goethite 78.0 BET-N2 DHO06
Goethite 78.0 BET (general) | P83a
Goethite 79.0 BET-N2 OMJCBO05
Goethite 79.4 BET-N2 AD96a
Goethite 80.0 BET-N2 BPQ75
Goethite 80.5 BET-N2 GGSC98
Goethite 81.0 BET-N2 HPQ71
Goethite 81.0 BET-N2 MAB86
Goethite 82.5 BET-N2 BLSPO7
Goethite 84.0 BET-N2 JC04
Goethite 84.0 BET-N2 PZS06
Goethite 85.0 BET-N2 BLBBSO01
Goethite 85.0 BET-N2 HV06
Goethite 86.0 BET-N2 LE94
Goethite 87.0 BET-N2 WEQ2
Goethite 88.0 BET-N2 0SSs01
Goethite 89.0 BET-N2 FPQ74
Goethite 89.0 0.12 BET (general) | OQA06
Goethite 90.0 BET-N2 BPSO00c
Goethite 90.0 BET-N2 CHSGS08
Goethite 90.0 BET-N2 OTBBPOO
Goethite 93.0 BET (general) | AHCMBO1
Goethite 94.0 BET-N2 NLPO8
Goethite 94.0 BET-N2 VTLO1
Goethite 94.0 BET-N2 WVKHO06
Goethite 95.0 BET (general) | OBPP0OO
Goethite 95.0 BET-N2 VHV96b
Goethite 96.4 BET (general) | GHV97
Goethite 98.0 BET-N2 SHVO06b
Goethite 98.6 BET-N2/He RHV06a
Goethite 100.0 BET-N2 HDV89
Goethite 103.0 BET-N2 GEGO01
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Tab. A.6

(cont.) Literature values for Fe(lll)-minerals and recommended mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
Goethite 103.0 8.77 BET (general) | LNPRO6
Goethite 105.0 BET-N2 HV96
Goethite 110.0 BET-N2 CHSGS08
Goethite 117.0 BET-N2 JARO4
Goethite 148.8 BET-N2 GFG96
Goethite 149.0 BET-N2 CBRz04
Goethite 149.0 BET-N2 RCBRO7
Goethite 176.0 BET-N2 RZEAAS88
Goethite 186.0 BET (general) | RZEAA88
Hematite 30.0 0.1 BET-N2 CHMS83
Hematite 30.0 BET (general) | LSO7a
Hematite 30.0 BET (general) | PS04c
Hematite 0.1 BET-N2 TEI95
Hematite 0.6 BET-N2 TEI95
Hematite 1.5 BET-N2 VT98
Hematite 3.1 0.3 BET (general) | HL85
Hematite 3.2 BET (general) | NS91
Hematite 4.0 2.2 BET-N2 RGKB98a
Hematite 4.5 BET-N2 TEI95
Hematite 5.6 BET-N2 TTMF99
Hematite 5.8 BET-N2 NFENTS99
Hematite 5.9 BET (general) | NS91
Hematite 6.0 BET-Kr KILLS98
Hematite 6.0 5 BET (general) | P98
Hematite 7.9 BET-N2 YMRF81
Hematite 8.4 0.15 BET (general) | DLFJRO3
Hematite 8.5 BET-N2 MDCF93a
Hematite 9.0 BET-N2 OMJCBO05
Hematite 9.6 BET-N2 SVYTO03
Hematite 10.1 BET (general) | GSCLM9%4
Hematite 10.9 BET-N2 GFG96
Hematite 11.8 BET (general) | T93
Hematite 13.3 0.125 BET (general) | KHM88
Hematite 14.0 BET-N2 PS02a
Hematite 144 0.078 BET-N2 KHL99
Hematite 14.7 BET (general) | BSS93
Hematite 15.9 BET-N2 TTMF99
Hematite 16.4 BET-N2 GG85
Hematite 17.0 0.765 BET (general) | KDKKO7
Hematite 18.0 BET-N2 BL71
Hematite 18.0 BET-N2 MRS81
Hematite 18.1 BET-N2 LZJS06
Hematite 18.9 BET-N2 LZJS06
Hematite 19.0 0.055 BET-N2 C96
Hematite 20.0 0.12 BET (general) | CFKM91
Hematite 20.5 BET-N2 LZJS06
Hematite 21.0 BET-N2 BL71
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Tab. A.6

(cont.) Literature values for Fe(lll)-minerals and recommended mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
Hematite 21.0 BET (general) | OD66
Hematite 22.0 BET-N2 PD62
Hematite 23.0 BET-N2 APQ67
Hematite 23.0 0.05 BET-N2 PDCF02
Hematite 26.5 BET-N2 VDKB87
Hematite 28.3 0.119 BET-N2 CK99
Hematite 29.0 BET (general) | F87
Hematite 31.0 BET-N2 BL71
Hematite 31.9 0.134 BET (general) | CJO2
Hematite 32.0 BET-N2 Y75
Hematite 32.3 BET (general) | GK90
Hematite 32.8 BET (general) | BRLDOO
Hematite 33.0 BET-N2 HLLHO7
Hematite 34.0 BET (general) | B73
Hematite 34.0 0.12 BET-N2 HD85
Hematite 34.1 BET-N2 APQ67
Hematite 35.0 0.0015 BET-N2 BL73
Hematite 36.0 BET-N2 HPQ72
Hematite 36.0 BET (general) | JRKTMO7
Hematite 36.4 BET-N2 APQ67
Hematite 43.5 BET-N2 APQ67
Hematite 44.6 BET-N2 APQ67
Hematite 46.1 BET (general) | BRLDOO
Hematite 47.0 BET-N2 ID97
Hematite 47.8 BET (general) | PBKS05
Hematite 49.0 BET (general) | BBP97b
Hematite 56.0 BET-N2 B71
Hematite 80.0 BET (general) | L88
Hematite 109.3 BET-N2 LCV99
Hematite 191.6 3 BET (general) | SMK02
Mean value 47.9 0.97
+26 4.6 0.87
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Tab. A.7

Literature values for Mixed-layer-clay-minerals and mean SSA

Mineral SSA Grain size Measurement | References
[m* g [pm]
Montmorillonite 9.7 BET-N2 TS96
Montmorillonite 13.2 BET-N2 GG86
Montmorillonite 14.9 BET-N2/He SH90
Montmorillonite 15.2 BET-N2 SSLS98
Montmorillonite 18.6 BET-N2 GG86
Montmorillonite 19.8 Saers' method | BG06a
Montmorillonite 21.4 BET (general) | SS93a
Montmorillonite 24.0 BET-N2 TBCLGO5
Montmorillonite 29.4 BET-N2 BDPOO
Montmorillonite 31.0 BET (general) | GP0OO
Montmorillonite 31.0 0.36 BET-N2 ZSRC92
Montmorillonite 31.5 BET (general) | WAKWW94
Montmorillonite 31.6 BET (general) | VF79
Montmorillonite 31.8 BET-N2 IWJAO5a
Montmorillonite 31.8 BET-N2 uD93
Montmorillonite 31.8 BET (general) | WBCGA98
Montmorillonite 32.0 BET-N2 RPBGBO05
Montmorillonite 35.0 BET-N2 BB97a
Montmorillonite 35.0 BET-N2 KDSE04
Montmorillonite 38.4 BET-N2 JB02
Montmorillonite 46.0 BET (general) | JBTMCO06
Montmorillonite 52.3 Saers' method | BG06a
Montmorillonite 53.6 BET-N2 GG86
Montmorillonite 55.0 BET-N2 TKKMT98
Montmorillonite 68.9 BET-N2 GO02a
Montmorillonite 70.3 BET-N2 GFG96
Montmorillonite 83.9 BET-N2 IWJAO5a
Montmorillonite 83.9 BET-N2 IWJAO5a
Montmorillonite 84.0 BET-N2 VF79
Montmorillonite 87.0 BET-N2 BDPOO
Montmorillonite 88.7 BET-N2 BSNS97
Montmorillonite 89.0 BET-N2 DSMSB02
Montmorillonite 92.0 BET (general) | VF79
Montmorillonite 95.0 BET-N2 PH96
Montmorillonite 97.0 BET-N2 BPTA96
Montmorillonite 144.0 BET (general) | H84
Montmorillonite 213.0 2.9 BET (general) | GP0O
Montmorillonite 245.0 BET-N2 CYZD06
Illite 7.9 BET-N2 KKC96
llite 11.8 BET-N2 GG86
llite 16.4 BET-N2 WMDV98
llite 17.0 BET-N2 ESO01
Illite 19.0 BET-N2 LSFDT99
llite 21.5 BET-N2 GG86
Illite 22.3 BET-N2 D97c
llite 22.6 BET-N2 G02a
llite 23.7 BET-N2 GG86
llite 24.2 BET-N2 MG96a
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Tab. A.7

(cont.) Literature values for Mixed-layer-clay-minerals and mean SSA

Mineral SSA Grain size Measurement | References
[m? g7 [Hm]
lllite 24.8 BET-N2 BBEHM95
lllite 24.9 BET-N2 GFG96
lllite 25.2 BET-N2 LSFDT99
lllite 25.6 BET-N2 JB02
lllite 26.2 BET (general) | LSFDT99
lllite 31.7 BET-N2 BBEHM95
lllite 33.5 BET-N2 BSNS97
lllite 36.5 BET-N2 JF06
lllite 41.0 BET (general) | NTTS98
lllite 49.2 BET-N2) LSFDT99
lllite 534 BET (general) | LSFDT99
lllite 60.1 BET-N2 SAKWO00
lllite 61.0 BET-N2 KASWO00
lllite 66.8 BET-N2 GEO7
lllite 77.1 BET (general) | WB91
lllite 79.2 BET (general) | WB91
lllite 97.0 BET-N2 RPBGBO05
Illite 100.0 BET (general) | ML91
Illite 123.3 BET (general) | LAWJ03
Illite 141.0 BET (general) | EZEGO5
lllite 200.0 BET-N2 KYSYO06
Mean value 55.6 1.75
+2c 115 1.49
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A.5 Results of the uncertainty analysis
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Fig. A.3 Frequency distribution of the calculated smart K4-values for every radionu-
clide in UAF, and their mean, minimum, maximum and standard deviation
(20) as well as the previously used constant Kg4-values from /SUT 98/ for

freshwater conditions
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Fig. A.3
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Fig. A.4
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Fig. A.5
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A.6 Batch experiments

A.6.1 Batch experiments involving Th*"

As introduced earlier all batch experiments started out with pretest. Th*" pretests, how-
ever, revealed that final Th* batch experiments employing the defined chemical condi-

tions are not feasible.

First pretests are to define a suitable solid-liquid ratio for the according Th** batch ex-
periments. Hence, three different M/V are chosen with an initial concentration
10 mol L™* Th*". The suspensions are stored in LDPE vessels with pH-values ranging
between 7.55 and 7.73. According to the varying amount of applied orthoclase meas-
urements are expected to result in different sorbat concentrations. However, collected
data displays sorbed Th*" concentrations ranging from 98 % to 100 % indicating the

applied M/V ratios do not have a pronounced influence on the sorption behavior.

In order to analyze the monitored low equilibrium concentrations vessel-sorption exper-
iments are conducted since sorption processes on the containers’ surfaces or e. g.
other side reactions are assumed to interfere with the mineral's surface complexation
reactions. To already prevent possible unwanted reactions with the vessels’ synthetic

material the pH is set to equal 3.2. Fig. A.6 illustrates obtained results.

Five different kinds of test tubes (PFA (Technical University of Braunschweig), PFA
(Analysetechnik Helmut Feuerbacher AG), PPCO (Polypropylene Copolymer centrifuge
bottles), PE, glass) hold five different Th** concentrations in 0.01 M NaClO,, respec-
tively. Concentrations range between 0.5 ppb and 2320 ppb Th*". Samples are shaken
head first and analyzed after 24 hours. No additional sorbents, e. g. minerals, are add-
ed. Even though PFA and PPCO are known to be very insusceptible towards surface
reactions, subsequent ICP-MS measurements reveal very low recovery rates of the ini-
tially introduced concentrations in all of the implemented containers including PFA and
PPCO material. This indicates the occurrence of surface reactions on the synthetic sur-

faces or e. g. precipitation reactions under the chosen chemical conditions.
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Fig. A.6  Th* equilibrium concentrations obtained from vessel-sorption experiments

Following, leaching experiments are conducted by rinsing the vessels employed for the
vessel-sorption experiment with 5 % HNO; over 24 hours. Experiments yield that Th**
interacts with all synthetic and glass surfaces resulting in high recovery rates. However,
it is possible that Th** does not only interact with the vessels surfaces but also with
e. g. syringes or pipette tips. Hence, it is refrained from conducting Th*" batch experi-
ments in the further course of the study since side reactions cannot be ruled out under

the requested geochemical conditions.

A.6.2 Experimental data

Corrected final datasets for the different batch experiments described in section 4 are
listed in Tab. A.8 to Tab. A.12.
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Tab. A.8

Corrected final data set obtained from muscovite-Cs* batch experiments

C, - initial concentration, Cequil - measured equilibrium concentration in the samples, 6 f- standard deviation of each measurement, Csor, - calculated sorbat con-

centration, LOQ/LOD - limit of quantification/determination.

Co 1/20 = 1458,434 pg/L = 1,097*10"-5 M Co 1/20 = 174,199 pg/L = 1,311*10"-6 M Co 1/20 = 45,776 pg/L = 3,444*10"-7 M Co 1/20 = 32,934 pg/L =2,478*10"-7 M
Co 1/80 = 1440,667 pg/L = 1,084*10"-5 M Co 1/80 = 151,171 pg/L = 1,137*10"-6 M Co 1/80 = 22,221 pg/L =1,671*10"-7 M Co 1/80 = 9,255 pg/L =6,964*10"-8 M
pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption
[ppb] [ppb]  [ppb] (0] [ppb] [ppb]  [ppb]  [%0] [ppb]  [ppb] [ppb]  [%] [ppb]  [ppb]  [ppb]  [%]
MS Cequil MS Cequil MS Cequil MS Cequil
1/20 pH6 | 4,21 1302,000 156,434 10,726 6,03 0,208 0,002 32,726 99,368
Il 5,45 84,190 1,247 90,010 51,670 5,93 5351 0,299 40,425 88,311 5,98 0,200 0,003 32,734 99,393
1] 4,38 1292,000 16,28 166,434 11,412 5,32 83,170 0,716 91,030 52,256 5,95 6,484 0,159 39,292 85,835
pH7 | 5,05 1246,000 7,68 212,434 14,566 6,66 86,340 1,392 87,860 50,436 6,80 0,208 0,002 32,726 99,368
Il 6,55 8,101 0,232 37,675 82,303
1l 517 1250,000 17,49 208,434 14,292 6,54 84,570 0,818 89,630 51,452 6,57 7,098 0,333 38,678 84,494 6,93 0,204 0,001 32,730 99,381
pH8 | 7,00 97,020 0,789 77,180 44,305
I 6,10 1130,000 19,83 328,434 22,520 7,59 3,650 0,231 42,126 92,026 7,83 0,201 0,002 32,733 99,390
1] 6,25 1123,000 18,00 335,434 23,000 7,15 99,780 0,534 74,420 42,721 7,64 12,050 0,269 33,726 73,676 7,85 0,207 0,000 32,727 99,371
pHO | 8,00 1048,000 13,17 410,434 28,142 8,70 10,170 0,455 35,606 77,783 8,81 0,274 0,001 32,660 99,168
I 8,00 1090,000 20,04 368,434 25,262 8,60 87,770 0,769 86,430 49,615 8,70 6,748 0,228 39,028 85,259 8,92 0,119 0,001 32,815 99,639
[ 8,60 87,340 0,805 86,860 49,862 8,99
1/80 pH6 | 4,01 1379,000 21,34 61,667 4,280 4,99 130,700 1,180 20,471 13,542 6,20 0,374 0,003 8,881 95,959
I 6,05 0,365 0,002 8,890 96,056
[ 3,90 1367,000 22,51 73,667 5,113 5,17 130,100 2,263 21,071 13,939
pH7 | 4,08 1381,000 15,25 59,667 4,142 6,59 118,600 1,882 32,571 21,546 6,96 0,376 0,002 8,879 95,937
I 4,16 1379,000 13,13 61,667 4,280 6,50 124,100 1,213 27,071 17,908
[ 7,18 0,392 0,007 8,863 95,765
pH8 | 6,65 1343,000 19,22 97,667 6,779 7,56 129,400 1,390 21,771 14,402 7,66 0,414 0,002 8,841 95,527
I 7,57 129,600 1,105 21,571 14,269 7,82 0,566 0,005 8,689 93,885
[ 6,59 1363,000 14,65 77,667 5,391 7,73 130,650 0,426 20,521 13,575 7,68 0,728 0,007 8,527 92,134
pHY | 7,70 1321,000 19,02 119,667 8,306 8,90 0,501 0,004 8,754 94,587
Il 7,70 1356,000 11,55 84,667 5,877 8,30 139,600 1,233 11,571 7,654 8,80 0,523 0,002 8,732 94,349
i 8,30 138,400 1,041 12,771 8,448 8,88 0,543 0,002 8,712 94,133
LOQ 0,000 0,000 0,000 0,000
LOD 0,000 0,000 0,000 0,000
Sample dilution 1/200 1/20 1/20 -
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Tab. A.9

Corrected final data set obtained from muscovite-Sr** batch experiments (abbreviations correspond to Tab. A.8)

Co 1/20 = 892,02 pg/l = 1,018*10-5 M
Co 1/80 = 880,905 pg/l = 1,005+107-5 M

Co 1/20 = 102,54 pg/l = 1,17010"-6 M
Co 1/80 = 91,425 g/l = 1,043*10%-6 M

Co 1/20 = 23,59 pg/l = 2,692*10°-7 M
Co 1/80 = 12,477 g/l = 1,424*10°-7 M

pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption
[ppb] [ppb] [ppb] [20] [ppb]  [opb]  [ppb] [%0] [ppb]  [ppb]  [ppb] [%0]
MS Cequil MS Cequil MS Cequil
1/20 pH6 | 4,49 863,200 14,800 28,820 3,231 5,56 86,450 0,849 16,090 15,691 6,03 14,620 0,194 8,972 38,030
Il 4,26 859,800 9,998 32,220 3,612 5,54 86,630 1,290 15,910 15,516
[ 6,02 16,410 0,190 7,182 30,443
pH7 | 4,87 763,300 15,180 128,720 14,430 6,82 87,100 1,364 15,440 15,058
Il 4,92 768,400 11,950 123,620 13,858 6,74 14,520 0,136 9,072 38,454
[ 6,60 84,210 0,279 18,330 17,876 6,77 14,330 0,156 9,262 39,259
pH8 | 6,68 605,700 7,130 286,320 32,098 7,55 71,090 0,322 31,450 30,671 7,81 13,620 0,130 9,972 42,269
Il 6,81 580,000 9,193 312,020 34,979
[ 4,497 7,58 76,340 0,838 26,200 25,551 7,76 14,040 0,136 9,552 40,488
pH9 | 78 580,200 7,109 311,820 34,957 8,71 4,430 0,154 19,162 81,222
Il 78 546,600 13,370 345,420 38,723 8,5 60,910 0,873 41,630 40,599 8,69 9,883 0,049 13,709 58,109
[ 8,5 55,590 0,852 46,950 45,787
1/80 pH6 | 3,69 869,900 10,280 11,005 1,249 5,80 12,060 0,118 0,417 3,342
] 3,93 863,400 9,135 17,505 1,987
[ 3,90 864,000 7,884 16,905 1,919 5,93 12,230 0,135 0,247 1,980
pH7 | 6,82 85,540 0,958 17,000 6,437 6,77 10,760 0,162 1,717 13,761
] 3,55 840,900 14,660 40,005 4,541 6,72 83,700 0,460 18,840 8,450 6,61 10,850 0,119 1,627 13,040
[ 3,61 843,200 5495 37,705 4,280 6,59 10,840 0,141 1,637 13,120
pH8 | 6,50 706,900 8,687 174,005 19,753
] 7,71 82,830 0,992 19,710 9,401 7,78 11,240 0,124 1,237 9,914
[ 6,61 701,600 3,920 179,305 20,355 7,69 83,8900 1,163 18,650 8,242 7,77 11,370 0,134 1,107 8,872
pH9 | 8,6 58,950 1,291 43590 35,521 8,66 8,080 0,071 4,397 35241
] 7,2 597,400 11,070 283,505 32,183
[ 7,2 618,700 13,070 262,205 29,765 8,6 71,000 1,463 31,540 22,341 8,66 9,615 0,114 2,862 22,938
LOQ 0,450 0,000 0,010
LOD 1,35 0,000 0,030
Sample dilution 1/100 1/10 -
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Tab. A.10 Corrected final data set obtained from orthoclase-Sr?* batch experiments (abbreviations correspond to Tab. A.8)

Co 1/20 = 911,96 pg/L = 1,041*107-5 M
Co 1/80 = 897,195 pg/L = 1,024*10-5 M

Co 1/20 = 107,872 pg/L = 1,231*107-6 M
Co 1/80 = 93,885 pg/L = 1,072¥107-6 M

Co 1/20 =27,464 pg/L = 3,134*10"-7 M
Co 1/80 = 13,554 pg/L = 1,547*10"-7 M

pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption
[Ppb] [Ppb] [Ppb] [0] [ppb]  [ppb]  [ppb] [%] [ppb]  [ppb]  [ppb]  [%]
MS Cequil MS Cequil MS Cequil
1/20 pH6 |
1l 4,56 897,300 9,309 14,660 1,6076 5,52 92,770 0,449 15,102 14,0003
[ 4,57 877,300 3,898 34,660 3,8006 5,72 87,180 0,500 20,692 19,1823
pH7 | 5,55 754,200 3,688 157,760 17,2990 6,42 61,100 0,425 46,772 43,3590 7,26 25,440 0,199 2,024 7,3685
Il 7,04 26,480 0,029 0,984 3,5817
i 5,34 757,800 7,100 154,160 16,9043 6,47 65,190 0,653 42,682 39,5675 6,96 24,740 0,144 2,724 9,9174
pH8 | 7,24 547,200 5,116 364,760 39,9974| 7,90 19,100 0,072 88,772 82,2939
1l 7,11 531,400 4,361 380,560 41,7299 7,82 17,830 0,120 90,042 83,4712
[ 7,11 609,600 5,948 302,360 33,1550
pHY | 8,05 486,500 4,951 425,460 46,6534
Il 7,93 494,600 5,628 417,360 45,7652| 8,72 12,430 0,041 95,442 88,4771
Il 7,93 461,900 3,426 450,060 49,3509| 8,56 12,340 0,084 95532 88,5606
1/80 pH6 | 3,97 885,400 10,550 11,795 1,3147 5,49 15,080 0,067 12,384 45,0911
Il 4,00 884,900 8,117 12,295 11,3704 5,47 86,770 0,961 7,115 17,5780 6,08 14,760 0,085 12,704 46,2563
i 5,45 84,290 0,143 9,595 10,2195 5,65 15,040 0,079 12,424 45,2368
pH7 | 6,37 71,640 0,310 22,245 23,6935 7,05 12,320 0,093 15,144 55,1407
Il 6,43 69,380 0,714 24,505 26,1007 7,12 11,430 0,038 16,034 58,3814
1l 7,06 12,200 0,101 15,264 55,5777
pH8 | 7,75 9,247 0,054 84,638 90,1507
Il 7,17 632,000 7,069 265195 29,5582
[ 6,92 640,600 5,166 256,595 28,5997| 7,90 9,340 0,063 84,545 90,0516
pH9 | 7,81 578,500 6,054 318,695 35,5213 8,56 7,550 0,047 86,335 91,9582
| 7,81 579,300 3,662 317,895 35,4321 8,66 7,678 0,091 86,207 91,8219
Il
LOQ 2,47 2,47 2,47
LOD 7,40 7,40 7,40
Sample dilution 1/100 1/100 1/100
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Tab. A.11 Corrected final data set obtained from muscovite-Eu** batch experiments (abbreviations correspond to Tab. A.8)

Co 1/20 = 1554,99 pg/L = 1.023*10*-5 M
Co 1/80 = 1561,36 pg/L = 1,027*10*-5 M

Co 1/20= 155,499 pg/L =1.023*10"-6 M
Co 1/80= 156,136 pg/L = 1,027*10"-6 M

Co 1/20 = 15,55 pg/L =1.023*10"-7 M
Co 1/80= 15,61 pg/L =1,027*10~-7 M

Co1/20 = 1,555 pg/L
Co1/80 = 1,561 pg/L

=1.023*10"-8 M
=1,027*10"-8 M

pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6  Csorb Sorption pH Cequil 6 Csorb  Sorption
[ppb]  [ppb]  [ppb] [%0] [ppb]  [ppb] [ppb]  [%] [ppb]  [ppb] [ppb]  [%] [ppb]  [ppb]  [ppb] [90]
MS Cequil MS Cequil MS Cequil MS Cequil
1/20 pH6 | 3,94 1036,000 2,205 518,99 33,38 5,33 3,140 0,023 152,36 97,98 6,03 0,026 0,004 1,53 98,33
I 5,34 4,308 0,046 151,19 97,23 6,07 0,196 0,005 15,35 98,74 5,98 0,025 0,001 1,53 98,39
1l 4,11  1044,000 12,880 510,99 32,86 5,22 3,646 0,035 151,85 97,66 6,08 0,187 0,006 15,36 98,80 6,10 0,023 0,002 1,53 98,52
pH7 | 4,20 765,000 5,390 789,99 50,80 6,93 0,000 0,001 15,55 100,00 6,80 0,006 0,000 1,55 99,61
I 4,17 774,600 10,190 780,39 50,19 6,79 0,249 0,008 155,25 99,84 6,81 0,024 0,004 15,53 99,85 6,84 0,009 0,000 1,55 99,42
1l 6,67 0,492 0,012 155,01 99,68 6,84 0,027 0,003 15,52 99,83 6,93 0,008 0,000 1,55 99,49
pH8 | 7,72 0,012 0,000 1,54 99,23
I 6,38 18,130 0,179 1536,86 98,83 7,59 1,093 0,009 154,41 99,30 7,76 0,000 0,001 15,55 100,00 7,83 0,013 0,000 1,54 99,16
1l 6,54 12,740 0,228 1542,25 99,18 7,59 0,624 0,018 154,87 99,60 7,81 0,078 0,001 15,47 99,50 7,85 0,012 0,000 1,54 99,23
pHO | 7,00 0,179 0,005 1554,81 99,99 8,89 0,000 0,001 15,55 100,00 8,81 0,011 0,000 1,54 99,29
I 8,50 1,584 0,024 153,91 98,98 8,96 0,084 0,004 15,47 99,46 8,92 0,007 0,000 1,55 99,55
il 7,00 10,020 0,109 1544,97 99,36 8,50 1,795 0,015 153,70 98,85 8,86 0,165 0,010 15,38 98,94 8,99 0,015 0,000 1,54 99,04
1/80 pH6 | 3,67 1178,000 18,210 383,36 24,24 4,82 49,120 0,356 107,02 68,41 6,13 0,650 0,015 14,96 95,82 6,20 0,056 0,001 1,51 96,40
I 3,18 1186,000 6,092 375,36 23,73 6,05 0,164 0,001 1,40 89,45
1l 3,56  1155,000 13,780 406,36 25,72 4,99 46,530 0,663 109,61 70,08 5,95 0,881 0,010 14,73 94,33 5,97 0,493 0,002 1,07 68,30
pH7 | 3,69 1143,000 12,010 418,36 26,49 6,45 1,406 0,028 154,73 99,10 7,02 0,009 0,002 15,60 99,94 6,96 0,029 0,000 1,53 98,14
I 3,77  1113,000 8,999 448,36 28,42 7,00 0,115 0,004 15,50 99,26 6,84 0,044 0,001 1,52 97,17
1l 6,29 4,044 0,042 152,09 97,40 7,18 0,024 0,001 1,54 98,46
pH8 | 7,35 0,087 0,005 156,05 99,94
I 5,59 252,50 0,424 1308,86 83,76 7,36 4549 0,062 151,59 97,07 7,77 0,338 0,004 15,28 97,83 7,82 0,023 0,001 1,54 98,52
1l 5,34 107,400 0,805 1453,96 93,09 7,78 0,410 0,009 1520 97,36 7,68 0,014 0,000 1,55 99,10
pHO | 8,86 0,020 0,001 15,59 99,87 8,90 0,076 0,000 1,49 95,11
I 6,50 113,100 1,110 1448,26 92,73 9,04 1,836 0,052 13,78 88,19 8,80 0,035 0,000 1,53 97,75
Il 6,50 119,900 0,883 1441,46 92,29 8,00 5415 0,066 150,72 96,52
LOQ 1,350 0,000 0,000 0,000
LOD 4,050 0,000 0,000 0,000
Sample dilution 1/200 1/20 1/20 -
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Tab. A.12 Corrected final data set obtained from orthoclase-Eu®* batch experiments (abbreviations correspond to Tab. A.8)

Co 1/20, 1/80 = 1630 pg/L = 1,07*10"-5 M

Co 1/20 = 155,316 pg/L = 1,02*10"-6 M
Co 1/80 = 155,165 pg/L = 1,02¥10"-6 M

Co 1/20 = 15,532 pg/L =1,02*10"-7 M
Co 1/80 = 15,517 pg/L =1,02*10"-7 M

Co 1/20 = 1,553 pg/L = 1,02*10"-8 M
Co 1/80 = 1,552 pg/L = 1,02*10"-8 M

pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6 Csorb  Sorption pH Cequil 6  Csorb Sorption
[ppb]  [ppb]  [ppb] [%0] [ppb]  [ppb]  [ppb] [%] [ppb]  [ppb] [ppb]  [%] [ppb]  [ppb] [ppb]  [%]
MS Cequil MS Cequil MS Cequil MS Cequil
1/20 pH6 | 5,63 7,799 0,057 147,517 94,98 5,81 0,081 0,004 15,451 99,48 6,00 0,010 0,001 1,543 99,36
] 4,34 1454,000 6,176 176,000 10,80 5,84 0,086 0,003 15,446 99,45 5,97 0,010 0,000 1,543 99,36
[ 4,38 1446,000 7,188 184,000 11,29 5,61 7,990 0,031 147,326 94,86 5,85 0,062 0,003 15,470 99,60 6,10 0,009 0,000 1,544 99,42
pH7 | 4,78 939,600 7,705 690,400 42,36 7,17 0,006 0,002 15,526 99,96 6,96 0,002 0,000 1,551 99,87
] 4,89 877,800 8,266 752,200 46,15 6,64 0,018 0,002 155,298 99,99 7,09 0,004 0,001 15,5528 99,97 6,94 0,002 0,000 1,551 99,87
[ 6,73 0,012 0,003 155,304 99,99 7,20 0,013 0,003 15,519 99,92 7,11 0,003 0,000 1,550 99,81
pH8 | 6,76 0,886 0,382 1629,114 99,95 7,58 0,014 0,002 155,302 99,99
] 6,72 0,281 0,058 1629,719 99,98 7,68 0,005 0,000 1,548 99,68
[ 6,69 0,263 0,038 1629,737 99,98 7,58 0,028 0,001 155,288 99,98
pH9 | 7,96 0,780 0,047 1629,220 99,95 8,62 0,669 0,007 154,647 99,57 8,49 0,034 0,005 15,498 99,78 8,79 0,003 0,000 1,550 99,81
] 7,99 0,840 0,012 1629,160 99,95 8,53 0,017 0,001 15,515 99,89 8,87 0,001 0,000 1,552 99,94
[ 8,01 0,618 0,017 1629,382 99,96 8,62 0,027 0,002 155,289 99,98 8,56 0,043 0,003 15,489 99,72 8,81 0,004 0,000 1,549 99,74
1/80 pH6 | 4,98 98,640 0,492 56,525 36,43 5,74 1,558 0,018 13,959 89,96 5,99 0,086 0,001 1,466 94,46
] 3,63 1623,000 6,259 7,000 0,43 5,15 98,860 0,833 56,305 36,29 5,74 1,127 0,017 14,390 92,74 6,08 0,053 0,001 1,499 96,58
[ 3,71 1575,000 5,925 55,000 3,37 5,80 1,003 0,019 14,514 93,54 6,11 0,045 0,001 1,507 97,10
pH7 | 4,42 1574,000 5,806 56,000 3,44 5,43 1,606 0,016 153,559 98,96 7,34 0,018 0,002 15,499 99,88 6,99 0,002 0,000 1,550 99,87
] 7,15 0,021 0,001 15,496 99,86 6,72 0,005 0,000 1,547 99,68
[ 4,06 1628,000 7,056 2,00 0,12 5,41 0,740 0,004 154,425 99,52 7,16 0,012 0,003 15,505 99,92 6,98 0,001 0,000 1,551 99,94
pH8 | 6,68 213,100 2,432 1416,900 86,93 7,24 0,019 0,002 155,146 99,99 7,57 0,005 0,002 15,512 99,97 7,73 0,006 0,000 1,546 99,61
] 7,20 0,029 0,003 155,136 99,98 7,72 0,001 0,000 1,551 99,94
[ 6,68 218,300 0,764 1411,70 86,61 7,62 0,010 0,000 15,507 99,94 7,73 0,003 0,000 1,549 99,81
pH9 | 7,93 1,953 0,029 1628,047 99,88
] 8,68 0,224 0,004 154,941 99,86 8,50 0,015 0,003 15,502 99,90
Il 7,90 1,634 0,048 1628,37 99,90 8,66 0,259 0,006 154,906 99,83 8,44 0,002 0,002 15,515 99,99 8,85 0,001 0,000 1,551 99,94
LOQ 0,6 0,03 0,000 0,000
LOD 1,8 0,09 0,000 0,000
Sample dilution 1/200 1/20 1/20 1/3







A7 Carbon mass balance and source term for DIC

One of the major components affecting the geochemical conditions and therewith the
sorption values of contaminants is dissolved inorganic carbon (DIC). An important
source for DIC is sedimentary organic carbon (SOC). By (microbial) degradation of
SOC carbon dioxide might be formed. This process — preferably as microbially induced
sulfate reduction — is observed in the aquifers and aquitards at the Gorleben site
/KLI 07/ causing increased CO, partial pressures in the groundwater. Highest CO, par-
tial pressures are observed in the upper aquifer with typical values in the range of
10%° atm (section A.8). In order to estimate the magnitude and duration of such a CO,
source, nhamely, whether the carbon source will be available for time periods in the
range of one million years, the SOC content in the three considered sediments “upper
aquifer” (UAF: Saalian and Weichselian meltwater sands), “aquitard” (AT: Lauenburg
Clay Complex and Hamburg Clay) and “lower aquifer” (LAF: Miocene Lower Brown
Coal Sands and Elsterian Sands) should be quatified. The data from Grimm /GRI XX/,
already used to define the mineral compositions, are evaluated to determine average
SOC contents of our sediments.

A7.1 SOC content in sediments at the reference site Gorleben

A711 Lower aquifer

The content of total SOC is available for 14 samples from the lower aquifer (LAF),
namely for seven sediment samples of the Miocene sands, for five samples of the El-
sterian sands and for two samples of the Elsterian channel sands (Tab. A.13). From
these data a mean SOC content of about 2.5 wt% is derived for this aquifer.

Tab. A.13 SOC-content [wt%)] in sediments of the lower aquifer

W% samples | mean mean Mean st. dev.
(Miocene) (Elster) (LAF) (LAF)
[Cr:ﬁrgq g7 14 1.8 3.2 2.5 0.4

Part of the lower aquifer consists of the Lower Brown Coal Sands, which contain the
upper part up to three brown coal beds. The lower two brown coal beds are commonly

assigned to the 4™ Lausitzer Flézhorizont, since an extensive distribution is lacking.
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The third brown coal bed shows a continuous distribution approx. 10 m below the
Hamburg Clay with a mean thickness between 1.5 m and 3.0 m. The amount of their
total organic carbon (TOC) varies between 46.3 % and 50.7 % /KOE 07/. However,

these brown coal beds are not considered in the estimations shown here.

A.7.1.2 Aquitard

Only three sediment samples of the aquitard (AT), namely from the Lauenburg Clay
Complex were analyzed for their TOC content (Tab. A.14). The mean from these sam-
ples of 24.7 wt% is applied for the carbon formation rates of the aquitard.

Tab. A.14 TOC-content [wt%] in sediments of the aquitard

wt% samples Mean (AT) st. dev. (AT)

Corg. [Mg g7 3 24.7 6.5

Data for the carbon content of the Hamburg Clay are not available in the reports from
Grimm /GRI XX/. It is reported that there are several coal beds within the Hamburg
Clay, which locally rise the carbon content from 4.2 % to 36.9 % /KOE 07/.

A.7.1.3 Upper aquifer

Representing the upper aquifer (UAF), five sediment samples from the Saalian, four
sediment samples from the Weichselian and four sediment samples from the Holocene
were evaluated for TOC content (Tab. A.15). Almost all Quaternary sediments show a
certain carbon content, because all of them contain relocated brown coal beds from the

Tertiary. The mean value of 1.1 wt% is of course lower than in both other sediments.

Tab. A.15 TOC-content [wt%] in sediments of the upper aquifer

W% mean mean mean mean st. dev.

(Saalian) | (Weichselian) | (Holocene) (UAF) (UAF)
Cam 1.0 0.8 1.4 1.1 0.1
[mg 9]
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A.7.2 Modeling of SOC degradation and CO, formation

In order to estimate formation rates for CO, in the respective sediments several as-
sumptions are made. Firstly, it is assumed that SOC is homogeneously distributed
within the respective sediment and all SOC is available for degradation and the degra-
dation kinetics follows a first order reaction law. It is expected that the degradation
rates are highest in the upper aquifer, under fresh water conditions and a high accessi-
bility of the sedimentary organic carbon. Due to the currently high salinity of the
groundwater in large parts of the lower aquifer a reduced degradation rate is expected
there. In the argillaceous sediments of the aquitard with low pore volumes a reduced
accessibility might also cause very low SOC degradation rates. For all sediments a
rock density of 2500 kg m™, an average SOC density of 1500 kg m™ and a porosity of
0.2 are assumed. For the mass balance the mean SOC contents described in sec-

tion A.7.1 are used, which are summarized in Tab. A.16.

Tab. A.16 Organic carbon data for the three considered sediments

samples SOC Msoc C goc
0, -3
[wit%] [kg C m™] [mol m]
Lower aquifer 14 1.1 62.5 5204
Aquitard 3 24.7 617.5 51411
Upper aquifer 13 2.5 27.5 2290
The SOC degradation might be described by a simplified reaction as

CH,0 + 0550, + 2 H* = CO, + 0.5 H,S + H,0. (A.1)

Assuming a first order reaction Ccop, the amount of CO, per volume of groundwater,

formed by SOC degradation can be calculated by
_ 0 A / A2
Cco2 =Csocl-e7)/© (A.2)

with Cgoc: initial amount of SOC per aquifer volume [mol m™

A = degradation rate
t =time

® = porosity
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For all three aquifers, CO, formation rates are calculated. In order to derive CO, con-
centrations, the residence time of groundwater in the respective sediment needs to be
estimated. This is done for the aquifers on the basis of the pathway length and the flow
velocity. Corresponding partial pressures are calculated with PHREEQC (/PAR 99/)
and are compared with typical values observed in the sedimentary layers. On that ba-

sis a CO, formation rate (DIC source) is proposed for each aquifer.

A7.21 Lower aquifer

In Fig. A.7 it is shown how the CO, formation rates develop with time in the lower aqui-
fer assuming three different SOC degradation rates. For SOC degradation rates of 107,
10® and 10° a the initial formation rates of CO, amounts to 2.6-103, 2.6-10*, and

2.6-10° mol a*m?, respectively.
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Fig. A.7 Calculated formation rates of CO, in the lower aquifer for three different
SOC degradation rates 10*, 10° and 10° a™

The groundwater residence time, i. e. the transport pathway and flow velocity was es-
timated as follows: Based on a groundwater flow model by /FLU 09/, Ribel et al. per-
formed 2D flow calculations for the Gorleben overburden /RUE 10/. The model geome-
try and the hydrogeological parameters and boundary conditions were derived from a

basic North-South striking cross section of the Gorleben site /KLI 07/. Using the results
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for the steady-state flow conditions, the major transport pathways from the contact to

the salt dome in the lower aquifer to the biosphere were determined (Fig. A.8). In

Tab. A.17 the parameters for the two transport pathways 2A and 2B are listed.

Fig. A.8

Definition and subdivision of the transport pathways from the contact to the

salt dome in the lower aquifer to the biosphere /RUE 10/

Tab. A.17

Parameters for the two transport pathways

Transport pathway 2A

Number of compartments 3
Compartment 2Aa and 2Ac | Compartment 2Ab
Material Sand Clay
Pathway length [m] 100 50
Porosity 0.3 0.1
Cross section [m?] 1 000 1 000
Mean Darcy velocity [m-a™] 1-10* 1-10*
Transport pathway 2B
Number of compartments 2
Compartment 2Ba Compartment 2Bb
Material Sand Sand
Pathway length [m] 7 740 100
Porosity 0.3 0.3
Cross section [m?] 100 100
Mean Darcy velocity [m-a™] 2.1-10° 2.74
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There are two major pathways in the lower aquifer: 2Aa and 2Ba. Average residence
times of 111 000 a (horizontal pathway 2Ba) to 300 000 a (vertical pathway 2Aa) were

calculated based on the values given in Tab. A.17.

In Tab. A.18 it is shown how the CO, concentrations in the aquifer water and therewith
the corresponding CO, partial pressure pco, depend on the residence time of the water
in the aquifer. It becomes clear that the CO, partial pressures for SOC degradation
rates of 107 and 10® a™* are significantly higher than the typical values (log pco> ~ -2.5)

observed in the aquifers at the Gorleben site.

Tab. A.18 Concentration of CO, and corresponding CO, partial pressure for different
SOC degradation rates and residence times for the conditions in the lower

aquifer

Residence time 100 years Residence time 10000 years

Degradation rate | Ccop [mol m®] | log peoz [atm] | Ccoz [mol m™®]] | log pco2 [atm]
10" a®t 0.26 -2.14 26 -0.12
108 a’ 0.026 -3.18 2.6 -1.13
10° a’ 0.0026 -4.29 0.26 -2.14

As shown the relatively low pore velocities in the lower aquifer suggest residence times
of several 1000 years. Based on this a degradation rate of 10° a™ is chosen here as
reference and obviously represents an upper value. For a time frame of 1 million years
this corresponds to a constant DIC source of 2.6-10° mol m®a™ (Fig. A.7), which is

proposed for the transport calculations.

A7.22 Aquitard

Due to a likely reduced accessibility in the aquitard compared to the upper aquifer but
less saline conditions than in the lower aquifer a value of 10”7 a™* is assumed as maxi-
mum degradation rate for this sediment. This leads to a constant CO, formation rate of
0.0257 mol m® a™ for about 300 000 years decreasing to a value of 0.0234 after one
million years (Fig. A.9). For the transport calculations it is proposed to use a constant

DIC source with a rate of 0.025 mol m= a™.
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Fig. A.9  Calculated formation rates of CO, in the aquitard

A.7.2.3 Upper aquifer

In Fig. A.10 it is shown how the CO, formation rates develop with time assuming three
different SOC degradation rates for the upper aquifer. The lower SOC content com-
pared to the lower aquifer causes lower CO, formation rates in the upper aquifer. For
SOC degradation rates of 10°, 5:10° and 10° a™ the initial formation rates of CO,
amounts to 0.114, 0.0572, and 0.0114 mol a* m?, respectively.

253



100
101
&
€ 102
"
©
E 109 :
e 10-5
O
=z 510-6
1 -4
0 10-6
10'5 T T T T 1
10 100 1000 10000 100000 1000000
Time [a]

Fig. A.10 Calculated formation rates of CO, in the upper aquifer

As already shown in section A.7.2.1 two major transport pathways can be identified
within the upper aquifer (2Ab and 2Bb, cf. Fig. A.8) /RUE 10/. The residence time with-
in the upper aquifer differs strongly for these two pathways with 11 years for pathway

2Bb and 300 000 years for pathway 2Ab. For further calculations, the results for the

transport pathway 2Bb were employed, because it is the more important transport

pathway for radionuclides for the steady-state flow field /FLU 09/. Therefore residence

times of few years are assumed for the upper aquifer. lue observed at Gorleben site.

Tab. A.19 shows that for residence times between 1 and 10 years degradation rates

between 10®° and 10 a™ would lead to CO, pressures in the range of 102° atm, i. e.

the typical value observed at Gorleben site.

Tab. A.19 Concentration of CO, and corresponding CO, partial pressure for different

SOC degradation rates and residence times for the conditions in the upper

aquifer

Residence time 1 year

Residence time 10 years

Degradation rate

Ccoz [mOl m'3]

l0g pco. [atm]

Ccoz [mol m®] | log pcoz [atm]

10° at 0.114 2.5 1.14 -1.48
5.10% a? 0.0572 -2.81 0.572 -1.79
10%a? 0.0114 -3.56 0.114 25
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Here, a degradation rate of 5-10° a™* is assumed, which is suggest to be an upper limit.
Considering a time frame of 1 million years this would lead to a decrease in the DIC
source by two orders of magnitude, which need to be considered in the transport calcu-
lations, i. e. an exponentially decreasing DIC formation rate is proposed:

CDlC = CSOOCA(]'_ e_lt) / @ ’ (A3)

with Cgoc =2290 molm3, A =5-10%atand ® = 0.2.

A.7.3 Conclusions for the DIC source term

On the basis of the content of sedimentary organic carbon in the three sediments lower
aquifer, aquitard and upper aquifer and of typical CO, partial pressures observed at the
site CO, formation rates have been estimated for each sediment. First order degrada-
tion kinetics of SOC was assumed. The highest degradation rate of 5-10° a™* is applied
for the upper aquifer. For the aquitard and the lower aquifer SOC degradation rates of
107 a® and 10° a™ are assumed, respectively, taking into account a reduced accessi-
bility in the low permeable clay layers and a significant lower microbial activity in the
highly saline waters in the lower aquifer. As a consequence constant DIC sources are
proposed for the latter two sediments and an exponentially decreasing DIC source for
the upper aquifer. These estimations are based on average residence times derived
from typical flow velocities calculated by /RUE 10/. They should be regarded as upper
limits and might be modified, when concrete calculations with the new transport code
are available. The most important result is that the carbon content in all three sedi-

ments is high enough to serve as a DIC source for a time frame of 1 million years.
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A.8 Scoping calculations with PHREEQC (batch and 1D column)

The aim of the batch and transport calculations presented here was to reach a deeper
understanding of the chemical reactions that influence the system behaviour of simple
rock-water-systems as for example the aquifers in our model area under potential geo-
chemical changes. Such reactions might be buffering of the pH-value, dissolution and
precipitation as well as sorption processes.. Therefore a typical scenario, which will
cause geochemical changes has been selected, i. e. salt water intrusion into an aquifer

in Northern Germany after inundation by the North Sea during a warm stage.

Two kinds of calculations are performed, so-called batch reaction calculations and 1D
transport calculations. Batch calculations are used to (i) identify a set of mineral phases
in equilibrium with the groundwater to be used as “reference sediment” and (ii) to iden-
tify the most important reactions occurring by mixture of seawater with the water-
sediment system of the aquifer. This is done stepwise, firstly only considering dissolu-
tion and precipitation reactions and secondly introducing ion exchange reactions. Sur-

face complexation reactions have not been considered.

Transport calculations are performed to understand the temporal changes of the sys-
tem, buffering capacities and to identify those minerals, which are consumed by reac-
tions or which precipitate under typical flow conditions during the considered scenario.
This is one basis for the conceptual model for implementation of geochemical reactions
in the computer program r3 /FEI 04/ (section 0). Finally, these calculations will serve as

test case for verification of the modified version of r’t.

A.8.1 Simulation tool and data base

The computer program PHREEQC /PAR 99/ was chosen as simulation tool because it
is capable to simulate 1D geochemically coupled transport, i. e. it is possible to address
1D transport calculations with geochemically changing conditions as required for this
task. For speciation and batch-reaction calculations, PHREEQC numerically solves
sets of nonlinear mole-balance and mass-action equations. The 1D transport is mod-

elled by solving partial differential equations.

For this study, the first tests have been performed with the thermodynamic data base
phreeqc.dat provided by the USGS /PAR 99/. As this data base lacks actuality and
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consistency, during the course of this project a new data base was developed, which is
described in detail in section 3. All calculations presented in this report have been per-
formed with the new data base. The mass-action equations for the mineral phases

used in the following calculations are listed in Tab. 3.1.

A.8.2 Model site and scenario

The calculations with PHREEQC /PAR 99/ are performed for the following scenario: In
the overburden of a salt dome — a potential host rock for a repository for radioactive
waste — the sedimentary aquifer is in chemical equilibrium with the formation water.
Following this first equilibrium stage seawater inundation caused by temperature in-
crease with subsequent melting of ice sheets and seawater level rise during a warm

stage leads to infiltration of North Seawater into the aquifer.

As already described in section 2.2 the tertiary and quaternary sediments deposited at
the Gorleben area form a system of aquifers and aquitards with total thickness of up to
430 m. Further detailed information about the geological and hydrogeological proper-
ties of the Gorleben area are compiled in /KLI 07/. Four different types of groundwater
can be distinguished: Ca-SO,4, Ca-HCOj3;, Na-HCO3, and Na-Cl water. The vertical se-
quence of the groundwater types is shown in Fig. A.11. The investigations are fo-
cussed on the upper aquifer, which would mainly be affected by a seawater intrusion.
Therefore the CaHCO; groundwater was chosen for the calculations. The Ca-HCO;
groundwater is the dominant groundwater type in this aquifer; only in the topmost 10 m
Ca-SO, water is found preferably. Na-HCO; water occurs only locally, and NacCl-rich
water prevails in the deeper aquifer near the salt rock body and the transition zone be-

tween salt water and fresh water.

The most relevant processes occurring in the upper aquifer and causing the Ca-HCO;
water are dissolution of carbonates and microbial sulphate reduction (Fig. A.11). The
total salt content in this type of water is about 250 mg L™ /KLI 07/. This value and the
proportions of the different ions shown in Fig. A.12 were used to calculate iteratively an
initial chemical composition for the Ca-HCO; water, which is in the following denoted as
formation water. In Tab. A.20 the resulting chemical composition is listed, which will be

used as initial concentration for the PHREEQC calculations.
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GEOCHEMICAL TYPE OF GROUNDWATER
REACTIONS Groundwater recharge

Unsatured zone |w4 -V -1 .7 §.°}".

Silicate weathering Ca- 304
Carbonatiiissommn Freshwater body |."."." :(':: : HCO i
Sulphat@aduction a'@3
Cation exchange "' Na -HC(.)S. i
Saltwater body | . Na(Ca, Mg)-CI.* ~

Silicate weathering S S Tty

pe e G e

Halite dissolution

Fig. A.11 Vertical zoning of groundwater types /KLI 07/

Fig. A.12 Chemical composition of a sample of Ca-HCO; groundwater in Gorleben
(sample GoHy 22) /KLI 07/

Besides the formation water a second type of water had to be characterized for the cal-
culations: the water of the North Sea, which is in the following denoted as seawater. Its
composition was adopted from /LAN 02/ (section 2.4.3.2) and was modified by adding
of missing silica and aluminium concentration values taken from /KAL 03/. The compo-

sition used in the calculations is also listed in Tab. A.20.

For the batch and transport calculations it was necessary to select a representative

mineral phase composition. This was done on the basis of several sedimentary-
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petrographical analyses of core samples from the Gorleben site by Grimm /GRI XX/. As
in these studies mineral phases are only coarsely classified by major constituents, mi-

nor constituents and accessories results could only serve as rough indication.

Tab. A.20 Chemical composition of Ca-HCO; formation water and seawater used for
PHREEQC calculations

Component Formation water Seawater
concentration [mol L] concentration [mol L]

pH 7.5 8.2

Na 1.03-10° 4.79-10"

K 5.40 -10° 9.63-10°3

Ca 1.57 -10° 1.105-107

Mg 1.67 -10™ 5.405-10°

cl 9.18 -10* 5.574.10"

C 2.97 -10°3 2.53.10°

S 2.84 10 2.938.107

S - 1.0-10*

A . 2.0-10°

First simulations therefore were conducted with different mineral phase compositions to
determine by which of them the given composition of the formation water can be repro-
duced. In accordance with Grimm /GRI XX/, the proportion of the major constituent
quartz (Qtz) was varied between 80 wt% and 90 wt%. Calcite (Cc) was assigned to be
the second most common mineral phase with 5 wt%. Orthoclase (Or) with a proportion
of 3 wt% together with quartz and calcite forms the basic composition of the sediment.

A further important variable is the CO, partial pressure in the aquifer. In the Gorleben
aquifer system CO, pressures above the atmospheric level are observed, which is
caused by microbial degradation of organic matter /KLI 07/. To obtain a representative
CO, partial pressure, pH-values and their associated HCO;s contents at equilibrium
were calculated for given CO, partial pressures. These values were plotted and com-
pared with measured data pairs of Ca-HCO3; groundwater at Gorleben. As shown in
Fig. A.13, the simulated and measured data show a satisfactory agreement. The
measured pH-values vary between 6.8 and 8.8. The median value is 7.5 and was used
for further calculations. This pH-value corresponds to a CO, partial pressure of

10%° atm, which is used as reference for our calculations. Regarding these values one
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should bear in mind that not all reactions determining the pH-value were considered in
the calculations but only the most important carbonate-bicarbonate equilibrium. As
shown in section 0 carbon mass balance calculations for the upper aquifer suggest that
a significant reduction of the degradation rate and therewith the CO, partial pressure is
not expected before 100 000 years. For the calculations presented in this section which
cover a time frame of less than 10 000 years this CO, partial pressure is assumed to

be constant over time.

1,0E-02
8,0E-03 \
¥ \
S 6,0E-03
=]
E 0\
O  4,0E-03 *e —— PHREEQC
2 b
*, + measured data
ot *
2,0E-03 PR 3
LS *e
0,0E+00 : : : :

pH
Fig. A.13 HCOjs concentrations versus pH achieved by variation of CO, partial pres-
sure

Comparison of values calculated with PHREEQC with measured data from the Gorleben

site.

Every sediment composition used in the calculations contained the above-mentioned
mineral phases. In addition to this, one or several other phases were added to study
their influence on the water composition obtained in equilibrium. An example for such a
mineral phase composition is given in Tab. A.21. Further, for all calculations a CO, par-

tial pressure of 10%° atm was assumed in the formation water.
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Tab. A.21 Example for a mineral phase composition used for calculations with

PHREEQC
Mineral Formula Proportion [wt%] Content [mol L™
phase
Quartz SiO, 90 158.78
Calcite CaCOg; 5.30
Orthoclase KAISi;Og 1.14
Anorthite CaAl,SizOg 0.69
Sum 100 165.91
A.8.3 Batch calculations
A.8.3.1 Equilibration of mineral phases with formation water

In these calculations, the formation water was equilibrated with different mineral phase
compositions. At first, only one single mineral phase was added to the start composi-
tion of quartz, calcite, and orthoclase in a calculation. The aim of the test calculations
was to discover, which processes, like mineral conversions, will be of relevance, if a
certain mineral phase is present and in what manner the processes influence the

pH-value and element concentrations.

In a second step simultaneously several mineral phases were added to the start com-
position. The aim was to determine a reference mineral phase composition to be used
for the further calculations. This composition was supposed to fulfil the following condi-

tions:

1. The mineral composition shall be as simple as possible (preferably with one or at
most two representatives for each group of minerals (section 2.1), which belong to

the major constituents).

2. The properties of the converted formation water at the end of the simulation — in
equilibrium with the involved minerals — shall be within the range of the chemical

properties of the Ca-HCO; formation water at Gorleben.

3. The intensity of mineral reactions and changes of system behaviour should be as

small as possible as expected for minerals in equilibrium with this groundwater.
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In a first step it was tested how individual single minerals added to the basis composi-
tion affect the equilibrium water composition and mineral conversions. The test calcula-
tions were done including alternately albite (Ab), anorthite (An), muscovite (Ms), chlo-
rite (Chl), gypsum (Gp), kaolinite (KIn), montmorillonite (Mnt), illite (lll), goethite (Gt),
and gibbsite (Gbs). The amounts of the different minerals in the compositions are
based on Tab. A.21. The start composition consists of the most relevant minerals in the
aquifer quartz (Qtz), calcite (Cc) and orthoclase (Or). 2 % of the additional mineral

phase is added to this mixture in each simulation.

The results of the test calculations with one mineral phase in addition to the start com-
position are listed in Tab. A.22. The table contains the pH-value, contents of ions in so-
lution, differences between ion concentration of the initial and the equilibrium solution,
and changes of the mineral phases for each mineral composition. A negative value for
the change of a mineral phase represents dissolution, a positive precipitation of that
phase. Analogous, for CO, a negative value means that CO, is dissolved and a posi-
tive value that the CO, partial pressure is increased.
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Tab. A.22 Results of PHREEQC batch simulations for addition of one mineral phase

to the basis composition

Changes in mineral phases and CO; are denoted A and kg water as kgw. For abbreviations

and details see text.

Minerals /
elements An Ab Ms Chl Gp
pH 7.59 7.61 7.63 7.62 7.22
Total concentration of components in solution [mol kgw™]
Al 5.92.10* | 1.39:10° | 8.58-10% | 2.81.10° | 6.73-10”
C 2.17-10° | 2.26-10° | 2.34.10° | 2.30-10° 1.14-103
Ca 1.38:107° 1.25-10° 1.16-107° 1.21-103 1.59-102
o] 9.18-10™ 1.19-10° 1.19-10° 1.19-103 1.19-103
K 4.63-10° 1.96:10° | 3.17.10* | 9.70-10° 5.47-10°
Mg 1.67-10* | 1.67-10* | 1.67-10* | 2.23.10* | 1.67-10"
Na 1.03:10° 1.10-1073 1.03-103 1.03-103 1.03-103
S 2.84-10" 2.84-10™ 2.84-10" 2.84-10" 1.55.10
Si 4.18-10" 1.86-10™ 1.81-10"* 1.82.10" 1.78-10"
Difference between concentrations in the initial and the equilibrium solution
[mol kgw™]
Al 5.92.10* | 1.39-10° | 8.58-10° | 2.81-10° | 6.73-10"
C -8.04-10* | -7.12.10"* | -6.30-10"* | -6.66-10" | -1.83-10°
Ca -1.89-10* | -3.20-10* | -4.11.10* | -3.61-10" | 1.43-10%
o] 1.79-107 | 2.69-10* | 2.69-10* | 2.69-10* | 2.68-10"
K -5.40-10®° | -5.20-10° | 2.63-10* | -4.43.10° | 6.52-10"
Mg 3.26:10° | 2.86-10° | 2.91.10° | 5.63-10° | -6.44.10°
Na 2.01-10” 6.62-10° 1.79-107 1.75-107 | -3.97-107
S 5.54.10° | 4.87-10% 4.94.10°® 4.83.10°® 1.52.10%
Si 4.18:10™ 1.86-10™ 1.81-10" 1.82.10™ 1.78-10"
Dissolution and precipitation of the mineral phases [mol kgw™]
A CO, 2.92-10* 3.92-10* 2.20-10" 3.05-10* 9.51-10*
A Quartz 6.63-10° | -1.44.10" | 6.09-10* | -2.65-10" | -1.76-10"
A Calcite 5.13-10*  |3.20-10" 4.11-10" 3.62-10" 8.84.10™
A Orthoclase 5.40-10° 5.21-10° -3.95.10*  [4.43-10° -6.73-10”
A add.
min.phase -3.23.10* |-6.60-10° [1.32:10*  [-1.90-10° |-1.52-1072
pH 7.66 7.61 7.61 7.61 7.64
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Tab. A.22 (cont.) Results of PHREEQC batch simulations for addition of one mineral

phase to the start composition Qtz, Cc, and Or

Minerals/
elements Kin Mnt Il Gt Gbs
Total concentration of components in solution [mol kgw™]
Al 3.36:10% | 5.03:107 | 5.00-107 | 5.00-107 | 6.24-10°
C 2.51.10° | 2.26:10° | 2.26-10% | 2.26-10° | 2.38.10°
Ca 1.00-10° | 1.25-10° 1.25-10° | 1.25.10° 1.12:103
cl 1.19-10° | 1.19-10° 1.19-10° | 1.19-10° 1.19-10°
K 8.07-10* 5.41-10° 5.45.10° 5.45-10° 4.36-10™
Mg 1.67-10™ 1.67-10™ 1.67-10™ 1.67-10" 1.67-10"
Na 1.03:10° 1.03-103 1.03-103 1.03-103 1.03-103
S 2.84-10" 2.84-10" 2.84-10" 2.84-10* 2.84-10*
Si 1.81-10" 1.81-10"* 1.81-10"* 1.81-10" 1.81-10"
Difference between concentrations in the initial and the equilibrium solution
[mol kgw™]
Al 3.36-10° | 5.03-107 | 5.00-10" | 5.00-10" | 6.24-10°
C -459.10* | -7.12-10* | -7.12.10* | -7.12-10" | -5.91.10"
Ca -5.69-10* | -3.20.10* | -3.20-10* | -3.20-10* | -4.50-10"
o] 2.69-10* | 2.69-10* | 2.69-10* | 2.69-10* | 2.69-10™
K 7.53-10" | 1.18-107 | 5.09-10° | 5.09-107 | 3.82-10"
Mg 3.12:10°% | 1.59-10° | 2.85-10° | 2.85-10° | 3.04-10°
Na 1.92.107 3.06-10” 1.76-107 1.76-10" 1.88-10"
S 5.30-10° | 4.85.10° | 4.85-10°® | 4.85-10° | 5.18-10°
Si 1.81-10" 1.81-10" 1.81-10" 1.81.10" 1.81.10"
Dissolution and precipitation of the mineral phases [mol kgw™]
A CO, -1.10-10* | 3.92-10™ 3.92-10* 3.92.10* 1.41-10*
A Quartz 1.33.10° | -1.79-10* | -1.79-10* | -1.79-10* | 9.65-10™
A Calcite 5.69-10™ 3.20-10* 3.20-10* 3.20-10* 4.50-10™
A Orthoclase -7.53.10* | -1.09-10" | -5.00-10" | -5.00-10" | -3.82-10™
A add.
min.phase 3.77-10* | -3.95-107 | 4.00-10™ | -4.08-10"* | 3.82-10"

The results show that in most cases changes in water composition and pH-value are
relatively low. For all single mineral phases, except gypsum and kaolinite the changes
in element concentration compared to initial CaHCOs-water and also in mineral conver-

sion are below 10 mol kgw™. For gypsum 1.52-10% mol kgw™ mineral is dissolved
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causing an increase in sulphate and calcium in the same order of magnitude, indicat-
ing, as expected, that the system is not in equilibrium with gypsum. Gypsum is mainly
found in the caprock of the salt dome at much greater depth. The consideration of kao-
linite causes precipitation of 1.33-10° mol kgw™ quartz. Si is released from orthoclase

and causes also kaolinite precipitation.

The pH-values change only marginally ranging from 7.59 to 7.66 except for gypsum
(pH = 7.22). In all cases calcite precipitates and except for addition of kaolinite, a small

amount of carbon dioxide is formed, i. e. released from the solution.

With respect to the other minerals no such clear tendencies are observed. In most cas-
es an additional mineral causes dissolution of orthoclase. Only for chlorite and for the
feldspars anorthite and albite, which are dissolved when added, orthoclase precipita-
tion occurs. If a significant amount of orthoclase is dissolved, the increased amount of
Si in solution leads to the precipitation of quartz.

However, from these calculations there is no clear indication to exclude any of the min-

eral phases except gypsum from our calculations.

In this step more than one mineral phase was added to the basic mineral composition.
Three different mineral compositions were chosen for these calculations (Tab. A.23).
Since feldspars are dominating minerals in the aquifers at the site, it is decided to in-
clude one additional feldspar mineral. Anorthite was chosen as a second mineral con-
trolling Ca concentration. Further, one iron bearing mineral, goethite, and chlorite as an
additional silicate mineral were selected. In the following this mineral mixture is denot-

ed as composition 1.

Further it was decided to include in a second mixture additionally one clay mineral, alt-
hough it is not clear whether the system is in equilibration with clay minerals. It was de-
cided to include illite as representative mineral, since it leads to the lowest changes in
pH in such a mixture, compared to the other observed clay minerals kaolinite and
montmorillonite. It is known that in some of the sedimentary rocks at Gorleben small

amounts of illite occur /GRI XX/. This mineral mixture is denoted as composition 2.

The third mineral mixture (composition 3) contains the same minerals as composition 2
but additionally gypsum. Gypsum is frequently present in the deeper sediments near

the Gorleben salt dome /GRI XX/ but not in the upper aquifer. It is, however, an im-
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portant source for calcium and sulphate and here the aim was to identify its effect on

the water composition and mineral conversions.

Tab. A.23 Amount and proportions of the different mineral phases in the three mineral

phase compositions for the further calculations

Mineral phase Mineral phase Mineral phase

composition 1 composition 2 composition 3
Mineral Proportion | Content | Proportion | Content | Proportion | Content
phase [wt%o] [mol] [wt%o] [mol] [wt%o] [mol]
Quartz 87 153.49 86 151.72 85 149.96
Calcite 5 5.30 5 5.30 5 5.30
Orthoclase 3 1.14 3 1.14 3 1.14
Anorthite 2 0.69 2 0.69 2 0.69
Goethite 2 2.39 2 2.39 2 2.39
Chlorite 1 0.19 1 0.19 1 0.19
Illite - - 1 0.28 1 0.28
Gypsum - - - - 1 0.69
sum 100 163.19 100 161.70 100 160.63

The compositions listed in Tab. A.23 were equilibrated with 1 kg of the formation water
defined in chapter A.8.2. The results of these calculations can be found in Tab. A.24.
Composition 2 produces the highest pH-value (8.19) and composition 1 the lowest one
(7.58) and therewith the smallest change compared to the initial formation water. The
system of composition 1 shows also by far the lowest conversions of mineral phases
(< 4.46.10™ mol kgw™). For composition 1 a small amount of CO, is released from solu-
tion, slight amounts of quartz, calcite, orthoclase and goethite precipitate and of anor-
thite and chlorite are dissolved. The aluminium concentration for these mineral for-
mations originates from the dissolution of anorthite; potassium and calcium are with-
drawn from the solution due to the formation of calcite and orthoclase. In summary
magnesium, silicon, aluminium, and carbon are enriched in solution and potassium and

calcium are depleted.
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Tab. A.24 Results of the equilibration of the three mineral phase compositions 1, 2

and 3 with formation water

Composition 1 Composition 2 Composition 3

pH 7.58 8.19 7.62

Components in solution [mol kgw™]
Al 5.77-10* 5.64-107 2.11-107
C 2.11-10° 8.97-10° 5.42-10°
Ca 1.47-103 1.09-10* 8.07-10°
Cl 1.19-103 1.20-10°% 1.17-10°%
K 4.77-10° 5.10-10° 3.28:10*
Mg 1.78-10™ 4.61-10° 5.55.10"
Na 1.03-103 1.04-103 1.02-103
S 2.84.10* 2.88-10* 5.83-10*
Si 4.11-10* 1.84-10* 1.52.10*
Mg 1.78-10" 4.61-10° 5.55.10"
Na 1.03-103 1.04-103 1.02-103
S 2.84.10* 2.88-10* 5.83-10*
Si 4.11-10* 1.84-10* 1.52.10*

Differences between initial and equilibrium solution [mol kgw™]
Al 5.77-10* 5.64-10 2.11-107
C -8.57-10* 6.00-10°3 2.45.10°
Ca -1.01-10* -1.46-10° 6.50-107
K -5.40-10° -2.98:10° 2.74-10*
Mg 1.08-10° 4.45.10° 5.55-10™
S 5.50-10® 3.63-10° 5.83-10*
Si 4.11-10* 1.84-10* 1.52-10*

Dissolution and precipitation of the mineral phases [mol kgw™]
A CO2 4.46-10* -6.97-10* -1.28:10"°
A Quartz 1.27-10" 9.09-10" 1.25-10*°
A Calcite 4.12-10* 6.91-10* 1.28-10"°
A Orthoclase 5.40-10° -6.72:10* -9.00-10*
A Anorthite -3.10-10* -6.90-10" -6.90-10*
A Goethite 6.70-10° -1.95.10% 1.02-10*

For composition 2 and 3 a quite similar behaviour with significant mineral conversions

is observed. For composition 2 all mineral conversions (except goethite) are in a range
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of 2.10™ to 9.1-10™ mol kgw™; for composition 3 they are even higher with changes up
to 1.28 mol kgw™. In both systems CO, dissolves inducing precipitation of calcite. The
amount of dissolved CO, and therewith precipitation of calcite is much higher in com-
position 3, where beside anorthite gypsum is available as additional Ca source. Like-
wise, for both mineral compositions orthoclase, anorthite, and chlorite are dissolved by
concurrent formation of illite and quartz. The high amount of precipitating (iron bearing)
illite also causes dissolution of high amounts of goethite. For composition 2 these reac-
tions lead to an increase of all ions in solution except potassium and calcium, whereas
for composition 3 the concentration of all ions is increased. For potassium this differ-
ence results from a slightly higher ratio of dissolved orthoclase to precipitated illite and

the presence of the additional calcium source gypsum in composition 3.

The strong changes in groundwater composition and the extensive mineral conversions
for mineral mixtures composition 2 and composition 3 indicate that these mixtures are
not in equilibrium with the formation water. Only composition 1 can be assumed to be
in equilibrium with the formation water. Our criteria formulated in section A.8.3.1 are
only fulfilled by composition 1. For this reason composition 1 was selected as reference

mineral mixture for the transport calculations.

A.8.3.2 Equilibration of mineral phases with seawater

In these batch calculations still all three compositions are regarded. They were equili-
brated with seawater of the composition listed in Tab. A.20 in order to identify relevant
reactions occurring for the considered scenario and as a basis for interpretation of the
transport calculations. The results are listed in Tab. A.25. The pH-values are lower
compared to the model systems with Ca-HCO; formation water, although the inflowing
water has a pH-value of 8.2, and vary between 7.32 (composition 1) and 7.58 (compo-
sition 2). Hence, all three compositions strongly buffer the pH-value in the near neutral
range. Now, as expected, the mineral conversions are higher for component 1 com-
pared to the reaction with formation water. It seems that the pH of the system is buff-
ered by precipitation of calcite. Calcium is provided by dissolution of anorthite. A small
amount of CO, is released from solution. A high amount of quartz is dissolved lead-
ing — together with Al provided by anorthite — to a significant precipitation of orthoclase.
Nearly no conversions of goethite and chlorite occur. Of course, sodium, magnesium
and chloride are enriched compared to the initial formation water due to the higher

concentrations of these ions in seawater.
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Tab. A.25 Results of the equilibration of the three mineral phase compositions 1, 2

and 3 with seawater

Composition 1 Composition 2 Composition 3

pH 7.32 7.58 7.39

Components in solution [mol kgw™]
Al 4.52-10° 3.92.10° 2.60-10°
C 2.06-10° 3.75-10° 3.02.10°
Ca 1.60-10° 4.82-10° 1.53:102
Cl 5.77-10" 5.84-10" 5.80-10"
K 4.42-107 5.00-10* 8.55-10"
Mg 5.59.10 6.81-10° 2.17-10*
Na 4.96-10° 5.02-10" 4.98-10"
S 3.04-10° 3.08-10° 1.98-10"
Si 1.66-10" 1.49.10" 1.39-10"

Differences between initial and equilibrium solution [mol kgw™]
Al 4,52-10° 1,92-10°® 6,02-10°°
C -4,67-10* 1,22.10° 4,87-10™
Ca 4,95.10° -6,23-10°® 4,28-10°
cl 1,93:102 2,67-10% 2,23-10%
K -9,63:10°° -9,13-10°® -8,77-10°®
Mg 1,90-107 1,41-102 1,63-10"
Na 1,68-102 2,29-10° 1,91-102
S 1,03-10° 1,41-10° 1,68-10"
Si 6,63-10° 4,93.10° 3,94-10°

Dissolution and precipitation of the mineral phases [mol kgw™]
A CO; 1.10-10™ -6.98-10" -8.53-10"
A Quartz -2.00-10 8.88-10" 9.79-10*
A Calcite 4.45.10™ 6.97-10" 8.53-10"
A Orthoclase 9.97-10° -6.61-10™ -7.22-10™
A Anorthite -5.01-10° -6.90-10™ -6.90-10™
A Goethite 1.27-101° -1.90-10™ -1.11-10*
A Chlorite -5.93.10° -3.84-10°® -5.41-1072
A llite 7.89-10" 8.60-10"
A Gypsum -1.66-10™

Composition 2 and 3 show similarities for the reaction with seawater, as already ob-

served for the reaction with formation water. They also show a quite similar behaviour
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as observed for the reactions with formation water. All mineral conversions except for
chlorite are quite high, in a range of 10™ to ~1 mol kgw™. The pH is buffered by dissolu-
tion of CO,, precipitation of calcite and precipitation of illite. For both mineral composi-
tions orthoclase, anorthite, and chlorite are dissolved by concurrent formation of illite
and quartz. For composition 2 this leads to an increase of all ions in solution except po-
tassium (only slight changes) and calcium, whereas for composition 3 all ions except
potassium are increased. This difference in calcium concentration is again caused by
the additional Ca source gypsum in composition 3. For composition 3 dissolution of
gypsum is also responsible for the increased concentration of sulphur in solution.

A.8.3.3 Equilibration with seawater considering ion exchange

The calculations with an ion exchanger are only performed with composition 1. This
mineral phase composition is equilibrated with seawater, considering ion exchange as

an additional process.

It is assumed that montmorillonite is the major ion exchanger in our system. Data for
the ion exchanger montmorillonite are available from NAGRA for MX-80 bentonite in a
clay system. The exchange coefficients and the initial coverage of the different ions at
the exchanger were taken from Curti and Wersin /CUR 02/, but were divided by a fac-
tor 100, because the considered aquifer sediment contains only less than 1 % of
montmorillonite compared to about 80 % in MX-80 bentonite. The initial configuration of
the ion exchanger is listed in Tab. A.26. However, the initial coverage is representative
for bentonite in equilibrium with its porewater. Therefore equilibrium calculations with
formation water are performed to pre-equilibrate the exchanger for our conditions. The
coverage of the exchanger after 10 equilibration cycles calculated with PHREEQC is
also listed in Tab. A.26. Pre-equilibration with formation water leads to a strong de-
crease of sodium sites and an increase in potassium covered sites, whereas all other

ion contents on the exchanger are increased.
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Tab. A.26

Initial configuration of the ion exchanger for the bentonite conditions as-
sumed by NAGRA on the basis of /CUR 02/ and after equilibration with

formation water

NAGRA configuration [mol kgw™ | Pre-equilibration with formation
Exchanger 4 water [mol kgw™]
NaX 3.00-10% 6.642-10™
CaX, 1.49-10° 1.556-107
KX 6.00-10" 2.979.10*
MgX, 9.05.10™ 1.681-10°
HX 0.00 1.786-10”
AIOHX; 0.00 2.297-107
AlX3 0.00 2.315.10°
FeX, 0.00 3.315-10°

The reaction of seawater with composition 1 including an ion exchanger shows gener-

ally a very similar behaviour to the system without exchanger (Tab. A.27). In both sys-

tems quartz and anorthite are dissolved in a similar order of magnitude, orthoclase and

calcite are precipitated and CO, is left from solution. However, the converted amount of

minerals is slightly higher for the system with ion exchanger. Particularly more calcite is

precipitated and more CO, left the solution in the system with exchanger. Differences

exist for the mineral phases chlorite and goethite. In the system with exchanger iron-

bearing chlorite precipitates and some goethite is dissolved. This is vice versa in the

system without exchanger. But the conversions of both minerals are quite low, particu-

lar in the system without exchanger.

Tab. A.27 Results of the equilibration of the mineral phase composition 1 with sea-

water considering ion exchange

Composition 1

pH 7.18
Components in solution [mol kgw™]

Al 3.23-10*
C 1.55-10°
Ca 3.01-107°
Cl 5.77-10*
K 1.80-10”
Mg 5.48-10
Na 4.69-10*
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Tab. A.27 (cont.) Results of the equilibration of the mineral phase composition 1 with

seawater considering ion exchange

Composition 1
S 3.04-10%
Si 2.73-10"
Differences between initial and equilibrium solution [mol kgw™]
Al 3.23.10™
C -1.42-10°
Ca 2.85-10%
Cl 5.76-10*
K -5.38-10”
Mg 5.46-10"
Na 4.68-10™
S 3.01-10%
Si 2.73-10"
lons at the exchanger [mol kgw™]
NaXx 2.69-10
CaX; 1.47-10°3
KX 9.15.10°
MgXs 2.79-10°
HX 5.43.10°®
AIOHX; 2.15-10°
AlX; 6.72-10™
FeX, 2.29-10%°
Differences between initial and equilibrium lon exchanger [mol kgw™]
NaXx 2.62:10%
CaX, -1.41-10%
KX -2.06-10™
MgXs 1.11-10°3
HX -1.24-107
AIOHX, -2.08-10”
AlX; -2.25.10°°
FeX, -3.31-10°
Dissolution and precipitation of the mineral phases [mol kgw™]
A CO, 3.59.10"
A Quartz -2.02:10°
A Calcite 7.15.10™
A Orthoclase 1.02-10%
A Anorthite -5.25.10°
A Goethite -4.10-107
A Chlorite 1.91-10°
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Due to the high amount of sodium and magnesium in the seawater both ions become
enriched at the ion exchanger. All other ions are to some extent released from the ex-
changer. Since the pre-equilibrated exchanger is preferably covered by calcium, this
ion is released from the exchanger, although its concentration in seawater is relatively
high.

As a consequence of the increased release of CO, from solution the concentration of
carbon is lower in the system with ion exchanger compared to the one without. The
higher amount of precipitated calcite is responsible for the lower pH 7.18 (compared to
7.32 of the system with ion exchanger). However, calcium is increased in solution, be-
cause the exchanger represents a source of calcium (see above). Sodium and magne-
sium are bound to the exchanger and, therefore, have lower concentrations than in the

system without exchanger.

A.8.4 Transport calculations

One-dimensional transport calculations have been performed with the PHREEQC code
using composition 1 as mineral mixture in a column. The transport conditions have
been adapted to conditions expected for the scenario of seawater inundation of the ar-
ea. Calculations from /FLU 09/ show that under such conditions flow velocities are low.
Typical flow velocities of about 8-10° m a™ for the infiltration of seawater into the upper

aquifer have been applied. The data used in the calculations are shown in Tab. A.28.

The initial concentration of the formation water used in the transport calculations is that
obtained after equilibration with composition 1 (Tab. A.24). The initial content of mineral
phases corresponds to that compiled in Tab. A.23.

Tab. A.28 Conditions used in the 1D transport calculations with PHREQC

Parameter [unit] Value
Number of cells 40

Cell length [m] 0.125
Shifts (number of time steps) 400
Time step length [s] 5.10°
Flow velocity [m s™] 2.5.101°
Diffusion coefficient [m? s 1-10°
Dispersion length [m] 0.5
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The results of the transport calculations are shown as spatial distributions in Fig. A.14
to Fig. A.17 for the pH-value and important elements in solution and in Fig. A.18 to Fig.
A.21 for the mineral phases. The calculations have been performed for 400 time steps
(indicated by shifts in Tab. A.28), i. e. for about. 6370 years (2-10' s). This value is in
the range of the duration for past seawater transgressions during a warm stage. In all
figures the time step is given. One time step corresponds to approximately 16 years.
The distance is denoted in cells, i. e. the total length of the column corresponds to 5 m
(40 cells).
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Fig. A.16 Spatial distribution of Al (left) and Si (right) concentration in the column
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Fig. A.21 Spatial distribution of goethite in the column

The results for pH-value and concentrations in solution show that two fronts move
through the column. The first one leads to changes in pH and all element concentra-
tions over the whole 5 m column after 7 shifts already and results in an equilibrium
state after 60 shifts (~960 a). The equilibration state is the same, which was calculated
for the batch reaction of composition 1 with seawater, i. e. the pH-value and the con-
centration of all components in solution reach values as listed in Tab. A.25 for composi-
tion 1 (see also the discussion of the responsible reactions in this section). As can be
seen, the initial pH-value of 7.58 of the formation water is rapidly reduced to 7.32 in the
first cell after the first time step.

The second front is not homogeneous. It penetrates up to cell 16 (2 m) into the column
after 400 shifts. The front occurs, when anorthite is fully dissolved and no more availa-
ble, which is already the case in the first cell after 3 time steps. Ahead of the front there
is an area, where calcite and goethite are dissolved, CO, is released from solution and
chlorite and orthoclase precipitate. Under these conditions the pH is increased to about
7.36. Behind this peak the conditions are different, i. e. the amount of calcite and goe-
thite is increased, CO, is dissolved and its amount becomes significantly reduced and
chlorite is fully dissolved. For this part of the front the pH is increased to about 7.4. In
this second front the concentrations of calcium, silica and aluminium decrease, where-
as the concentrations of carbon, magnesium, potassium and iron increase. There are
some indications, at least for calcite, CO,, quartz and orthoclase that a third front is

built up, but only affecting the first cell.

These results show that within the simulation time of 6370 years under the conditions
expected for a seawater inundation changes of the chemical conditions occur deeply

down into the upper aquifer, the affected depth is much larger than the considered 5 m
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in our model. For the whole 5 m column changes in chemical conditions are already
observed within 7 time steps (~110 years). The minerals of the reference composition
strongly buffer the pH of the system in a near neutral pH-range. But the calculations
show that some minerals are consumed by reaction with seawater leading to a further
change of the conditions. A second front, which is formed, however penetrates only
2 m into the aquifer within 6370 years, which might not be of relevance for an aquifer of
about 100 m thickness.

A.8.5 Conclusions for the calculation of seawater intrusion

PHREEQC calculations were performed to get a deeper understanding of relevant
mineral phases and processes occurring in the upper sedimentary aquifer at Gorleben
site in Northern Germany for the scenario seawater inundation. Firstly, the calculations
helped to identify relevant mineral phases, which are likely in equilibrium with the Ca-
HCO; water of the upper aquifer, as quartz, calcite, feldspar (orthoclase, anorthite), and

chlorite.

The results indicate that in the case intrusion of seawater with a pH of 8.2 into the aqui-
fer changes in pH and concentration of relevant major and trace elements like DIC, Ca,
Mg, Fe and Al, which might influence the Kgy-value of the radionuclides, occur. Howev-
er, the high CO, partial pressure and the minerals calcite and anorthite buffer the pH in
a way that values lower than that of the formation water were established. The
transport calculations show that for this scenario different geochemical fronts move
through the aquifer. For typical durations of this scenario, i. e. ~5000 years, some min-
eral phases like anorthite and chlorite might be dissolved, but this dissolution is re-
stricted to only few meters. This supports the assumption in our conceptual model that
anorthite is an important mineral phase likely affecting the Al concentration over long

time scales.

In this project it is decided for reasons of clarity to restrict the description of the chang-
ing chemical conditions on mineral dissolution/precipitation processes. However, calcu-
lations including ion exchange reactions show that these impact to some extent pH-
value and relevant ion concentrations in solution. Therefore, in a future project ion ex-

change processes should be included
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Finally, this 1D transport calculation with spatially and temporally changing geochemi-

cal conditions represents a very good test case for verification of the new r version.
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A.9 Smart Ky4-values and radionuclide concentration distributions

In the following, figures of smart Ky-values and radionuclide concentration distributions,

which were not depicted in section 8, are given.

South North

a) 160,000 a, source term according to the U-248 source term, logarith-
mic scale [mol m™

-10.0

160000 years
-15.0

-20.0
-23.0

b) 176,500 a, source term according to the U-248 source term, logarith-
mic scale in [mol m3

176500 years
-15.0
-20.0
-23.0

Fig. A.22 Distribution of the inert tracer after the constant boundary conditions
(160,000 a) and after the seawater transgression (176,500 a) for the

source terms in accordance to the source term of U-238
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South North

a) Smart Kg-value, logarithmic scale [m3 kg™], 0 a

0 years
-2.0
-3.0
-4.0

b) Smart K¢-value, logarithmic scale [m® kg™], 11,500 a

11500 years
-2.0
-3.0
-4.0

c) Smart Kg-value, logarithmic scale [m® kg™], 160,000 a

d) Smart K-value, logarithmic scale [m® kg™], 176,500 a

176500 years
-2.0
-3.0
-4.0

Fig. A.23 Smart Ky-values for Np-237 for different points in time

282



South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years
-15.0
-20.0
-23.0

b) Smart Kg-value, 160,000 a, logarithmic scale [mol m™]

160000 years
-15.0
-20.0
-23.0

c) Conventional Kg-value, 176,500 a, logarithmic scale [mol m?]

176500 years

1 -20.0
-23.0

d) Smart Ks-value, 176,500 a, logarithmic scale [mol m™]

-10.0
176500 years
-15.0
-20.0
-23.0

Fig. A.24 Distribution of Np-237 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

0 years

-1.0
-15
-2.0

b) Smart K¢-value, logarithmic scale [m® kg™], 11,500 a

11500 years

160000 years E -0.5
-2.0

d) Smart K-value, logarithmic scale [m® kg™], 176,500 a

176500 years

Fig. A.25 Smart Ky-values for Ni-59 for different points in time
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years
-15.0
-20.0
-23.0

b) Smart Kg-value, 160,000 a, logarithmic scale [mol m™]

160000 years
-15.0
-20.0
-23.0

c) Conventional K¢-value, 176,500 a, logarithmic scale [mol m™]

176500 years

1 -20.0
-23.0

d) Smart Ks-value, 176,500 a, logarithmic scale [mol m™]

-10.0
176500 years
-15.0
-20.0
-23.0

Fig. A.26 Distribution of Ni-59 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

b) Smart K¢-value, logarithmic scale in [m® kg™], 11,500 a

c) Smart Ks-value, logarithmic scale in [m® kg™], 160,000 a

d) Smart K-value, logarithmic scale in [m® kg™], 176,500 a

Fig. A.27 Smart Ky-values for Am-243 for different points in time
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years
-15.0
-20.0
-23.0

b) Smart Kg-value, 160,000 a, logarithmic scale [mol m™]

160000 years
-15.0
-20.0
-23.0

c) Conventional Kg-value, 176,500 a, logarithmic scale [mol m?]

176500 years

1 -20.0
-23.0

d) Smart Ks-value, 176,500 a, logarithmic scale [mol m™]

-10.0
176500 years
-15.0
-20.0
-23.0

Fig. A.28 Distribution of Am-243 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

b) Smart K¢-value, logarithmic scale [m® kg™], 11,500 a

c) Smart Ky-value, logarithmic scale [m® kg™], 160,000 a

d) Smart K-value, logarithmic scale [m® kg™], 176,500 a

-0.5
-1.0

Fig. A.29 Smart Ky-values for Pu-239 for different points in time
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years
-15.0
-20.0
-23.0

b) Smart Kg-value, 160,000 a, logarithmic scale [mol m™]

160000 years
-15.0
-20.0
-23.0

c) Conventional Kg-value, 176,500 a, logarithmic scale [mol m?]

176500 years

1 -20.0
-23.0

d) Smart Ks-value, 176,500 a, logarithmic scale [mol m™]
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-15.0
-20.0
-23.0

Fig. A.30 Distribution of Pu-239 after the constant boundary conditions (160,000 a)
and after the seawater transgression (176,500 a) employing the conven-

tional Ky4-value /SUT 98/ and the smart Ky-value
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

160000 years

-15.0
1

-20.0

-23.0

b) Smart K-value, 160,000 a, logarithmic scale [mol m™]
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23.0

)
-10.0
-15.0
/

Fig. A.31 Distribution of U-238 after the constant boundary conditions (160,000 a)
employing the conventional Ky-value /SUT 98/ and the smart Ky-value. Re-

spective smart Kg-values in Fig. 8.20
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

g

160000 years ‘

b) Smart K-value, 160,000 a, logarithmic scale [mol m™]

20.0
23.0

-10.0
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-20.0
-23.0

Fig. A.32 Distribution of U-234 after the constant boundary conditions (160,000 a)
employing the conventional Ky-value /SUT 98/ and the smart Ky-value. Re-

spective smart Kg-values in Fig. 8.20
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South North

a) Smart Kq-value, logarithmic scale [m* kg™], 0 a

0 years

11500 years

c) Smart Kg-value, logarithmic scale [m® kg™], 160,000 a

160000 years

d) Smart K-value, logarithmic scale [m® kg™], 176,500 a

176500 years

0.0

-1.0

Fig. A.33 Smart Ky-values for Ra-230 for different points in time
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South North

a) Conventional Ky4-value, 160,000 a, logarithmic scale [mol m'3]

L

HO years ‘

b) Smart Kg-value, 160,000 a, logarithmic scale [mol m™]

rm— .
-10.0

160000 years
-15.0
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20.0
23.0

Fig. A.34 Distribution of Ra-230 after the constant boundary conditions (160,000 a)
employing the conventional Ky-value /SUT 98/ and the smart Ky-value. Re-

spective smart Kg-values in Fig. 8.20
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