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1 INTRODUCTION

1.1 Main Task and General Approach

In order to fulfill regulatory requirements regarding the Natural Attenuation (NA) proc-
esses in post-mining agquifers at Four Mile East (FME) investigation work was started in
April/May 2008. This work is undertaken by ANSTO (column leaching), UIT (technical
guidance, geochemical modeling) and HGR (batch tests, reporting, provision of testing
material, facilitation of testing). The broader work program will be completed in mid to
end 20009.

NA. In the present study, ‘Natural Attenuation’ means (i) the immobilization of uranium
in the aquifer downstream the FME leaching area, and (ii) the post-mining groundwater
restoration. The fate of uranium strongly depends on the hydro-geochemical conditions
like pH, redox potential, and mineral composition. The aim of this study is (i) to under-
stand these processes qualitatively and quantitatively by modeling batch and column
tests performed with site-specific material, and (ii) to upscale the lab parameters for
aquifer ssimulations.

Modeling Framework. The genera approach consists of two separate models as shown
in Fig. 1.1: (i) the 3D hydrogeological model (MODFLOW) and (ii) the geochemical
model (reactive transport along a flow path). The MODFLOW calculations performed
by Heathgate Resources [HGRO8] provide the hydraulic input for the geochemical
model which simulates rock-water interactions and the fate of uranium within the aqui-
fer. The necessary parameters are taken from lab tests with site-specific material.

3D Hydrogeology Geochemistry

MODFLOW TRN

Lab Test Results

Fig. 1.1 Conceptual Reactive Transport
model for the NA . along Flow Path
oroblem in FME Hydraulic Input 9

The geochemical modeling performed by UIT is based on (i) PHREEQC and (ii) the reac-
tive transport model TRN. It consists of two parts:

Part I Interpretation of Column and Batch Tests
Part1l:  Reactive Transport Simulationsin FME aquifer

Part | lays the foundations for subsequent aquifer studies in Chapter 4. Since uranium
chemistry is highly complex (and still under world-wide investigation) we focus on the

4 Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008
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main processes to give a ‘robust’ description of the experiments (with a minimum of
assumptions and free parameters).

TRN Model. A reactive transport model was provided by UIT to describe the experi-
ments and the geochemistry in the FME aquifer. It combines transport with geochemis-
try (thermodynamics and kinetics). In particular, the model/program consists of three
main parts:

e transport module (advection & dispersion)
e chemical equilibrium module (based on PHREEQC routines)
e kinetic module (for mineral dissolution)

The present report contains a brief description of the reactive transport model TRN. The
TRN code is a member of a family of other geochemical/limnological/microbiological
models developed by UIT in the last 12 years. It is written in C++ and uses special
chemistry classes which include the numerical routines of PHREEQC. TRN is able to
handle more complex systems than PHREEQC.

TRN is easy to handle; it is equipped with online graphics and visualization tools. The
user is able to interact with the running system and check easily intermediate results.
About 20 % of the source code deals with plausibility tests. In particular, at every time
step TRN checks the local and global mass balance (in single cells and the whole col-
umn). Any inconsistency generates an error message file.

1.2 Report Structure

The report is structured in 5 Chapters and extended by an appendix.

Chapter 2 — Column Tests.

Column data are obtained in July 2008. In order to understand the main geochemical
processes almost 1 000 calculations are performed with TRN. As aresult, the full gamut
of redox processes that arises when a front of highly-oxidized water collides with re-
duced water/minerals could be reduced to a clear and manageable picture.

[ Geometric & Hydraulic Data } [ Main Geochemistry }

-Sec.2.2- —-Sec.2.3-
\ 4 v
4 N\
Standard Dataset
Input Data _Sec. 24 -
\§ J
4 l N\
TRN Model General Behavior Parameter Variation
Results -Sec.2.5- -Sec. 2.6 -
(. /

Fig. 1.2 Structure of Chapter 2 ‘Column Tests’

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008 5
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The structure of Chapter 2 is depicted in Fig. 1.2. After discussion of the geometric and
hydraulic data in Sec. 2.2 and the main geochemical processes in Sec. 2.3 the model
input for TRN is defined in Sec. 2.4. This so-caled ‘ Standard Dataset’ is used for the
simulation of the column test; the results are described in Sec. 2.5. Finally, in order to
better understand the chosen dataset and the geochemistry a lot of parameter variations
were performed; the extract of these variationsis presented in Sec. 2.6.

Chapter 3 —Batch Tests.

Batch data are obtained in September 2008. The batch tests are complementary to the
column tests. In batch tests the residence time, i.e. the time while water and core mate-
rial interact, is more than one order of magnitude greater than in the column tests (which
have been performed at very high flow velocity). Online measurements of pH and ORP
proved that after 4 days stirring equilibrium was attained. Thus, the transition into the
final agueous solution was ssimulated by the equilibrium model PHREEQC. The model
results are described in Sec. 3.3.

Batch and column tests are based on the same fundamental assumptions and model pa-
rameters. This was achieved in a long run of single calculations and by a permanent
cross-checking of the input datasets for batch and column tests.

Chapter 4 — Aquifer Simulations.

The aquifer smulations are in the focus of the present report. The structure of Chapter 4
isdepicted in Fig. 1.3. In Sec. 4.1 three main scenarios have been defined to study the
inflow of aggressive lixiviant from the Ore Zone into the undisturbed Four Mile Em-
bayment: one scenario for transport studies and two scenarios for post mining studies
(‘Worst Case’ and ‘Real Case’). The generation of the ‘Real Case' is described sepa-
rately in Sec. 4.2.

[ Definition of Scenarios } [ Generation ‘Real Case’ }

-Sec. 4.1 - -Sec. 4.2 -
Y A 4
e N
Parameter Upscalin
Input Data ~ Sec 4p3 _ g <«—— Chapters 2 and 3
\ - J
v
e N
Pure Transport
—-Sec. 4.4 -
\ J
Fig. 1.3 Structure ( t )
¢ .h. 4 Aqui TRN Model Post Mining Scenarios U Chemistry
of Chapter 4 ‘Aqui- Results —Sec. 45— -Sec.4.6-
fer Simulations’ L - y -

In Sec. 4.3 the input data for TRN are defined. This has been done by upscaling the ob-
tained lab test parameters. In contrast to the column tests, we are now confronted with
another space-time disceretization and, hence, larger computation times (14 hours for
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800 years forecast rather then 160 sec for 60 h column tests). The results are discussed
in Sec. 4.4 and 4.5; al diagrams for the post-mining ‘Worst Case’ and ‘Real Case’ are
presented in Appendix D. Finally, the uranium geochemistry is discussed in Sec. 4.6.
Chapter 5 - Summary and Conclusions.

Appendix A and B —Mathematical Model and Program Description

These chapters describe the reactive transport model TRN. Within the present report it
has been used for the simulation of column tests and aquifer scenarios.

Appendix C — Core composition for column tests (taken from [ANO7])

Appendix D — Mode results (in form of diagrams) for the post-mining ‘Worst Case’
and ‘Real Case’

Appendix E — Discussion of the impact of uncontrolled fractured rock flow

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008 7
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Abbreviations

1D 1-dimensional

3D 3-dimensiona

ADR Advection-Dispersion-Reaction Equation

ANSTO Australian Nuclear Science and Technology Organization

CEC Cation Exchange Capacity

CSIRO Australia’ s National Science Agency

DIC Dissolved Inorganic Carbon

DO Dissolved Oxygen

Eh Redox Potentia in mV (relative to SHE)

ENA Enhanced Natural Attenuation

FM Four Mile

FME Four Mile East (newly discovered uranium deposit)

GUI Graphical User Interface

GW Groundwater (also gw)

HGR Heathgate Resources Pty. Ltd., Adelaide, South Australia

ISL In-situ Leaching

IX lon Exchange

Lix Lixiviant (also lix)

M Mol per Liter (concentration unit: 1 M = 1 mol/L)

mM Millimol per Liter  (concentration unit: 1 mM = 1 mmol/L)

MNA Monitored Natural Attenuation

NA Natural Attenuation

ODE Ordinary Differential Equation

ORP Oxidation-Reduction Potential (in short: redox potential)

PDE Partial Differential Equation

SHE Standard Hydrogen Electrode

Sl Saturation Index

TRN Reactive Transport Model developed by UIT and applied in this report

ulT Umwelt- und Ingenieurtechnik GmbH Dresden, Germany

U-IX lon Exchange for Uranyl species

USGS U.S. Geologica Survey

8 Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008
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2 COLUMN TESTS

2.1 Short Overview

ANSTO performed column tests [ANO8] to simulate the inflow of aggressive lixiviant
(pH = 1.7, ORP = 800 mV, U = 50 ppm) into a clean aguifer at pre-mining conditions
(pH =7, ORP=0mV). In contrast to reality, however, the columns were filled with
groundwater of higher ORP (about 300 mV) — see Fig. 2.1. Thus, the NA effect of
strong reductive conditions found in the field is weakened in the |ab tests.

REALITY Clean Aquifer
Lix |::> pH=7..8 ORP=0mV
pH =17 — 2
ORP =800 mV 10%km
U =50ppm

- ANSTO Columns £

Fig. 2.1 Inflow of lixi- <
viant into pre-mining . I:> _ - S
aquifer (reality and Lix B 30,9 Y @
lab tests) | \ g
Im o

Column Setup. Due to the special setup shown in Fig. 2.2 the inflow water is directed
via a relatively large storage volume (tubes etc.) before it enters the column. When the
experiment starts the initial groundwater in this storage volume will be replaced by the
lixiviant successively (and avoids a sharp-front lix inflow). In order to simulate this ef-
fect the reactive transport model TRN (described in Chapters A and B) was modified by
adding a storage/mix box in front of the first column cell.

_y

<« additional storage

volume (filled with
o ground water)
IS
Te}

L O) Column

Fig. 2.2 Typical setup for ANSTO mixed water
column tests inflow

\ 1m |

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008 9
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2.2 Geometric and Hydraulic Data

The geometric and hydraulic parameters of atypical column are

total length L = 1.00m

diameter d =37cm = Ay = nd¥4 = 10.75 cm?
= Ve = A L= 1.075dm*

flow rate Q = 0.9mL/min

The porosity and other relevant quantities depend on the packing material. For example,
the packing material in column NAO2 is characterized by [ANO7]

material mass mn = 1.683kg
minera density ps = 2.64g/cm’

These parameters define the total porosity

(2.1) g, =1-Pm — 041
P

The effective porosity e« = 0.30 was taken from the site-specific hydrogeol ogical model
[HGRO8]. According to the dual-porosity concept, we have

(22) 8T = 8eff +8res
with

effective porosity &g =0.30 (for the mobile water phase)
residual porosity €res = 0.11 (for the stagnant water phase)

Using the effective porosity and the flow rate Q, the pore velocity v is given by

2.3) ve_Q _p9 M
Eett A col day

The numerical solution of the 1D transport requires a space-time discretization. For this
reason the column are divided into N = 20 cells. Cell length and timestep are defined as
follows:

(2.4) AX = — = 0.05m

(2.5) At = 22 = 03h

<|Ez||—

It should be noted that the last condition (2.5) excludes numerical dispersion in the
transport calculations (see Sec. A.2.1).

10 Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008
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Finally, the unknown value of the storage volume in the mixing box (inflow tube) was
adjusted to Vix = 0.15 dm®.

Tracer Test. The hydraulic conditions and parameters were tested by the tracer *chlo-
ride’. Fig. 2.3 shows the breakthrough curve in column NAO2 for two cases: without
and with an ‘inflow mix’ in front of the column (setup shown in Fig. 2.2). Only the lat-
ter approach describes the hydraulic conditions appropriately.

1600 | O

Cl [mg/L O
1500 H [mg/L] or a

057 o
1400

1300 //
— with inflow mix

1200 ) . .
fé without inflow mix

1100
S p
1000
Fig. 2.3 Breakthrough

curve of chloride in column 900 : ‘ ‘

NAO02 (model with and 0 5 10 15 20 25 30 35 40
without inflow mix)

time [hours]

Remark 1. Potassium does not act as tracer because it is influenced by ion exchange.

Remark 2. Is it possible to describe the measured breakthrough by enhancing the disper-
sivity alone (without a storage/mix box in front of the column)? The answer is no. Dis-
persivity and storage/mix box act differently: If the dispersivity o, is enhanced the
breakthrough curve flattens, but the position of the midpoint does not change. The
measured data, however, shows that the midpoint of the breakthrough curve has to be
shifted by about 3 hours. This can only be achieved by adding a storage/mix box in front
of the column.

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008 11
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2.3 Main Geochemical Processes

The reactive transport model TRN allows two principal concepts. single-porosity and
dual porosity. In the present report we apply the dual porosity approach. For example,
Fig. A.1 at page 68 displays a typical interplay between the mobile and stagnant water
within the dua porosity approach (including reversible and irreversible reactions with
mineras as well asion exchange).

secondary
minerals

. mobile
inflow |::> ——— |::> outflow

stagnant
water

A A A A
Fig. 2.4 Main geochemical reactive 4 vov v o)
transformations within the _ ] ;‘U g & g:
dual porosity approach minerals & S = 5
(double arrows symbolize (source) ® F &
reversible processes) \_ J

Main Processes. In order to make the model as transparent as possible we focus on the
main geochemical processes depicted in Fig. 2.4

e dissolution of reactive mineralsin the stagnant phase (as source of elements)
e precipitation/re-dissolution of secondary mineralsin both phases
e ion exchange (IX) in the mobile phase

In Fig. 2.4, the double arrows symbolize reversible processes controlled by thermody-
namic equilibrium. The advantage of any equilibrium approach is that it is based on a
well-known thermodynamic database rather than on kinetic data (which are less avail-
able or unknown). Thus, in our model al reactions — except of pyrite dissolution — are
equilibrium reactions based on log_k values taken from the PHREEQC database wateqg4f.
In this way, the number of free parametersis reduced significantly.

12 Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008
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Reactive Minerals. The column tests indicate that there is — apart from ion exchange —
a net production of several elements. Ca, Fe, S, Al, Si, and U. In our model so-called
reactive minerals act as a source for these elements:

e Cdcite CaCOs3 source for Ca (pH neutralization)
o Pyrite FeS, sourcefor Feand S (pe consumption)
o Kaolinite Al,Si;,05(0OH)4 source for Al and Si

e Coffinite USIOy4 source for U

These 4 minerals equipped with an initial mass my > 0 (in mol per liter pore water) dis-
solve in the stagnant water phase (which is per definition in direct contact with the solid
phase). In principle, there are two possibilities to simulate the dissol ution:

¢ by thermodynamics (based on log_k values contained in the PHREEQC database)
e by kinetics (based on akinetic formula and additional parameters)

As mentioned above, the thermodynamic approach is more straightforward because no
additiona kinetic data are needed. It will be applied to calcite, kaolinite, and coffinite.
Tab. 2.1 summarizes the content of the corresponding elements within the materia of
column 2. This data give us an upper bound for the initial mineral mass mg in the stag-
nant water compartment:

Calcite: Mo/Vegn < 130 mM (with Vgn = €res Veol)
Kaolinite: Mo/V stgn < 15 100 mM
Coffinite: Mo/V stgn < 15mM
Pyrite: Mo/Vggn < 650 mM

These are, in turn, upper bounds because (i) the elements are also constituents of other
minerals, and (ii) the reactive efficiency is always less than 100 percent (due to re-
stricted accessibility). Since the actual values for mgp are not known beforehand; they
will be adjusted to the column data (parameter variations are studied in Sec. Fehler!
Verweisquelle konnte nicht gefunden werden.).

Tab. 2.1 Average content of Ca, C, Fe, S, and U in the core AKC029 for column 2 (data from Appendix C)

parameter symbol unit Ca C Fe S Al U

content Xi % 0.037 0.40 0.528 0.15 291 0.026
mass Mmi = Xi Meol g 0.62 6.7 8.9 25 49.0 0.44

mole mass Mr g/mol | 40.04 12.01 55.85 32.06 26.98 | 238.03
moles in n=mM, | mmol | 155 | 557 | 159 | 78 | 1816 | 185
column

moles per nil(eesVeo) | Mol | 013 | 464 | 132 | 065 | 151 | 0015

stagnant water

Remark 1. If the U(IV) minera coffinite is replaced by uraninite the model results do
not alter (apart from an insignificant change of Si).

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008 13
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Remark 2. The mineral equilibrium is implemented in both domains. mobile and stag-
nant water (with the same mineral list). Fig. 2.4 depicts only the main idea behind the
processes, i.e., in which domain Fe(lll) und U(VI) minerals (secondary minerals) pre-
cipitate and in which domain the reactive minerals dissolve.

Pyrite Dissolution. The pure thermodynamic approach applied to calcite, kaolinite, and
coffiniteis not valid for the pyrite dissolution. Here, we apply the O, driven kinetics that
isproportional to [O,]*°[H*]** (taken from [WR4]; also cited as example in PHREEQC
manual). Within our model, mineral dissolution is described by

(2.6) Z—T =—rate withinitial condition: m(t=0) = m,
and with
(2.7) rate = 1, -2 | /DO [H] " for Sl (pyrite) <0
°{m
0

where DO symbolizes the dissolved oxygen in mol/L. The dependence of m resembles a
first-order kinetic. It simulates the general case of afinite amount of initial inventory mg
(rather than an unlimited supply based on zero-order kinetics). The constant factor ro
was adjusted to the column data (see parameter variations in Sec. 2.6). Please note: Py-
rite dissolves only, if the saturation index Sl < 0; otherwise, in case of oversaturation,
there is no pyrite dissolution:

(2.8) raee = 0 for Sl (pyrite) >0

In accord with the above equation, pyrite dissolution starts when O.-rich water (lixivi-
ant) enters the stagnant water compartment. For this reason we introduced the variable
‘DO’ as dissolved oxygen. As shown in Tab. 2.2, only the lixiviant contains dissolved
oxygen with DO = 10* M; the oxygen content in the pore water is zero, DO = 0.

Remark. By using ‘DO’ instead of the master variable O, or O(0) in PHREEQC we by-
pass the (kinetic) redox reaction

(2.9) Ox(ag) + 4€ + 4H" =2H,0 logk = 86

This enables us to maintain the observed relation between O, and ORP for the lixiviant:
(2.10) measured data: pex125 <<  Oag)~8-10*M
Conversdly, if reaction (2.9) isinvolved in pure equilibrium calculations we have:

(2.11) PHREEQC for pe=125 =  Oy(ag)~3-10%M
(2.12) PHREEQC for Oxaq)=8-10*M =  pe=182

Here ‘reality’ and equilibrium calculations differ by severa orders of magnitudes. In
other words, if we accept the measured pe = 12.5, then there is no O, (and no pyrite oxi-

14 Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008
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dation at al); onthe other hand, if weaccept 1 mM O, then the calculated pe value over-
estimates the measured pe by 6 units. This problem has been solved by redox-decoup-
ling, i.e. by inclusion of the variable ‘DO’ (which triggers the pyrite oxidation).

Secondary Minerals. In addition to the 4 reactive minerals there are aso secondary
minerals (e.g. Fe(lll) and U(VI) minerals) that precipitate and re-dissolve in the mobile
water depending on the pH-pe conditions. This process is thermodynamically controlled.

In particular, we consider two secondary minerals:

Ferrihydrite Fe(OH);3 from wateg4f
Soddyite (UO2)2Si04:2H,0 from [GLO7]

These two secondary minerals define the minimum dataset.

If, for example, two other secondary minerals are added,

Schwertmannite FesOs(OH)4.5(SO4)1.6 from [BCM94]
Becquerelite Ca(UO,)604(OH)e:8H,O  from [GLO8]
these minerals would precipitate in-
stead of Ferrihydrit and Soddyite (since 4 HX
Schwertmannite and Becquerdlite are I KX
less soluble). However, this does not L NaX
change the general picture (see varia- N Caxa
tionsin Sec. 2.6). 3 MgX,
c FeX,
o AlX, UO,0HX
Q U30g(OH)sX
L UOzXz
*/
o
Fig. 2.5 lon exchange species used in the model obligatory optional

(U(VI) species are optionally)

lon Exchange. The mineralogical analysis of FME material in [ANQ7] affirms the pres-
ence of clay minerals (predominantly in form of Kaolinite and Montmorillonite). Clay
minerals act as ion exchanger. Therefore, in all calculations ion exchange for the cations
H*, K*, Na", Ca®*, Mg, Fe?*, and AI** is taken into account (see Fig. 2.5).

Besides the thermodynamic data (log_k values from wateg4f) the ion exchange model
requires the input parameter “total cation capacity per pore volume’

. CEC-m
(213) CTOT — nsn&; _ clay

v, v,

Here, the cation exchange capacity CEC for atypical clay mineral (Montmorillonite) is
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(2.14) CEC = Nues o 50 M4
M., 1009

Assuming a low clay content between 1 % and 2 %, that is, f = mga/mmn = 0.01 ... 0.02,
we obtain

(2.15) Croy = ~Pncec=1.8. 16 m—fq
€ €

In the model calculations we choose Cror = 13.5/e meg/L as input. Here, the porosity ¢
is equal to egs for the mobile water and &, for the stagnant water. Parameter variations
of Cror are considered in Sec. 2.6.

Optionally, in addition to the ion-exchange species (defined in wateg4f) we also con-
Sider three uranyl species:

UOX> UO," + 2X = UOX> log k=-11.7
UO,OHX UO,OH" + X = UO,OHX log_k =10
U306(OH)sX (UOz)g(OH)5+ + X" = U306(OH)sX log k=11.35

where X denotes the exchange sites of the clay mineral. The required log_k values were
taken from literature [MZS95] and re-normalized to fit the batch test data in Chapter 3.
[Renormalization means that, in order to fit the batch data, only one log_k of the three
species was adjusted by a shift A; the other two log_k’s are then shifted by the same A.
In thisway, the internal relations of the triple are kept unchanged.]

Remark. As shown in Fig. 2.4, ion exchange (IX) is considered in the mobile phase
(standard dataset). Additionally, in Sec. 2.6 calculations are performed for the opposite
case where 1X is located in the stagnant phase. The model alows both scenarios; how-
ever, the former fits the measured data more accurately.

Dual-Porosity Mass Transfer. The diffusion-like mass transfer between stagnant and
mobile water is controlled by the rate parameter o in Egs. (A.6) and (A.7), respectively.
For the extreme case a = 0 there is no interaction at al; otherwise, for o = oo the double
porosity approach converges to the single porosity model.

An estimate for a is given by van Genuchten’s approach [V G85]

_ Dee
(a'fs—>1)2

where D ~ 10° m?¥s is the diffusion coefficient, ais the particle radius, and fs,; = 0.2 a
shape factor. Assuming a= 3-10° m, &,e = 0.11 we get

(2.16) o

(2.17) o ~11h

This value will be used in the present model calculations.
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Thermodynamic Data. PHREEQC, which is embedded in the reactive transport model,
uses the standard database wategdf. For transparency reasons, this database is applied in
its origina form. Additional species that are not contained in wateg4f are added to the
PHREEQC input files as header (the same header for all PHREEQC calculations during
running TRN). Thus, we never change or disturb the original database file wateg4f.dat.

Thelist of al supplementary species, which are added to the input file header, is short. It
contains two mineral phases and three ion exchange species:

PHASES
Soddyi te(e)
(UQR) 2Si O4: 2H20 + 4H+ = 2UR+2 + HASI 4 + 2H20
log k 6.43
Becquerelite(e)
Ca(UR) 604(OH) 6: 8H20 + 14H+ = Ca+2 + 6UR+2 + 18H20

log k 40.5
EXCHANGE_SPEC! ES
UROoH+ + X- = UROHX
| og _k 1.0
(UR)3(0OH) 5+ + X- = U306(OH)5X
| og_k 11. 35
uoR+2 + 2X- = Ud2X2
| og _k -11.7

Together with the database wategdf, this is the complete thermodynamic information we
used in the present calculations.
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2.4 Model Input — Standard Dataset

In this Section we define the standard dataset (or default dataset) used for the column
simulations in Sec. 2.5. The subsequent Sec. 2.6 answers the question: What happens to
the resultsif we make a particular change to the main parameters of this dataset?

Input Water. The calculations are based on two aqueous solutions: (i) groundwater
(cell.sal) for the initial water in the column cells at t =0, (ii) lixiviant (lix.sol) for the
column feed. The model input was generated from measured data (raw data) using the
hydrochemical code PHREEQC [PA99]. The water composition of both raw and input
dataislisted in Tab. 2.2.

Tab. 2.2 Model groundwater lixiviant
input for groundwa- (cell.sol) (lix.sol)
E(Zrllgnddelrll)g;gzntthe raw data model input raw data model input
ion/charge balance pH - 7.78 7.33 1.67 1.67
error) ORP mV-AgCl 100 552
ORP mV-SHE 308 762
pE - 5.0 5.0 12.5 12.5
T °C 35 35 35 35
Ca mg/L 84.4 84.4 115 115
Mg mg/L 30.1 30.1 26.6 26.6
Na mg/L 876 876 950 718
K mg/L 44.3 44.3 606 606
SO4-S mg/L 203 203 851 851
HCO3 M 0.005 0.005 0 <0.001
Cl mg/L 1 050 1001 1490 1490
Fe mg/L 4.02 <0.01 1.73 1.73
Al mg/L 1.67 1.67 4.76 4.76
u mg/L <1 0.001 52.9 52.9
Si mg/L 16 16.0 28.3 28.3
DO mM 0 0.1
AIB % -1.55 0 6.04 0

Here, charge balance was achieved by adjustment of Cl and Na for cell.sol and lix.sol,
respectively. In contrast to the raw data the input solutions are in equilibrium with the
amorphous mineral phases Fe(OH)3; and Al(OH)s. Additionally, the inflow solution lix
is put into equilibrium with the aamosphere (open CO, system).

Main Parameters. The main model parameters of the standard dataset are as follows:

number of cells

cell length
time step
total porosity

effective porosity
residual porosity

(for mobile water phase)
(for stagnant water phase)
mobile/stagnant transfer rate (from Eqg. (2.16))

N =20

Ax =0.05m
At=0.3h
T = 0.41
Eeff — 0.30
gres = 0.11
a=11h"

18
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longitudinal dispersivity o =0
total ion exchange capacity Cror = 13.5/e meg/L

Minerals. Thelist of reactive minerals (located in stagnant water) is defined by:

Pyrite initial mass  Mo/Vggn = 100 mM, kinetic rate ro
Calcite Mo/Vegn = 40 mM SI=0.8
Kaolinite Mo/Vegn = 1.2 MM SI=0.0
Coffinite Mo/Vggn = 2.0 MM SI=0.0

In case of calcite we alow supersaturation (which is not uncommon for natural waters).
The kinetic rate for pyrite, ro = 1.6-10° M/s, was fitted to the high Fe and S release ob-
served in the column tests. [Remark: The advantage of using mo/V sagn rather than mg is
that the former quantity is independent of the cell size]

The list of secondary minerals (located in mobile water) is defined by:

Ferrihydrit Fe(OH)3 (mo=0)
Soddylte (UOz)zSI 04:2H,0 (mo = O)

lon Exchange. Theinitial amount of ion-exchange species (for the cations H*, K*, Na’,
ca™, Mg?*, Fe**, and AI*") is completely determined by equilibrium conditions, i.e.
equilibrium with groundwater (cell.sol). Thus, the total capacity Cror is the only pa
rameter of the ion exchange model. lon exchange is placed in the mobile water phase
(and not in the stagnant water). In the standard dataset, uranyl ion exchangeisignored.

Redox Conditions. The calculations are performed under definite redox conditions
which differ for the mobile and stagnant water pores:

e stagnant water: pex5 (“near-reducing” groundwater conditions)
e mobilewater: pe=5=12 (oxidizing conditionsimported by lix)

Whereas the ‘reducing’ conditions within the stagnant water are fixed at the measured
value pe = 5 (net effect of pyrite dissolution and lix intrusion), the pe in the mobile wa
ter evolvesin good accord with the pe-pH relation in Eg. (2.9), i.e.

86+1logO,

2 pH =~ const —pH

(2.18) pe= %[86—4pH +logO,] =

The *anti-correlated’ behavior of pH and pe is clearly seen in the two upper diagrams of
Fig. 2.6 (dots and blue curves).

Remark. The effect of different redox conditions for the stagnant water is discussed in
Sec. 2.6. For this purpose, two simulations are compared: (i) peis kept fixed at 5, and
(i) pe develops freely.
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2.5 Model Results— General Behavior (Standard Dataset)

In order to demonstrate the crucial role of geochemistry two model calculations are per-
formed and compared:

(i)
(i)

without REAC
with REAC

pure transport (only advection and dispersion)
transport plus reactions (mineral dissolution and
precipitation, ion exchange, redox reactions etc.)

The results for column NAO2 are shown in Fig. 2.6 to Fig. 2.8. Obvioudly, the experi-
mental data can be described if, and only if, geochemistry is taken into account (blue
curves). Please notethe big deviations from the non-reaction “tracer model” (red curves)
to the measured data. Here, chloride is the only species that acts as a tracer (see
Fig. 2.8).

Most important: The geochemical model explains the retardation of pH, pe, and uranium
and other elementsin a simple and consistent way. The pH retardation results from both,
dissolution of a carbonate mineral (calcite) and ion exchange. The U retardation is an
effect of precipitation and re-dissolution of U(VI) minerals (and/or of uranyl ion ex-
change described in Sec. 2.6).

Similar results are obtained for the column NAOL. [The columns NAO3 and NAO4 are
not considered here due to the unknown flow velocities resulting from a leakage during
the experiments.]

8 = 13
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\ o) 11
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Fig. 2.6 Column outflow parameters pH, pe, U, and SO4 — model and reality

time [hours]
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Fig. 2.8 Column outflow parameters Cl, Si, Fe, and Al - model and reality (In case of chloride both curves coincide:

chloride acts as a tracer.)
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U-Fe-Chemistry. The main geochemical transformations can be summarized as follows
(see Fig. 2.9): The aggressive lixiviant enters the stagnant water zone and dissolves the
reductive minerals pyrite and coffinite (pyrite is the principal reductant in the unaltered
aquifer). Due to the contact with the O,-rich mobile phase the released Fe(ll) and U(1V)
species oxidize and precipitate as Fe(l1l) and U(VI) minerals. As aresult there is neither
Fe nor U in the column outflow. However, this happens only in the initial period of the
test. In the further process, pH drops below 3, the precipitation stops and al accumu-
lated Fe(l1l) and U(VI) minerals re-dissolve (which produce the peaks in the curves).
The greater the pH buffer the more the peaks are retarded. The pH is buffered by both
ion exchange and calcite dissol ution.

dissolution oxidation precipitation re-dissolution

( )

[ Pyrite ]_. Fe(ll — Fe(lll) —» Fe(OH); |—» Fe(ll)

(. J

[ Coffinite }—» uiayvy) ——— U\ —»f U(VI)-mineral \—> u(Vvi)

(. J

low ORP high ORP high ORP
pH7 pH 7 pH 1.7

Fig. 2.9 Uranium-Iron-Chemistry in the columns

Remark. The obtained results are quite independent of the applied model concept. For
example, our first attempt based on a single-porosity model with dissolution kinetics for
severa mineras (and more kinetic parameters) leads to the similar outcome.

Experimental & Theoretical Limits. Infact, theresultsshow that experimental data and
calculations are in due correspondence. A further improvement of the model, however,
is limited by two experimental facts (which are deviations from the ‘ideal case'):

First. During preparation, the aquifer material was crushed and oxidized (‘ pre-cooked’).
Unavoidably, pores and pore fluids fill with fast-dissolved products that are pushed out
by the first incoming flux. [Hence, the pyrite rate ro cannot be over-taken from literature
data based on undisturbed systems; this rate was enhanced.]

Second. Due to the very high flow velocity (1450 m/year !) the residence time, i.e. the
contact time of the fluid with core material, is extremely short. The shorter the residence
time the lower is the amount of dissolved products. That means, ‘natural’ mineral disso-
lution rates are too small in order to explain the high concentration maxima that are ob-
served at breakthrough.
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Both problems are treated by the dua porosity approach with an (empirical) exchange
rate between mobile and stagnant water. Thereby, the reactive minerals within the stag-
nant zone are put into equilibrium (here thermodynamic equilibrium simulates an infi-
nite fast kinetics or the pre-cooking effect).

The situation is quite different for the natural aguifer. Performing aguifer simulations
we use literature data (for pyrite oxidation rates etc.).
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2.6 Modd Results—Parameter Variations

Based on the standard dataset defined in Sec. 2.4 several parameter variations are inves-
tigated. An overview of all variantsis given in Tab. 2.3. It represents the extract of sev-

era hundred TRN calculations.

Tab. 2.3 Overview of performed model calculations (abbreviations: U-IX — uranyl ion-exchange species, U(VI)-secm

- U(VI) secondary mineral)

Variant (Input Data) Description Changed Parameter Standard Value
INP_0 standard dataset

INP_00 only transport (no reactions)

INP_N10 grid variation (cell number low) N=10 N=20

INP_N40 grid variation (cell number high) N =40 N=20

INP_DISP with longitudinal dispersion oL=510°m o=0

INP_ALPH mobile/stagnant water exchange | o= 0.5 h"! a=1.1h

INP_IX_0 no ion exchange Cror=0 Cror = 13.5/g meq/L
INP_IX_20 enhanced ion exchange capacity | Cror = 20/e meg/L Cror = 13.5/¢ meg/L
INP_IX_STAG ion exchange in stagnant water mobile water
INP_U_NO no U retardation no U(VI)-secm, no U-IX with U(V1)-secm only
INP_U_ALL enhanced U retardation with U(VI)-secm and U-IX | with U(VI)-secm only
INP_U_IX_ONLY U retardation by IX only with U-IX, no U(VI)-secm | with U(VI)-secm only
INP_SEC_BECQ change of U(VI) mineral Becquerelite Soddyite
INP_SEC_NO_FE without Fe(lll) mineral - Fe(OH)3(a)
INP_R_CALC_0 no calcite inventory mo/Vsgn = 0 mo/Vsign =40 mM
INP_R_CALC_2 half calcite inventory mo/Vstgn = 20 mM mo/Vsign =40 mM
INP_R_CALC_SI_0 zero calcite saturation index SI=0 SI=038
INP_R_CALC_SI_04 | non-zero calcite saturationindex | SI=04 SI=0.38
INP_R_COFF_0 no coffinite inventory mo=0 Mo/Vstgn =2 mM
INP_R_PYR 0 no pyrite inventory mo=0 Mo/Vstgn = 100 mM
INP_R_PYR_INF infinite pyrite inventory Mo = oo Mo/Vstgn = 100 mM
INP_R_PYR_2 enhanced pyrite dissolution ro=2.0-105M/s ro=1.6-105M/s
INP_PE_FREE pe in stagnant water pe develops freely pe =5

Grid Variation. The size of the cells Ax is determined by the cell number N. The finer
the discretization the better is the numerical solution. Conversely, a high cell number
enhances the computation time tpc as well as the number of PHREEQC-calculations Np.
Three calculations are performed with the following parameters:

N =10 Ax=010 m At=06 h (tc= 60s, Np= 3122)
N =20 Ax=005 m At=03 h (trc =158s, Np=12243)
N =40 Ax=0025m At=0.15h (trc =613s, Np=47756)

The computation time tpc in the round brackets refers to a modeling timespan of 60 h.
The results are shown in Fig. 2.10. It demonstrates that the standard dataset with N = 20
represents the optimum grid size regarding computational time and accuracy. A further
doubling of N (which requires a 4-fold computer time) does not significantly improve
the results.
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Fig. 2.10 Variation of cell number N

Dispersivity. The dispersion parameter for the column tests is assumed to be less than
10 % of the cell length. In order to demonstrate this effect we used the maximum value
for the longitudina dispersion, a, =5-10°m (i.e. 10 % of Ax =5cm). As shown in
Fig. 2.11, the inclusion of dispersion does not ater the results noticeable. Thisis a phe-
nomenon of the dual porosity approach where the “smoothening” of curves is caused by
the stagnant/mobile water exchange — see next item.
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Fig. 2.11 Calculation without and with longitudinal dispersion

Dual-Porosity Mass Transfer. The transfer rate o between mobile and stagnant water
was estimated using Eq. (2.16); it gives o. = 1.1h™. Fig. 2.12 represents two model cal-
culations with

a=05h?
a=11h? (standard dataset)

Thesmaller thetransfer ratethe higher is the retardation effect (that broadens the curves).
Whereas o = 0.5 h™* fits the Ca curve well, it cannot describe the maxima for uranium
(and the other elements). Therefore we chosen o = 1.1 h as the standard value.
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Fig. 2.12 Variation of the dual-porosity transfer rate o that controls the stagnant/mobile water exchange

lon Exchange. lon exchange on clay minerals plays a significant role. Here, we con-
sider all species that are contained in the PHREEQC database wategaf: H*, K*, Na", Ca®™,
Mg, Fe?*, and AI** (uranyl ion exchange is not considered here; it will be discussed
separately). Calculations are performed for three total ion-exchange capacities:

Cror =0 (no ion exchange)
Cror = 13.5/e meg/L (standard dataset)
Cror = 20.0/¢ meq/L

The results are shown in Fig. 2.13. Obviously, the exchange capacity increases the retar-
dation. The best description for U (and for all other elements) was obtained for Cror =
13.5/e meg/L. In al cases ion exchange takes place in the mobile water phase (and not
in the stagnant water).
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Fig. 2.13 Variation of the ion-exchange capacity (without
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In addition, we proved the influence of the location where ion-exchange takes place (I1X
in mobile water or 1X in stagnant water). The results are shown in Fig. 2.14. If ion ex-
change takes place in the stagnant water (black curve) rather then in mobile water (blue
curve) retardation diminishes. Both curves have been calculated for Cror = 13.5/e meg/L
with & = 0.30 for mobile water (standard dataset) and € = 0.11 for stagnant water.
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Fig. 2.14 Variation of ion-exchange options: (i) no IX, (i) IX in stagnant water, and (iii) IX in mobile water

U Minerals. In the model, we distinguish between two mineral types:. the reactive min-
erals in the stagnant water and the secondary minerals in the mobile water. In particular,
the reactive U(1V) mineral coffinite acts as U source; the U(V1) minerals soddyite and/or
becquerelite act as secondary minerals. The latter precipitate within the timespan 6 to 16
hours and, then, triggered by the decreasing pH, re-dissolve. In this way, the secondary
minerals retard the U peak. In order to demonstrate the presence of both minerals sev-
eral calculations are compared in Fig. 2.15:
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The inclusion of coffinite and soddyite represents the standard dataset (blue curves).
Almost the same description is obtained when soddyite is replaced by becquerelite. Oth-
erwise, if both soddyite and becquerelite are put into equilibrium, the less soluble min-
eral becquerelite precipitates (and, again, we obtain the red curve in the right diagram).

Uranyl lon Exchange. Until now we considered ion exchange without adsorption of
uranyl ions (i.e. without the species UO,X,, UO,OHX, and U30g(OH)sX). If we imple-
ment these species, uranyl ion exchange proves as an alternative process for U retarda
tion. In sum, we have at least three possibilities for U retardation:

e precipitation and re-dissolution of U(V1) minerals (soddyite and/or becquerelite)

e uranyl ion exchange

e acombination of both processes

The three possibilities are demon-
strated in Fig. 2.16. Please note, that
the integra for al curves is the
same (as required by mass balance).
The blue curve represents our stan-
dard case.

Fig. 216 Calculations with and without uranyl
ion exchange
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The species U306(OH)sX plays the dominant role among al three uranyl ion-exchange
species defined above. The time-dependent behavior of U30(OH)sX in different cells
of the column is depicted in Fig. 2.17. It illustrates the dynamics of uranyl adsorption
within the column. In column cell 15, for example, the adsorption maximum is attained

at=135h.

Fig. 217 Uranyl adsorption on ion-exchange
sites in different cells as a function of time
(here species UsOs(OH)sX)
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Fig. 2.18 shows the main cation distribution on the exchanger sites in cell 15. At the
beginning, t = 0, we have neutral pH conditions and Ca occupies amost half of the total
CEC. At t = 13.5 h uranyl reached its maximum adsorption (but a small part of the total
capacity). Finally, at timest > 20 h acid conditions are established and most of the CEC

is occupied by H™.

t=135h

L

t=30h

Fig. 2.18 Occupation of ion exchange sites att =0, 13.5 and 30 h (in column cell 15)
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Iron. The iron chemistry is determined by the reactive Fe(ll) minera pyrite (as Fe
source) and the secondary Fe(lll) mineral Fe(OH)3 (which precipitates and re-dissol-

ves). The experiments are only ex-
plainable if both minerals are pre-
sent — see Fig. 2.19. The picture
does not change if Fe(OH)3 is re-
placed by other Fe(lll) minerals like
schwertmannite.

Fig. 219 Calculations with and without iron
Fe(ll) and Fe(lll) minerals

The pyrite dissolution is described
by the kinetic formula in Eq. (2.7)
which contains two parameters. the
rate ro and initial mass my. Fig. 2.20
illustrates the influence of both pa-
rameters on the iron breakthrough
curve. The blue curve represents the
standard dataset.

Fig. 2.20 Variation of pyrite kinetics
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Calcite. The amount of calcite determines the pH behavior significantly. Fig. 2.21 and
Fig. 2.22 illustrate the effect of the calcite amount (initial mass mg) and calcite satura
tion index on pH, respectively. The blue curves represent the standard dataset.
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Fig. 2.21 Variation of the calcite inventory
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Fig. 2.22 Variation of the calcite saturation index
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Fig. 2.23 Separate and combined effect of calcite dissolution and ion exchange on pH and Ca

In order to better understand the combined effect of calcite and ion exchange on pH
buffering, we calculated both effects separately, i.e. calcite dissolution without IX and,
vice versa, IX without calcite dissolution. The results are compared with the ‘ standard
dataset’ calculationsin Fig. 2.23.
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ORP. Within the dual-porosity approach mobile and stagnant waters behave quite dif-
ferent regarding ORP. The stagnant water is in direct contact with the reductive miner-
als pyrite and coffinite/uraninite and, thus, it has a lower pe than the mobile water (with
pe ~ 10). Two calculations have been performed:

Case (i) in the stagnant water the pe value is not fixed

As aresult, the calculated pe in the stagnant water develops freely to approach pe= 3.2.
At these pH-pe conditions U(IV) precipitates (here in form of coffinite), and the U con-
centration in the effluent becomes extremely low, i.e. the measured U peak in the ex-
periments cannot be described — see red curve in left diagram of Fig. 2.24. Additionaly,
the Sl of pyrite reaches zero, i.e. pyrite dissolution stops, and thus the Fe concentrations
drops below the measured data— see red curvein right diagram.

Case (ii) in the stagnant water the pe value is fixed to the measured pe =5

In this case, due to the higher pe value, U does not precipitate as U(1V) mineral and re-
mains mobile. Hence, the calculated U breakthrough curve is in accord with the experi-
ments — see blue curve in Fig. 2.24. Also the Fe description improves. Thus, we apply
case (ii) for the column tests (standard dataset).
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Fig. 2.24 Calculations with fixed pe = 5 and with free pe value

Nonetheless, pe-fixing is a ‘direct intervention’ and further investigations are necessary
to improve this problem. There are several possibilities, for example:

e to implement additional (microbial) reactions and/or minerals for pe stabilization at
the measured value
e toalow oversaturation of known U(IV) minerals or use other U(IV) minerals

As far as this problem is not solved appropriately we apply the straight pe handling in
case (ii) for the column tests. For the aquifer ssimulations, however, the situation is dif-
ferent: under the lower ORP conditions U(IV) precipitation becomes more probable.
The aquifer simulations in Chapter 4 are performed without pe-fixing.
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3 BATCH TESTS
3.1 Experimental Setup and Core Analysis

The batch tests have been designed to provide additional and robust data to the geo-
chemical modeling; they are complementary to the column tests (due to the higher resi-
dence time). The experimental set-up is simple: A suspension consisting of approxi-
mately 1 kg core material and 1 L synthetic mining fluid is stirred for 4 days,

core mass
volume of solution

mcore

VsoI

=1kg
=1L

The composition of the final solution (at t = 4 days) has been analyzed. The simple ex-
perimental design alows a greater number of tests so that the significance of the results
iNncreases.

Water Composition. Starting from FME groundwater, the synthetic mining fluids were
made-up by adding H,0,, U30s, and H,SO, to achieve the desired ORP, U concentra-
tion, and pH value, respectively. Four different test fluids varying in the pH value are
used (see Tab. 3.1). The charge balance of the solutions has been adjusted by the un-

known Cl concentration.

;a'b. 34 Synthefic | _ Unit pH 1.7 pH3 | pH4 pH 5
uid compositions raw data
(AIB denotes the pH - 1.7 3.0 | 4.0 5.0
ion/charge balance ORP mV-AgCl 560
error) ORP | mV-SHE 770
pE - 13
T °C 25
Ca mg/L 21 21 21 21
Mg mg/L 31 30 31 31
Na mg/L 280 280 290 310
K mg/L 14 13 13 13
Mn mg/L <1
SOy mg/L 1860 450 420 450
Fe mg/L <1
Al mg/L 1.4 1.8 <1 <1
U mg/L 48 46 42 32
Si mg/L 8.5 7.6 7.6 7.6
AlB % 16.68 35.54 35.56 33.42
ct mg/L 387 305 294 292
p? mg/L <1 <1 1.6 1.4
D Charge balance adjustment parameter
2 Element P has been neglected in the simulation since almost all measured values in the
initial and resulting solutions are below the detection limit of 1 mg/L

Each solution was combined with three different core materials taken from 3 drill holes
in the FME aguifer outside the ore body (ACK010, ACK024, ACK103). The tests have
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been run in duplicate. Thus, the experimental program consists of 4 x 3 x 2 = 24 solu-
tions (12 test run combinations) and their analytical data.

The four synthetic solutionsin Tab. 3.1 represent the input solutions for the modeling.

CoreMaterial. Tab. 3.2 summarizes the elemental distribution within the core material.
The first two cores (AKC010, AKC024) are fairly similar to each other (apart from a
different Mn and U content). In contrast, the third core AK103 contains a much higher
amount of Na, Mg, K, Ca, and Al, but a significant lower amount of Si and S.

Tab.3.2Com- ["sampe | Na | Mg | Al [ Si P s K [ Ca [ Mn [ Fe [ U

positonofthe | name [ (%) | (%) | ) | (&) | (&) | (%) | ) | o) | (%) | (%) | (%)

3 different core AKC 010 0.020 | 0.006 | 1.856 | 41.48 | 0.011 | 1.024 | 0.143 | 0.045 | 0.022 | 2.199 | 0.003
material 0.012 | 0.008 | 1.867 | 41.11 | 0.006 | 1.023 | 0.141 | 0.045 | 0.022 | 2.183 | 0.003
AKC 024 0.018 | 0.060 | 2.152 | 41.10 | 0.017 | 0.727 | 0.334 | 0.033 | 0.005 | 2.658 | 0.015

0.017 | 0.057 | 2.148 | 41.25 | 0.017 | 0.651 | 0.335 | 0.033 | 0.006 | 2.679 | 0.016

AKC 103 0.140 | 0.306 | 6.244 | 35.26 | 0.018 | 0.166 | 1.699 | 0.113 | 0.003 | 1.751 | 0.004

0.139 | 0.307 | 6.448 | 36.39 | 0.019 | 0.171 | 1.727 | 0.114 | 0.003 | 1.738 | 0.004

Obvioudly, a high Al content suggests a high amount of clay minerals. This assumption
can be approved by the analysis of al available cores from the drill holes AKC026,
AKCO028 to AKCO033, and AKCO035. It shows that the Al content correlates with the
amount of base cations (Na, K, Ca, Mg) and anti-correlates with Si — see left diagram in
Fig. 3.1.

As shown in the right diagram of Fig. 3.1, Fe and S are correlated which indicates that
pyrite is present. (A weak correlation could exist between Mn and S, too. However, the
Mn content is near the detection limit and, therefore, the data are less significant.)
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Fig. 3.1 Correlation of Si and base cations (BC) with Al (left) and correlation of Fe and Mn with S (right) in FME core
material. (Note the reverted axis for Mn in the right diagram.)

The high amounts of Fe and Mn at low S occur at high clay contents. However, any de-
pendence between clay minerals and sulfides cannot be derived since no correlation ex-
ists between Al and Sin the cores. In fact, the weak anti-correlation between Si and S as
well as between Si and C suggests a random distribution between clay minerals, quartz,
sulfides, and carbonates (see left diagram in Fig. 3.2).
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C and Ca correlate, whereby no significant correlation between C and Mg exists. Hence,
calcite can be assumed to be the main carbonate mineral (seeright diagram in Fig. 3.2).

Finally, no obvious correlations could be found between U content and other elements
like S, Al, Si, and C.
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Fig. 3.2 Correlation of S and C with Si (left) and correlation between Ca and C amount (right) in FME core material.
(Note the reverted axis for C in the left diagram, and for Mg in the right diagram.)

3.2 Experimental Results

The final compositions of al 24 solutions (after 4 days stirring) are summarized in
Tab. 3.3to Tab. 3.5 (for every core and every initial pH existstwo runs; in total 24 runs).
In al runs the pH and ORP are fairly stable to the end. Small variations in pH and ORP
result from the contact with air which allows CO, and O, exchange as well as evapora
tion. The results of the duplicated runs are in agreement with each other. Problems
aroused with the elemental analysis of the AKC103 solution at initial pH 3 (run 1) only;
this data was inconsistent and has been neglected.

AKCO010 & AKCO024. In accord with the similar core compositions of AKC010 and
AKC024 the results of the corresponding solutions are fairly similar, too. In al runs,
independent of the initial pH, the final solutions attained pH ~ 3 ... 4 and an ORP be-
tween 330 and 370 mV. In particular, with increasing initial pH the final pH increases
from pH 2.9 to 3.5 (AKCO010) and from pH 3.1 to pH 4.0 (AKC024). Therewith the fi-
nal pH’sfor core AKC024 are slightly higher.

The other element concentrations behave similar in dependence of the pH value. There
exist two exceptions, Mn and U, in accord with the differences in the core composition.
The Mn content in AKCO010 is an order of magnitude higher than for AKC024.

In contrast to Mn the U concentration in the final solution for AKC024 is higher than for
AKCO010 as expected from the core composition. However, it should be noted that the
fina U concentrations are lower than the U concentrations in the initial solutions (ex-
cept from AKCO024 with initial pH 1.7). This indicates a retardation mechanism (see
Tab. 3.3 and Tab. 3.4).
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Tab. 3.3 Composition of the solutions in contact with core AKC010 after 4 days stirring

Initial | PH | ORP [ Al Ca | Fe K Mg | Mn [ Na P S | SO4 | Si U | HCOs
pH mg/L | mg/L | mg/L | mg/L | mg/L | mg/L [ mg/L [ mg/L [ mg/L | mg/lL | mg/lL | mg/L M
17 3.04 | 362 | 210 | 300 | 550 | 1.5 | 120 | 110 | 470 | 1.8 | 1420 | 4260 | 220 | 27 |<0.01

' 293 | 359 | 200 | 270 | 560 | 22 | 110 | 100 | 420 <1 | 1280 | 3840 | 180 | 24

3 322 | 35 | 81 270 | 230 | 32 | 100 | 49 | 490 <1 860 | 2580 | 100 17 | <0.01
313 | 355 | 83 | 240 | 160 | 57 | 100 59 | 440 <1 810 | 2430 | 120 13

4 340 | 339 | 80 | 280 | 170 14 110 90 | 480 | 1.2 | 890 | 2670 | 180 | 9.6 |<0.01
333 | 332 | 74 | 250 | 160 13 110 80 | 470 <1 830 | 2490 | 160 | 85

5 346 | 354 | 68 | 260 92 12 100 78 | 470 <1 770 | 2310 | 160 | 9.1 | <0.01
327 | 342 | T 240 | 130 10 100 71 480 <1 810 | 2430 | 140 10

Tab. 3.4 Composition of the solutions in contact with core AKC024 after 4 days stirring

Initial | PH | ORP [ Al Ca Fe K Mg Mn Na P S | SO4 | Si U |HCOs
pH mg/L | mg/L | mg/L | mg/L [ mg/L [ mg/L | mg/L | mg/L | mg/L | mg/L | mg/L | mglL | M
17 312 | 369 | 240 | 220 | 230 74 120 | 9.5 | 460 <1 | 1150 | 3450 | 230 88 | <0.01

’ 314 | 372 | 250 | 210 | 210 87 120 8 420 2 1390 | 4170 | 230 86 | <0.01
5 369 | 338 [ 56 | 210 21 62 100 | 6.5 | 480 <1 600 | 1800 | 120 | 21 | <0.01
3.78 | 339 | 48 180 18 60 91 6 430 <1 560 | 1680 | 100 16 | <0.01
4 3.78 | 335 [ 60 | 220 20 72 110 | 5.7 | 480 <1 640 | 1920 | 120 16 | <0.01
400 | 328 | 50 170 15 81 93 7 440 2 590 | 1770 | 130 10 | <0.01
5 390 | 327 | 59 | 210 19 86 110 | 59 | 490 | 11 640 | 1920 | 130 12 | <0.01
399 | 329 | 57 180 19 100 99 8 460 1 670 | 2010 | 130 11 | <0.01
Tab. 3.5 Composition of the solutions in contact with core AKC103 after 4 days stirring

Initial pH | ORP | Al Ca Fe K Mg Mn Na P S S04 Si U | HCOs
pH mg/L | mg/L | mg/L | mg/L | mg/L | mg/L [ mg/L [ mg/L [ mg/L | mg/L ng/ mglL | M
17 367 | 309 | 25 370 14 110 | 220 | 2.2 | 520 <1 910 | 2730 | 120 | 10

’ 379 | 309 | 22 360 11 100 | 210 2 500 <1 850 | 2550 | 110 9 |<0.01
715 | 218 | 420 | 270 [ 2020 [ 92 | 1010 | 340 | 770 | 400 | 5850 | 17550 | 15 90
3 715 | 218 | 390 | 270 [ 2070 | 88 | 1010 | 350 | 760 | 400 | 5850 | 17550 | 15 | 120
6.86 | 218 3 97 <1 52 56 <1 410 <1 280 | 840 13 <1 |[<0.01
4 723 | 179 | <1 91 15 57 51 <1 440 <1 320 | 960 12 <1
7.27 | 194 5 79 <1 42 46 <1 380 <1 250 | 750 9 <1 |[<0.01
5 747 | 200 | <1 86 <1 47 47 <1 430 <1 300 | 900 10 <1
710 | 205 | <1 86 <1 47 49 <1 400 <1 270 | 810 12 <1 |<0.01

AKC103. In contrast to the first two cores the solutions in contact with AKC103 show a
quite different behavior. Here, except for the run with initial pH 1.7, al final solutions
are pH neutral.

The high concentrations of the base cations (Na, K, Mg, Ca) mirror the core composi-
tion of AKC103. Conversely, the S concentrations are much lower in comparison to the
other core solutions. Similar to the other two cores the element concentrations reflect
the expected pH dependence. Also the retention of U agrees with the results from the
other cores (see Tab. 3.5).
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3.3 Modd Calculations

The batch test simulations are based on an equilibrium model. The assumption that the
solutions after 4 days are in equilibrium is sustained by stable pH and ORP conditions
(both parameters were measured during the batch tests).

We used the thermodynamic model PHREEQC and its database wateg4f for the calcula-
tion of:

lons speciation

Mineral precipitation / dissolution

Equilibrium with CO, in atmosphere (open system)
Cation exchange

With respect to the air contact during the experiments the following conditions have
been specified:

Dissolution of Os:
Dissolution of COy:

pe value was adopted to the pe in final solution
equilibrium with partial pressure pcop = 3.5 - 10 am

The initial solutions are equal for all three cores (see Tab. 3.1). These are taken as input
waters.

solution 1 solution 2 solution 3 solution 4
pH=1.7 pH=3 pH=4 pH=5
element 1 element 1 element 1 element 1
element 2 element 2 element 2 element 2
core A010 core A024 core A103
Reactive Reactive Reactive
Minerals Minerals Minerals
mo>0 mp >0 mo >0
Secondary Secondary Secondary
Minerals Minerals Minerals
i ; me=0 mg =0 mg =0
Fig. 3.3 Calculations are performed
by combination of four aqueous lon Exchange lon Exchange lon Exchange
. . . . C C C
solutions with three core inventories Tor Tor Tor

In the model calculations four initial solutions (defined in Tab. 3.1) are combined with
three core inventories composed of reactive and secondary minerals as well as ion ex-
changers (see Fig. 3.3). In total, 4 x 3 = 12 calculations are performed. Please note, the
“model cores’ A010, A024, and A103 contain the same elemental list; they differ by the
values of mg and Cror only.
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Minerals. The final solution is mainly influenced by mineral dissolution/precipitation
and ion exchange. Great effort was undertaken to define a consistent set of minerals.
Two kinds of minerals are considered:

e Reactiveminerals  (only dissolution)
e Secondary minerals (dissolution and precipitation)

Reactive minerals act as a source; secondary minerals act as a sink for elements. Reac-
tive minerals require an initial mass mg (more precisely: the initial amount of moles per
liter solution). This value is less or equal to the total mineral amount in the core (due to
the limited availability). Therefore, the actua value for my was treated as a free model
parameter. Once a‘model core’ was defined by the mineral set including mg it was used
for al initial solutions (as depicted in Fig. 3.3).

Tab. 3.6 Initial mass mo per liter solution for reactive minerals

Reactive Minerals core A010 core A024 core A103

[mM] [mM] [mM]

Pyrite FeS: 13.3 9.2 4.2

MnS(Green) MnS 1.9 0.19 0.08
Kmica KAI3SisO10(OH)2 2.5 48 6
Albite NaAlSizOs 7 7 6

Calcite CaCOs 8.2 72 15.7

Coffinite USIiO4 0.03 0.40 0.04

The list of reactive minerals and their initial inventory mg are given in Tab. 3.6. On the
other hand, the list of secondary minerals is in al cores the same. It contains Fe(lll),
U(VI) aswell as clay mineras:

Ferrihydrite Fe(OH);

Jarosite Ko.77N &g 03Ho 2Fe3(S04)2(OH)e

Schwertmannite FesOs(OH)4.5(SO4)16 from [BCM 94]
Soddyite (UO,)2Si04:2H,0 from [GLO7]
Becquerdlite Ca(U0O2)s04(0OH)6:8H,0 from [GLO§]
Kaolinite Al,S,05(0H)4

Diopside CaMgSi,Os

The choice of reactive minerals was guided by the analysis of the core composition in
Sec. 3.1. In agreement with the good correlation of Fe and S pyrite (FeS;) has been cho-
sen as the main sulfate source. A second sulfate source is MnS. However, only core
AKCO010 consists of a significant amount of Mn. Irrespective of the weak correlation
between Mn and S the higher S amount in the core and the lower final pH in the solu-
tions suggest an extra sulfide (apart from pyrite).

As uranium source the U(IV) mineral coffinite was taken. [Calculations with uraninite
as an dternative U(IV) minera does not change the results.]

Cdlcite, as Ca source, is the only carbonate used in the mineral set. In redlity the Ca
source is divided in carbonates and clay minerals. However, in order to reduce the num-
ber of minerals a Ca-clay mineral, e.g. anorthite (CaAl,Si»Og), has been neglected.
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Clay minerals are not easy to model due to their highly varying stoichiometry and their
incongruent dissolution behavior. The incongruent dissolution of clay mineralsis seen
by areduction of base cations and an increase in Al and Si content.

Kaolinite can be considered as the final alteration product due to its thermodynamic
stability. The dissolution of the lower stable clay minerals albite and K-micaleadsto the
precipitation of kaolinite. In this way the incongruent dissolution of the clay minerasis
simulated. All final solutions are in equilibrium with kaolinite. Finally, diopside will be
available as secondary Al-poor clay mineral.

Tab. 3.7 Mineral

' Ele. AKCO010 AKCO024 AKC103 composition of the
Minerals |~ v | muine Minp Muminr Minp Memine Minp core as an upper limit

(9] (9] [9] [g] [9] [9] | forthe modelinput
Pyrite S 19.2 1.6 12.9 11 3.2 0.5
MnS Mn 0.35 0.17 0.09 0.02 0.05 0.01
Calcite Ca 112 1.22 0.82 112 2.83 2.76
Kmica K 14.5 1.2 34.1 2.1 174 31
Albite Na 1.8 1.8 2.0 2.8 15.9 4.6
Coffinite u 0.04 0.01 0.21 0.13 0.06 0.01

Tab. 3.7 compares the total mineral content in the core (Mmin) With the mineral mass
used in the model calculations (minp). The latter quantity includes besides the initial
mineral mass mg also the ion-exchange reservoir (the second element source). The My
values recal culated from the element composition in the core serve as an upper limit.

The amount mi,, is an outcome of the model calculations. It represents the reactive or
available amount in core. Due to the stirring of the suspension for the duration of 4 days
the contact time and contact area was high. Thus, the available amounts should be fairly
near to the mineral content in the core.

The obtained amounts for Ca (Calcite) and Na (Albite) in core AKC010 and AKC024
are dightly above the initial amounts in core. However, especialy for Na the mass bal-
ance does not fit at all for these cores. That means either the analyzing method of the
core material underestimates the contents due to their small percentage or, more proba-
bly, due to evaporation the concentration in the solution increases.

lon Exchange. The only input for the ion exchange model is the total ion exchange ca-
pacity Cror. This value depends on the clay content. The clay content was estimated
from Al in the cores (assumption: all Al exists in the form of kaolinite). This assump-
tion results in an upper limit (shown in 2™ column of Tab. 3.8). In the model calcula-
tions, however, we assume that only 50 % of the maximal content is available for ion
exchange (see 3 table column). From the latter value, using Eq. (2.14), Cror Was calcu-
lated which enters the equilibrium model (see 4™ table column).
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Clay Content | Clay Content Cror Tab. 3..8.C|ay content and cation exchange
from Al in Simulation capacity in the cores
9] ]} [meq/L]

AKCO010 90 50 25

AKCO024 100 50 25

AKC103 300 150 75

The ion exchange considered the cations H*, Na', K*, Ca&?*, Mg?*, Mn**, Fe?*, and AI*".
For example, if 5 meg/L exchange sites (it corresponds to 1 % clay content) are put into
equilibrium with the groundwater solution the following species distribution is obtai ned:

KX: 0.11 meg/L
NaX: 0.77 meg/L
CaXy: 0.79 meg/L
MgX: 1.27 meg/L

In addition, three uranyl ion exchange species are implemented (see Sec. 2.3).

Model Results. The obtained results for all three cores are presented in Fig. 3.4 to
Fig. 3.12. The diagrams include the measured data (blue dots), the initial solution data
(yellow dots) and, most important, the calculated data for the final solutions (blue
curves). All ssmulated data within one diagram are the outcome of the same mineral and
IX inventory.

The model results (blue curves) match the observations nicely. Even the Fe concentra-
tions, which are extremely sensitive to pH, could be captured quite well. However, the
model overestimates the Si concentrations. This effect is probably caused by an in-
congruent dissolution of clay minerals (which is not included in the model yet).

The incongruent clay mineral dissolution occurs especialy at neutral pH (see the find
solutions of core AKC103 with neutral pH). In nature, during weathering clay minerals
release K, Ca, Na, and Mg (without the complete dissolution of the mineral). This
mechanism could not be simulated sufficiently with PHREEQC and the available data-
base. In the present approach four minerals with fixed stoichiometry and log-k values
are used: abite for Na, K-micafor K, diopside for Caand Mg, and kaolinite. Therefore,
the calculated concentration of the base ions does not fit the observations perfectly. In
sum, despite the oversimplified clay mineral assembly the obtained results are still good.

Seamdany AKCO10 | AKCO024 AKC103 Tab..3'.9 S'econd.ary min_erals that
O al all pH 17 | pHm3-5 precipitate in the final solution
Kmica X
Diopside X
Kaolinite X X X X
Jarosite X X X

Schwertmannite X

All secondary minerals that precipitate in the final solution are listed in Tab. 3.9. Inter-
estingly, no U(VI) minerals precipitate at the low pH’s. Therefore the U retention de-
tected in the batch tests was described by uranyl ion exchange aone.
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40

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008




ﬂ Heathgate Resources
s UMIWWELTLEISTUNGEN Natural Attenuation Project
<> Nov 2008
120 60
o
100 Mn [mg/L] '7 50 U [mg/L]
o
1 0
80 P 5 40
@
\I |
60 % 30 \\\
40 ‘ 20 -
O input water o
20 1 O final solution - data AKCO010 10 i 8 9
—o— final solution - model
0 | $ 0 | | |
1 2 3 4 5 6 1 3 4 5 6
350 800
300 I\ Al [mg/L] 700 Si [mg/L]
600
250 \
500 —s
200 8
400
150
300
100 200
8 8
50 100 8
0 0 0 Q Q Q
1 2 3 4 5 6 3 4 5 6
initial pH initial pH
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Fig. 3.7 Measured pH, pe, Fe, SO4-S compared with model calculations — core AKC024
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4 AQUIFER SIMULATIONS

4.1 Definition of Scenarios

Fig. 4.1 shows the simplified structure of the FME aquifer in form of aflow path taken
from [Bev08]. Here the groundwater enters the Ore Zone and flows viathe FM Embay-
ment into the Lake Frome Embayment (LFE). Theflow velocity differsfrom zone to zone.

15 m/a 20 m/a 6 m/a
-> :
—y | Orezone Four Mile Embayment LFE
" 1km 6 km T okm

Fig. 4.1 Flow velocities within the FM aquifer taken from [Bev08] (LFE - Lake Frome Embayment)

In the following we consider atotal timespan of 800 years and a model extension up to
7 000 meters including two compartments: the complete Ore Zone and the first half of
the Four Mile Embayment. These are, in fact, the compartments where the principal geo-
chemical processes take place.

The aguifer simulations depend on hydraulic and geochemical data. The hydraulic data
are overtaken from the MODFLOW calculations in [Bev08]; the geochemical data has
been upscaled from the column and batch tests described in Chapter 2 and 3.

Three agqueous solutions (input solutions) are considered:

e groundwater pH =~ 7 ORP=0
e aggressivelixiviant pH=1.7 ORP=750mV-SHE U =52 ppm
e 1:1dilutedlixiviant pH=2.0 ORP=750mV-SHE U =26 ppm

Groundwater and aggressive lixiviant have been defined already for the column tests in
Tab. 2.2 on page 18 (but now the lixiviant does not contain the KCI tracer). The third
solution is generated by an 1:1 mix of lixiviant and groundwater (see Sec.4.2). The
complete elemental content for all three solutionsisgivenin Tab. 4.1.

Within the dual porosity approach both compartments (ore zone and embayment) con-
tain material in mobile and immobile form. By specifying the initial composition of mo-
bile and immobile phase (at t = 0) we are able to define different scenarios. The FM
Embayment is characterized by an initial state where both mobile and stagnant water
pores are filled with groundwater. This assumption is unatered in all scenarios. The
situation is different for the ore zone where two distinct post-mining scenarios are con-
sidered: mobile and stagnant water pores are completely filled with aggressive lixiviant
or with diluted lixiviant a t=0. In both cases, the ion exchanger at t =0 is put into
equilibrium with lix or with diluted lix, respectively.
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In this way, three base scenarios are specified (see Fig. 4.2):
Scenario ‘Transport’ (as demo for pure transport phenomenain Sec. 4.4)

Lix inflow (3 month) into the FM embayment followed by groundwater inflow
Scenario ‘Worst Case “The Extreme Post-Mining Case’

It starts after mining. The ore zone is completely filled with aggressive lixiviant
(in both mobile and stagnant zones). Inflowing groundwater transports the con-
taminants into the FM embayment.

Scenario ‘Real Case “Post-Mining Case”

It starts after mining and considers the fact that, during mining/leaching, thereis
an ongoing transversal dilution in the ore zone. As a result, the initial solution
(inside the ore zone) for the post-mining simulations is not lix with pH=1.7 (as
in the “Worst Case'), but a diluted lixiviant lix R (with pH = 2.0). Inflowing
groundwater transports the contaminants into the FM embayment.

The first scenario with the ‘short pulse’ lix inflow represents a sound basis for discus-
sions of dispersion and dual-porosity phenomenain Sec. 4.4. The focusis then shifted to
the Post-Mining Scenarios. Thereby, from all thinkable configurations scenario ‘Worst
Case' is the most hazardous case (only theoretical possible). The much more redistic
case (‘Rea Case’) will be explained and generated in Sec. 4.2.

Scenario ‘Transport’

— | FME

3 month Lix (gw)
) 1km g
‘Worst Case’
gw > | OreZone FM Embayment
-> (Iix) (gw)
) 1km | 6 km !
‘Real Case’
gw =% | Ore Zone FM Embayment
> | (ix+gw) (gw)
) 1 km T 6 km -

Fig. 4.2 Three scenarios for geochemical aquifer simulations (gw — groundwater, FME — Four Mile Embayment)
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The model space ‘Flow Path’ shown in the above pictures is embedded in the FM agqui-
fer of 70 m thickness — see Fig. 4.3. The thickness of the ‘Flow Path’ is determined by
the vertical extension of the ore zone (thickness 5 to 10 m).

A

3

€ c.

o )

Vi l =y

D o

(&) Py

(4] >

Q < > D

= | 7000 m &

3 2

Fig. 4.3 Model space ‘Flow e S

Path’ embedded in the FM 3
aquifer (non-scale division) y

4.2 Generation of the‘Real Case

The “Real Case” considers the fact that, during mining/leaching, there is an ongoing
transversal dilutionin the ore zone. As aresult, the initial solution (inside the ore zone)
for the post-mining simulations is not lix with pH=1.7 (as in the “Worst Case”), but a
diluted solution lix_R (with pH =2.0). The aim is now to generate the solution lix_R.

As shown in Fig. 4.4, the ore zone (thickness 5 to 10m) is embedded in the aquifer
(thickness 70m). Due to the water movement caused by continuous injection and ex-
traction thereisatransversal dispersion that mixes groundwater and lixiviant.

agw
— A 4 4
A L R v v
() e ; S~a
< S . . lix ~a
N Seduinini il i >
glo | 7
Fig.44 The ore zone TNl .-
embedded in the aquifer v A T A A
with injection and extrac- v v v
tion well for the lixiviant gw

At the beginning, the ore zone is filled with lix (pH = 1.7) whereas the agquifer above
and below the ore zone contains groundwater (pH = 7). The mixing factor is then de-
fined by

(4.1) mix = groundwater -, Az
lixiviant Z

ore
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Here, Az symbolize the penetration depth of groundwater into the ore zone caused by
transversal dispersion; Zqe is the thickness of the ore zone, and the factor 2 describes the
fact that groundwater penetrates from both sides above and below.

The penetration depth is given by

(4.2 AZ = |/ o1V T
where ot denotes the transversal dispersivity, v the transversal flow velocity, and Texch
the total leaching time.

The maximum value of the transversal velocity can be estimated from the total amount
of water that is pumped through the aguifer per year, Qjesch, and the mining area Aye:

Qusi 10Miom*/a _ . . m
' A 1km x1km a

ore

(4.3 v

In order to calculate the mix factor in Eg. (4.1), the following parameters will be used

thickness of ore zone Zoe = 10m (worst case)
transversal dispersivity or =1m (worst case)
transversal velocity VT =25m (worst case, 25 % of V1 max)
mining/leaching period Tiexh = 10a (order of magnitude)
Thisleadsto
. 2 .
(4.4) mix = —— /1m-252.10a =1 < gw:lix=1:1
10m
Tab. 4.1 Model input for ground groundwater lixiviant mix waterl:1
water and lixiviant (cell.sol) (lix.sol) (lix_R.sol)
pH - 7.33 1.67 2.01
pE - 1.0 12.5 125
T °C 35 35 35
Ca mg/L 84.4 115 100
Mg mg/L 30.1 26.6 28.3
Na mg/L 876 718 797
K mg/L 44.3 60.2 52.3
S04-S mg/L 203 851 527
HCO3 mM 5 <0.01 2.5
cl mg/L 1001 1001 1001
Fe mg/L <0.01 1.73 0.87
Al mg/L 1.67 4.76 3.21
U mg/L 0.001 52.9 26.5
Si mg/L 16.0 28.3 22.1
DO mM 0 0.1 0.05

In this way, the initial solution for the “Rea Case” can be easily generated by 1: 1 mix-
ing of lixiviant and groundwater (using PHREEQC). The resulting solution lix_R with
pH = 2 ispresented in Tab. 4.1.
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4.3 Input Data & Parameter Upscaling

The input data for the aquifer simulations results from two sources: the hydrogeologic
model [Bev08] and the column/batch results of the previous chapters.

Hydraulic Data. From the hydrogeol ogic model we use:

flow velocity: 15 m/a (ore zone)
20 m/a (embayment)
effective porosity: 0.30

longitudinal dispersivity: 10m

For variation of these parameters we refer to [Bev08]. The effective porosity e = 0.30
coincides with the column test values (total porosity et = gt + €res = 0.30 + 0.11).

Upscaling a.. The dual-porosity mass transfer rate o is only meaningful in context with
flow velocity v. For example, the ‘high-velocity’ column value o = 1.1 h™* overpredicts
the ‘low-velocity’ aguifer case by far. Unfortunately, the empirical van Genuchten’'s
approach in Eq. (2.16) does not contain any dependence on v or residence time At. To
overcome this problem we assume a fixed relation between o and At for the upscaling:

1

4.5 o= —
(45) 3- At

for columns and agquifer

From this simple relation we get:

column tests: At=0.3h a=11h?
aquifer: At = 3 month a=1510%h"
aquifer: At = 6 month o =7510°h"

All hydraulic parameters used in the aquifer ssimulations are summarized in Tab. 4.2.
This table al'so contains the column data input for comparison. Please note the huge dif-
ferences between the aguifer and column simulations.

Tab. 4.2 Hydraulic parameters for aquifer simulations (in comparison with column data)

Transport Scenario Post Mining Scenarios
Parameter Columns
embayment ore zone embayment
L total length [m] 1 1000 1000 6000
N number of cells 20 200 133 600
AX cell length [m] 0.05 5 7.5 10
At time step 0.3h 2190h=3month 4380 h =6 month
T simulation time 200 x At=60h 400x At=100a 1600xAt=800a
v flow velocity [m/a] 1460 20 15 20
oL longitud. dispersivity [m] <1103 10 10 10
o mass transfer rate [h-1] 1.1 1.5-104 7.510°
€1 total porosity 0.41 0.41 0.41
Eeff effective porosity 0.30 0.30 0.30
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Geochemical Data. The geochemical parameters for the aquifer are based on the col-
umn dataset in Sec. 2.4. The upscaling, however, requires some modifications.

Pyrite Oxidation. During filling the columns the core material was crushed and an oxi-
dation process takes place. This ‘pre-cooking’ was described by enhancing the pyrite
rate from the origina value ro = 6.5-10 M/s [WR94] (valid for undisturbed systems) to
ro = 1.6-10™ M/s (adjusted for the disturbed column system). The aquifer simulations are
performed with the value ro = 6.5-10** M/s from literature.

U(1V) Precipitation. In addition to the U(IV) minerals coffinite and uraninite(c) used for
the column simulations we include the amorphous U(IV) mineral UO,(a). The latter has
amuch higher solubility and does not precipitate at pH-pe conditions at which coffinite
or uraninite(c) precipitate. Thus, in the spirit of very conservative assumptions, we ex-
clude the precipitation of coffinite/uraninite at all and allow the precipitation of UO,(a)
only.

Kaolinite. Due to the high flow velocity in the columns the residence time, i.e. the con-
tact time of the fluid with core material, is very short (which diminishes the amount of
dissolved minerals significantly). Therefore, we reduced the amount of soluble kaolinite
to mo/Vggn=1.2mM. In the aquifer (high residence time) there is no such constraint,
and a larger amount of me/V«gn = 550 mM (that corresponds to 1% clay content) could
be assumed. [Please note, that the secondary mineral kaolinite is controlled by thermo-
dynamics, so the dissolved amount is much less than the input mg irrespective if we as-
sume 1% or 2% clay content.]

Redox Potential. The redox potential within the aquifer is definitely less than in the col-
umn tests (performed under non-reducing conditions) which was fixed at pe = 5. Thus,
in the aquifer simulations the initial ORP of groundwater is set equal to pe=1.0 (see
Tab. 4.1). During the calculations, for t > 0, the pe is not fixed; it develops freely with
regard to the actual chemical conditions.

Tab. 4.3 Geochemical parameters for aquifer simulations (in comparison with column data)

FM Aquifer
Parameter Columns Ore Zone
Worst Case Real Case FM Embayment
solution in mobile zone gw lix lix_R gw
solution in stagnant zone gw lix lix R gw
IX'in equilibrium with gw lix lix_R gw
Cror | total IX capacity [meq/L] 13.5 13.5 13.5 13.5
Calcite mo/Vstgn [MM] 40 0 0 40
© 2 | Kaolinite | mo/Vsgn [MM] 1.2 0 0 550
= s | U(v) Mo/Vstgn [MM] 2 0 0 2
2E Pyrlte mO/Vstgn [mM] 110 0 0 110
roin M/s 1.6-105 0 0 6.5-10-1
< « | Fe(ll) Fe(OH)s Fe(OH)s Fe(OH)s Fe(OH)s
§ 2 U(VvI) Soddyite Soddyite Soddyite Soddyite
» E v Coffinite UO;(am) UO2(am) UO;(am)
pe in stagnant zone 5 <1
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Uranyl lon Exchange. As shown in the batch test with aquifer material there is — irre-
spective of the relatively small clay mineral content — an U(VI) adsorption on-ion ex-
changer sites. Thisreversible processisincluded in the calculations.

Tab. 4.3 gives an overview about all geochemical parameters used in the aquifer smula-
tions (in comparison with the column dataset). [The advantage of using mo/V gagn rather
than my is that the former quantity is independent of the cell size] The Sl for Calciteis
set to zero.

Dilution. Since the model space ‘Flow Path’ is embedded within a huge groundwater
basin (see Fig. 4.3), there is an ongoing dilution caused by transversal dispersion. In
particular, we use

transverse dispersivity in vertical direction orv =1.0m
transverse dispersivity in horizontal direction arn=0

Tab. 4.4 Parameters for horizon-
tal dispersion used in MODFLOW Parameter MODFLOW TRN

and TRN vertical (transversal)

. . 2.13m 1.0m
dispersivity oty

vertical to horizontal

permeability ratio 1:30 1:30

Of course, these parameters are not well known. Therefore, the following assumptions
are made:

(i) The MODFLOW-dispersivity in Tab. 4.4 is diminished by a factor of two: ar = 2.1
= 1.0m (worst case).

(i) TRN considers only the vertical dispersion (in z-direction), but neglects the trans-
versal dispersion in horizontal direction (worst case).

(i1) The thickness of the simulated aguifer zone *Flow Path’ is Az = 10 m with respect to
the maximum thickness of the ore zone (worst case).

(iv) The flow path is surrounded by an “infinite” groundwater reservoir (i.e. the water
composition outside the column cells does not change during dispersion). Possible in-
accuracies would be compensated by (i) to (iii).

Within the numerical model the mix factor for the transversal dispersion (between each
cell and the groundwater basin) is similar to the mix factor for the longitudinal disper-
sion (between two adjacent cells):

. o
4.6 mix, = —-
(4.6) LT

. \/ o
4.7 mix. = —L .21V
(4.7) TS Az
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Theratio vy/v is equivaent to the ratio of vertical to horizontal permeability, i.e. 1:30 as
shownin Tab. 4.4.

In particular, for acell geometry with Ax = 10 m and Az = 10 m we get:

(4.8) mix .
(4.9) mix 1

1.0
3.310°

It shows that the dilution effect caused by transversal dispersion is 2.5 orders of magni-
tude smaller than that of the longitudinal dispersion.
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4.4 Transport without Reactions

In order to demonstrate the effect of dispersion and/or mobile-immobile mass transfer
we consider the scenario depicted in Fig. 4.5. Four different calculations are performed:

ADV without dispersion and dual porosity o =0 a=0
DUAL with dual porosity, but without dispersion o =0 a=7.510"h*
DISP with dispersion, but without dual porosity o =10m a=0

DISP+DUAL  with dispersion and with dual porosity o =25m o=7510"h?

—p FM Embayment
. W
3 month Lix (W)
Fig. 4.5 Lix inflow (3 month)
< > into the FM embayment followed
1km by groundwater inflow

The start conditions are all the same: Lix (with 850 mg/L SO,-S) enters the Four Mile
Embayment for 3 month in form of a ‘short pulse’. The path length is 1000 m; the em-
bayment is filled with groundwater. In this example all reactions are ignored, i.e. there
iIsno mineral dissolution/precipitation, no ion exchange.

1 ss0
218 850
216 || S04-5 [mgiL] A 800 ADV —
/ \ 750 | S04-S [mg/L] | —opuA —
214 — ADV 700 — DISP —
— DUAL / \ 650 —— DISP + DUAL |—

2270 pigp / \ / 600
210 41 —— DISP + DUAL 550
500

208 450
206 / 400
/ \ 350

204 300
250
200

\
L—]
| =T |

202

years
years

Fig. 4.6 Breakthrough of SO4 atx = 1000m z‘z‘ - I —
for different transport scenarios. (Left and [\ | so4-s [moi] —— 250m |
right diagrams differ only in the scale of the ~ 2*° I — S00m
. 218 — 750m |
y-axis.) [
216 I /A —1000m |+
" VAN
i L YA
210 , \
RNV
206 f
204 X
202
200

Fig. 4.7 Breakthrough of sulfate at different
X positions (Scenario ‘DISP + DUAL’)

years
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The results are shown in Fig. 4.6 and Fig. 4.7. The left and right diagrams of Fig. 4.6
differ by the scale of y-axis only. In full agreement with mass conservation al four
curves own the sameintegral (i.e. the same area below the curves).

In Fig. 4.6, the green curve depicts the pure advection case (ADV) where the initial 3-
month pulse passes unaltered through the aquifer; after 50 years it reaches 1000 m (in
full agreement with the flow velocity 20 m/a). If dispersion isincluded (DISP), the curve
broadens but the centroid moves with the advection peak. Remarkable, after 1 000 m the
peak reduces from 850 mg/L to 213 mg/L (i.e. only 10 mg/L above the background).

In contrast to the dispersion, the dual-porosity approach broadens and retards the curves
(DUAL). Finadly, the pink curve shows the cumulative effect (DISP+DUAL). In prac-
tice, theadditional broadening within the dual porosity approach can be re-adjusted by a
smaller dispersivity oy =2.5m (instead of 10m). Please note, by the re-normalization
we obtain nearly the same width and shape of the curves:

o =10m (blue curve) o o =2.5m + dua porosity (pink curve)

Thus, in order to ssimulate o, = 10m as listed in Tab. 4.2 we use oy = 2.5m within the
dual-porosity approach.
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4.5 Post Mining Scenarios—Wor st and Real Case

This Section summarizes the main results of the post-mining scenarios. ‘Worst Case’
and ‘Real Case’ with and without dilution (caused by transversal dispersion). There are
4 scenarios defined in Tab. 4.5; the most probable and most improbable cases are the
following:

most improbable case:
most probable case:

W_noDILU
R_DILU

Tab. 4.5 Definition of four post-mining scenarios

. transversal solution in solution pH
Scenario I )
dilution ore zone in ore zone
W_noDILU worst case no lix 1.7
W_DILU worst case + dilution yes lix 1.7
R_noDILU real case no lix R 2.0
R_DILU real case + dilution yes lix R 2.0

The complete results are presented in Appendix D. For each scenario there are diagrams
for SO4, U, Fe, Al, Ca, Mg, Na, K, and pH as well asfor all ion-exchanger species. The
diagrams depict the concentration pattern along the flow path through the ore zone
(x=0to 1 km) and FM embayment (x = 1 to 7 km) at different times (t = 0, 100, 200,
300, 400, 500 and 800 years).

The chemica elements travel at different velocities. Sulfate is neither affected by ion
exchange nor by precipitation/re-dissolution, thus, it moves fast and unretarded (the
same holds for chloride). All other elements (including pH) are retarded more or less
strongly.

The behavior of Ca, Mg, K, Na becomes clear if we look on the cation distribution on
the ion-exchanger sites. These diagrams show the adsorbed species that sum up to the
total capacity Cror = 13.5/e = 45 meg/L. Remarkable is the H* ion adsorption and how
it passes gradually from the ore zone into the embayment thereby loosing weight. On the
other hand, the invasion of aluminum is caused by silicate mineral dissolution (kaolin-
ite). Due to the low ORP, uranyl adsorption is marginally and therefore not visible in the
diagrams.
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Fig. 4.8 pH as a function of distance x — comparison of different scenarios
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A direct comparison of al four scenarios is presented for pH, uranium, and sulfate in
Fig. 4.8 to Fig. 4.10. Here the most probable case is represented by the green curve. In
all cases, the acid front (with pH < 6) as well as uranium never leaves the FM Embay-
ment; their influence is confined within a maximum range of 3 to 4 km apart from the
ore zone.

[Remark. The blue curves labeled ‘Initial State’ represent the pH and concentrations for
the Worst Case.]
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Fig. 49 Uranium [mg/L] as a function of distance x — comparison of different scenarios

There is a principa difference between the behavior of uranium and sulfate in Fig. 4.9
and Fig. 4.10. Sulfate is only influenced by dispersion and dilution (except a tiny gain
due to pyrite oxidation); uranium is affected by dispersion, dilution, and U(IV) precipi-
tation in form of amorphous UO, (depending on the actual pH-pe conditions). The effect
of uranyl ion-exchange is small (dueto the low ORP).

More details to the U geochemistry are given in Sec. 4.6. Thereit will be shown that the
curvesin Fig. 4.9 are based on conservative assumptions.
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Fig. 410 SO4S [mg/L] as a function of distance x — comparison of different scenarios

4.6 Uranium Geochemistry

The fate of uranium strongly depends on the ORP. However, our knowledge of the redl
redox conditions inside the aquifer is limited due to severa reasons. (i) The measure-
ment and interpretation of ORP is a complex task [EPA0Z]; (ii) natura systems are
hardly in redox equilibrium; (iii) redox processes are mediated by microorganisms. Fi-
nally, in the lab tests we obtained information about the U(VI) precipitation but not
about U(1V) (because they are performed under non-reducing conditions).

In order to investigate the influence of the ORP on the U chemistry three different cases
have been studied:

(1) definite ORP conditions (pe fixed at 1.0 or at -0.5)
(i)  withthe U(IV) minerals: coffinite/uraninite and amorphous UO,(a)
(iii)  only with amorphous UO,(a); no coffinite/uraninite precipitation

In case (ii) and (iii) the pe value is not fixed; it develops freely.

(i) The U chemistry was studied under definite ORP conditions, i.e. the pe value for the
stagnant water was fixed to pe=1 (i.e. the observed groundwater ORP in the aguifer)
and to pe=-0.5. The results are displayed in Fig. 4.11. In both cases there exist a con-
centration peak at the boarder line between ore zone and embayment (at x =1km), but
downstream this location (at x > 1 km) the picture differs. In the case of pe =1 uranium
precipitatesas U(VI) minera ‘soddyite’; in case of pe=-0.5as U(IV) mineral ‘ coffinite’.
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In fact, for pe = 1 the main geochemistry is quite similar to that of the column tests: Fe
and U precipitate as Fe(I11) and U(VI) minerals and re-dissol ve (thereby producing con-
centration peaks).

14 ‘ ‘ ‘ 14 ‘ ‘
12 ‘ mot] | t=100a | — 124+— — v imgl] t=100a |
t=200a t=200a
10 — t=300a 10 — t=300a
8 — t=400a |— 8 — t=400a —
6 6
. I . !
pe=1.0 l pe =-0.5
2 ‘ 2
0 f d 0 7 7 T T T
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Distance [m] Distance [m]

Fig. 4.11 U concentration as a function of distance x — Scenario ‘Worst Case’ without dilution (W_noDILU) for fixed
pe values

Please note that the concentration peaks in Fig. 4.11 are much lower than in Fig. 4.9 at
t=100a

In conclusion, whereas for pe > 1 the geochemistry behaves similar to the column tests
(uranium precipitates or adsorbs in U(VI) form), the situation changes for pe<-0.5
where uranium precipitates as U(1V) mineral (uraninite or coffinite). This is schemati-
cally depicted in Fig. 4.12. Between pe = -0.5 and 1 there is a ‘gray’ zone where the
system behaves instable. Ironicaly, the measured ORP, which is near zero, indicates
that the aquifer isin such an ‘unstable’ state.

precipitation re-dissolution

issoluti .
dissolution Pe=1 " uovty —f uviy-mineral ]—» u(vI)

[ Coffinite ]—» u(lv) <: )

( . pre-mining
u(lv) —»\ U(IV)-mineral ] conditions

low ORP pe<0.5
pH 7

Fig. 4.12 Two different pathways of U precipitation

(i1) In case (i) above the ORP is fixed to definite pe values which maintain the measured
ORP inside the aquifer. Now, we consider the case where the pe is not fixed but evolves
freely. Then, due to the dissolution of reductive minerals (pyrite and coffinite) the ORP
drops below pe = -1. Consequently, the dissolved U(VI) contained in the lixiviant trans-
forms into the U(IV) form and precipitates immediately as coffinite or uraninite (irre-
spective if UOy(am) isincluded in the calculations or not). This results from thermody-
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namics whereby crystalline minerals are more stable than amorphous minerals. Thus, for
the very worst case W_noDILU we obtain the result shown in Fig. 4.13. For the
‘Real Case' nearby all dissolved uranium precipitates.

50 —t=0
45 U [mg/L

I& t=100 a
40
35 t=200a
30 — t=300a

25
20
15

Fig. 413 U concentration as a function of
distance x — Scenario ‘Worst Case’ without 0 I ‘ ‘
dilution (W_noDILU) for non-fixed pe value 0 1000 2000 3000 4000 5000 6000 7000
(U precipitates as coffinite) Distance [m]

(iif) The optimistic picture of case (ii) where nearby al U is mobilized in form of cof-
finite changes if we switch-off the precipitation of coffinite/uraninite. In this case only
amorphous UO,(a) precipitates which, however, has a higher solubility than coffini-
te/uraninite. For example, the log k values of both UO, modifications differ signifi-
cantly:

Uraninite(c) UO, + 4H" = U™+ 2H,0 log k =-4.8
U02(a) UO, +4H" = U™+ 2H,0 log k=0.1

Afterwards, during mineral aging the amorphous phase converts into more stable (crys-
talline) phases. In the end, pre-mining conditions are established where U(1V) is depos-
ited as coffinite/uraninite. This caseis considered in Sec. 4.5 and Appendix D.

There is no clear dividing line between case (ii), i.e. U precipitates as coffinite, and
case (iii), i.e. U precipitates as amorphous UO,. Thus, the calculations shown in Fig. 4.9
represent a pessimistic view (in contrast to the optimistic description in Fig. 4.13). The
reality lies between both cases.
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5 SUMMARY

The geochemical modeling within Heathgate’'s Natural Attenuation Project consists of
two parts:

Part I:
Part II:

Interpretation of Column and Batch Tests
Reactive Transport Simulations in FME aquifer

(Chapter 2 and 3)
(Chapter 4)

Part | lays the foundations for the subsequent aquifer studiesin Part Il. The main goal is
to understand the principal geochemical processes that determine the fate of uranium
and other pollutants. By focusing on the main phenomena, we avoid interpreting (and
misinterpreting) effects of higher order.

During this study, a reactive transport model was provided by UIT to describe the col-
umn tests and the geochemistry in the FM aquifer. It combines transport (advection &
dispersion) with geochemistry (thermodynamics & kinetics). The chemical equilibrium
module is based on PHREEQC. A detailed model/program description is given at the end
of thisreport (Appendix A and B).

5.1 Partl —Lab Test Simulations

First. Batch and column tests are complementary. The large residence time (contact
time with core material) during the batch tests alows an equilibrium approach using
PHREEQC. On the other hand, the column tests, with asmall residence time, are modeled
with the reactive transport model TRN.

Batch Tests Column Tests
Residence Time large (4 days) small (<< 1 h)
Model Equilibrium Model Reactive Transport
TRN
Program PHREEQC (incl. PHREEQC)
Results Chapter 3 Chapter 2

All batch and column simulations are based on the same fundamental assumptions and
model parameters (including the thermodynamic database wateg4f). This was achieved
in along run of single calculations and by a permanent cross-checking of the input data-
sets for batch and column tests.

Second. The model simulations for both batch and columns are in good agreement with
the observations. They are based on a dataset with minimum assumptions and parame-
ters. This makes the approach straightforward and transparent. The obtained dataset pro-
vides a firm platform for the prediction of geochemical processesin the FM aquifer (see
Part I1).
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Third. The main geochemical transformations within the columns can be summarized
as follows (see Figure below): The aggressive lixiviant enters the stagnant water zone
and dissolves the reductive minerals pyrite and coffinite. Due to the contact with the O,-
rich mobile phase the released Fe(ll) and U(I1V) species are oxidized and precipitate as
Fe(lll) and U(VI) minerals. As a result Fe and U are immobilized, and both elements
disappear in the column outflow. The immobilization occurs as far aspH >3... 4. If pH
dropsbelow 3 (dueto the ongoing lix inflow), the precipitation stopsand all accumulated
Fe(lll) and U(VI) minerals re-dissolve (which generate the concentration peaks). The
greater the pH buffer the more the peaks are retarded. The pH is buffered by both ion
exchange and calcite dissolution.

dissolution oxidation precipitation re-dissolution

( )

[ Pyrite ]—» Fe(l) — Fe(lll) —» Fe(OH)3 — Fe(lll)

(. J

[ Coffinite ]—» uav) —— U\ —>( U(VI)-mineral \—> Ui

(. J

low ORP high ORP high ORP
pH 7 pH7 pH 1.7

Fourth. The batch and column tests show explicitly a retardation of pH and uranium.
Uranium retardation/immobilization is caused by:

e precipitation of U(VI) minerals
e uranyl ion exchange at clay minerals
e acombination of both processes

Both effects are reversible. There are several candidates for U(V1) precipitation: Becque-
relite, Soddyite etc.

precipitation /
ion exchange

dissolution  oxidation
/{U(VI)-mineraI]—» U(VI)
[ Coffinite ]—» uaVy) — UV
\[ Uranyl IX ]—» u(VvI)
low ORP

pH7 high ORP high ORP
pH7 pH 1.7

re-dissolution
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5.2 Part Il —FME Aquifer Simulations

First. The aguifer simulations rest on two pillars: (i) the hydraulic parameters overtaken
from the hydrogeological model [Bev08], and (ii) the geochemical data overtaken from
the column and batch tests in Chapter 2 and 3. The upscaling procedure is described in
Sec. 4.3 (using an optimum spatial-time discretization). The ‘great step’ from columns
to the aquifer is characterized by a significant changeover:

Length: 1m = 7000m
Time: 60 h = 800 years
PHREEQC cdlls: 12 000 = 5Mio
Runtime: 160 sec = 14 hours

Second. The study of post-mining scenarios represents the central part of the report. The
model configuration is as follows. After mining/leaching, groundwater flows into the
ore zone and pushes the dissolved inventory and contaminants from the ore zone into
the clean FM Embayment. At the beginning (initial state t = 0), mobile and stagnant
pores of the ore zone arefilled

e with aggressive lixiviant (pH = 1.7, U = 50 ppm) ‘Worst Case’ or
e withdiluted lixiviant (pH = 2.0, U = 25 ppm) ‘Real Case’

In addition, there is an ongoing dilution along the flow path caused by transversal dis-
persion. Based on these assumptions four calculations are performed:

W_noDILU  Worst Case  without Dilution

W_DILU Worst Case  with Dilution
R_noDILU Red Case without Dilution
R_DILU Red Case with Dilution

Thereby, W_noDILU represent the most improbable and R_DILU the most probable case.
Theresults are discussed in Sec. 4.5.

In al cases, the acid front (with pH < 6) as well as uranium never leaves the FM Em-
bayment; their influence is confined within a maximum range of 3 to 4 km away from
the ore zone.

Third. The uranium geochemistry strongly depends on ORP. In contrast to the lab tests,
which have been performed and modeled under non-reducing conditions (pe~5), reduc-
ing conditions definitely exist in the aquifer (pe< 1). Thus, the aguifer ssimulations are
performed at lower pe values. In particular, due to the dissolution of reducing minerals
(pyrite and coffinite) pe drops below zero.

As shown in Sec. 4.6, the amount of dissolved uranium also depends on the type of
U(IV) mineral that precipitate: coffinite/uraninite or amorphous UO,. Amorphous UO,
precipitates if and only if coffinite/uraninite is excluded. Due to the higher solubility of
amorphous UO, the dissolved U in the aquifer is much higher. In al scenario calcula
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tions we applied the conservative assumption of amorphous UO, precipitation (rather
than coffinite precipitation).

Fourth. The impact of an uncontrolled flow through fractured rocks is discussed in Ap-
pendix E. Thisimpact is small and can be neglected.

Fifth. U.S.G.S. performed in 2007 a similar study for groundwater restoration after
leaching. Our study is based on their experiences; we refined their model and applied it
to areal case. A comparison of both approachesisgivenin Tab. 5.1.

Tab. 5.1 Model comparison with the U.S.G.S study from 2007 [DCO07]

U.S.G.S report [DCO7] present report
ISL chemistry alkaline leaching acid leaching
Model 1D reactive transport 1D reactive transport
TRN
Program PHREEQC (incl. PHREEQC)
Approach thermodynamic thermodynamic + kinetic
Dual Porosity yes yes
Scenarios post mining post mining
ore zone (1000 m) plus
Model Space ore zone (100 m) embayment (7000 m)
Number of Cells 5 733
Time step At 20 years 0.5 years
Forecast <400 years 800 years
Lab Tests none batch and column tests

Sixth. The instrument and methodology developed in this study enables us to describe
geochemical processes in the FM aquifer. On this fundament in combination with ex-
tended knowledge about the rea aquifer conditions (observations, experimental data)
new investigations can be done easily and the forecast can be refined.
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A REACTIVE TRANSPORT —MAIN EQUATIONS
A.1 Definition of the System

A.1.1 Aqueousand Mineral Phases

The reactive transport model combines transport with reactions (chemical equilibrium
and kinetics). The reaction module describes the mass transfer of speciesi between sev-
era phases.

(A.2) mobile water: m" = ¢" -V,
(A.2) stagnant water: m’ = ¢ -V,
(A.3) secondary minerals: m?>

(A.4) ion exchange: m’

(A.5) primary minerals; m?

Here, m; denotes the mass (amount in moles), ¢; the concentration (in mol/L), and V the
water volume.

The distinction between two water phases (mobile and stagnant) is a key feature of the
so-called ‘dual-porosity approach’. The mass transfer between all phases is depicted in
Fig. A.1. (For orientation, Fig. A.2 shows the stagnant and mobile water phases between
mineral grains.)

equilibrium with
secondary minerals
(reversible)

inflow |:> >

ion exchange
(reversible)

1y

mobile L5
water

|:> outflow

stagnant
water
Fig. A.1 Interplay of all Tl
processes within one cell dissolution of j _
of a 1D-column (dual primary minerals ion exchange

(reversible)

porosity approach) (irreversible)

The reversible reactions (mineral phase equilibrium and ion exchange) are calculated by
the thermodynamical code PHREEQC [PA99]; irreversible reactions (mineral dissolution)
are based on a kinetic approach.
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A.1.2 Main Equations

Dual Porosity. The complete system for the dual-porosity approach is described by a set
of differential equations (stoichiometric coefficients are not written):

om" om" o’mY
(A.6) ot ==V ox +D, 2 + oV (c =€) = Jyos
P
(A7) T Vo 0"~ oy
dm? :
(A.8) dtl = Jwos (thermodynamic mode!)
dm”* :
(A.9) dtl = Joy (thermodynamic mode!)
R
(A.10) dg‘ti T (kinetic model)

To keep the notation simple all stoichiometric coefficients are omitted here. The first
two terms in Eq. (A.6) describe advection (with velocity v) and dispersion (with the lon-
gitudinal dispersion coefficient D). The exchange between both water phases is con-
trolled by the rate o (third term). The ‘rates’ Jue,s and Jy,s Symbolize the precipita-
tion/dissolution of secondary minerals and the ion exchange; both are calculated by
PHREEQC. Finaly, for the primary mineral dissolution rate Jex Several kinetic ap-
proaches are possible, for example:

(A.11) Jo=r. (ﬂj (first-order kinetics)

(A.12) Jo = r-(ﬂj-(l—los')
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(A.13) Joo=1 (—j .10 -(1—103') (mixed-order kinetics)
mO

Single Porosity. In case of the single-porosity approach the above set of differential
equations reduces to:

om" om o’m"

(A-14) ot ==V ax + DL X2 - JW(—)S - JW(—)X + ‘]reac
dm?

(A.15) dtl = Jwos (thermodynamic mode!)
dm :

(A.16) ks Jwey (thermodynamic mode!)

R
(A.17) d;nti T (kinetic model)

A.2 Transport Phenomena

A.2.1 Advection in a Homogeneous System

For systems with fluid motion, mass transport is due to both advection and hydrodyna
mic dispersion, which are described by the first two terms in EQ. (A.6). The advection-
dispersion equation,

2
(A.18) 06 _ %G ,p %G
ot oX oX

is the workhorse for modelling studies in groundwater contamination [DS97].

L

Fig. A.3 Discretiza- ' l

tion of an homoge-
neous  1D-system <>
into N cells AX N cells

A
v

Homogeneous System. To discuss the advection we consider a homogeneous 1D-sys-
tem of total length L, cross section A, and porosity . According to a spatia discretiza-
tion the system will be decomposed into N cells of equidistant length Ax (see Fig. A.3),
whereas

(A.19) AX = (cell length)

L
N
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In the homogeneous system all cells have the same pore volume

(A.20) AV__ = A - AX

pore

Given the volumetric flow Q as the constant inflow rate, the timestep width can be de-
termined by

AV
(A.21) At = 2Vpoe _ A AX
Q Q
The relation between pore velocity v and inflow rate Q is given as
(A.22) v=Q A
eA At

Using this relationship between time and distance discretization, At = Ax/v, numerical
dispersion is minimized [AP93]. This is a great advantage of the applied procedure.
Thus, in case of pure advection we simply move along, pouring at every time step con-
centrations from one cell into the next one. Fronts move neatly and remain sharp. Such
sharpness is blurred when front transfer and grid boundaries do not correspond (i.e.
when At # Ax/v). In this case the mixing of old and new concentrationsin a cell leads to
gradual smoothening of transitions (which is called numerical dispersion). In conclu-
sion, applying rigorously Eq. (A.22) our model becomes free of numerical dispersion.
(A quite similar approach is used in the advection procedure of PHREEQC [PA99].)

A.2.2 Advection in a Heter ogeneous System

In practice, the mass transport takes place in heterogeneous systems where the water
flow transverse severa layers (for example a passage from sandy aguifers to dense sedi-
ments or such like). To account for this situation the system will be decomposed in sev-
era homogeneous 1D-compartments (layers). Each compartment K is again divided into
Nk cells. For example, Fig. A.4 shows an inhomogeneous system decomposed in three
homogeneous compartments (layers). The number of layers in the model is unlimited.

Layer A Layer B Layer C

E E

N, cells Ng cells N cells

Fig. A4 Decomposition of an inhomogeneous system into three homogeneous compartments (layers)
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To employ the advantages of the model described in Sec. A.2.1 (i.e. a model without
numerical dispersion), the cell structure of the compartments should fulfill the condition
that all cellsin the system have the same pore volume:

(A.23) AV, = const =g, A AX, =gzA AX; =...
Thus, given a constant inflow rate Q, at every time step

AV,  eA AX,
Q

(A.24) At = = const (for al layersK)

the pore volume AVp of cell nis shifted entirely to the next cell n+1. A consequence of
Eq. (A.23) is that due to the different porosities €, cells of different layers have different
cell lengths Ax. Further on, whereas Q is constant in the whole system the pore velocity
v differs from layer to layer:

(A.25) Vy = Q _ A% # const
A At

The total number of cells of an heterogeneous system is

(A.26) N=N,+Ng+.. = I'—A+i+
AX, AXg

A.2.3 Dispersion

The coefficient of hydrodynamic dispersion, D, incorporates the combined effects of
diffusion and mechanical dispersion

(A.27) D, =D,+a.V

Dispersivity oy represents the spreading of a solute over agiven length of flow, and the-
refore, it has the unit of length. If we have no water flow, v =0, mechanical dispersion
vanishes, i.e., the hydrodynamic dispersion reduces to diffusion, D, = De.

The process of molecular diffusion is slower in porous media than in open water be-
cause ions must follow more tortuous flow path [DS97]. To account for this an effective
molecular diffusion coefficient is used

(A.28) D,=wD = b with w=0.01..05
T
Here, the meaning of the symbolsis:
DL hydrodynamic dispersion coefficient [L4T]
De effective diffusion coefficient [L4T]
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D molecular diffusion coefficient [L4T]

o longitudinal dispersivity [L]

w empirical coefficient [1]

T tortuousity [1]

The usual assumption is that the pore velocity v and the dispersion coefficient are equal
for all solute species, so that ¢ can be the total dissolved concentration for an element,
including al redox species.

Numerics. Numerical instabilities (oscillations) in the calculation of dispersion are €li-
minated with the constraint [PA99]:

(A.29) At, < 3?3)( (dispersion time step)
L

This quantity should be compared with the advection time step defined in Sec. A.2.1:

&
\"

(A.30) At (advection time step)

The meaning of Eq. (A.29) is explained easily: Dispersive transport is essentially mix-
ing of cells. The restriction is that never more is mixed out of a cell than stays behind.
Thus, if Atp isnp times smaller than At, i.e.

A

(A.31) At
nD

Then, the model will perform automatically n mixes at every time step At.

A.2.4 Numerical Model versus Analytical Solution

We consider the general expression of atransport equation with retardation (due to sorp-
tion) and first-order kinetics

2
R@:—v@+Da—2—kc

(A.32)
ot OX OX

where the retardation factor is defined as

(A.33) R=1+Pb K,
€
Theinitia and boundary conditions are given by
c=0 for t=0, x>0
(A.34) c=c, for x=0, t>0
c=0 for x=0, t>0
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The initial condition (first line) states that at al points have at timet = 0 zero concentra-
tion. The first boundary condition (second line) states that at x =0, for al time t, the
concentration is ¢y (that is, a continuous source). The analytical solutionis:

c X(V — W) RX — wt X(V+ W) Rx+wt}
A.35 o(x,t) ==2{ exp—~——— - efc —— + exp———~ - erfc
(A-39) .0 2{ "D Jiort P D J4DRt

with the abbreviation

(A.36) w =+/v2 + 4DR)

and the complementary error function

2 5 2
(A.37) erfcx:ﬁ j exp (~t2) dt

If there is no retardation, R = 0, and no degradation, A = 0, we have w = v. In this spe-
cia case Eq. (A.35) reduces to the so-called Ogata-Banks equation:

C X — vt XV X + vt

A.38 c(x,t) =29 erffc —— + exp—-erfc ——

(A-38) .0 2{ Jaot P \/4Dt}
1,1

1,0

09 s

08 / "{:’f « alpha=0.5cm
0,7 « alpha=5cm
0,6 V e alpha=10cm
0,5 J%

7

77
7/
0,1 /

0,0 nﬁd"/ “/
0 50 100 150 200 250 300 350 400
t [hours]

c/co

Fig. A.5 Comparison of the numerical model (circles) with analytical solutions (lines) for three dispersivities o
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Numerical Test. An analytical solution of the ADR equation exists only for some spe-
cia cases (like homogeneous flow tube, no higher order kinetics etc.), and where the
initial and boundary conditions defined in Eg. (A.34) are valid. In the following, we
consider 3 special cases of an 1-dimensiona plug flow:

A transport with small dispersion o =0.005m
B transport with medium dispersion o =0.05m
C transport with large dispersion o =0.10m

The size of the flow tube and all other parameters are the same for all 3 cases:

total length L=10m

number of cells N =40

cell length AX=L/N=0.025m
porosity €=0.2

flow velocity v = 0.2 m/day

time step At=Ax/lv=3h

For example, if the flow tube or column has a diameter of d = 42 mm, the cross section
areais A = (n/4)d® = 1.38-10° m This correspond to a

total pore volume Vp =¢AL  =27610°m°
pore volume of acell AVp=Vp/N =0.6910°m?
volumetric flux Q =AVPAt=0.23mL/h

The time span for a total pore volume exchange is Tp = V/Q = 120 h. The simulation
time will be te = 400 h which correspond to 3.33 pore volume exchanges.

The comparison between the numerical model (described below) and the analytical solu-
tion, i.e. Eq. (A.35), is shown in Fig. A.5. In al 3 cases the numerical model fits the
exact solution.

A.3 Operator Splitting Method

Trangdlating the reactive transport phenomena into equations is half the art; solving them
the other. As mentioned above, the partial differential equations (PDE) introduced in
Sec. A.1.2 can not be solved analytically. Numerical methods like ‘operator splitting’
[NumQ3] are appropriate.

The structure of the basic advection-dispersion-reaction equation (ADR) can be written
in the operator form

oc

(A.39) -

=odc with &=0_ +d, +D .

disp

Here, the operator @ is a sum of three parts (advection, dispersion, reaction). According
to [NumO3] these partial differential equations will be solved using the operator splitting
method (also known as the method of fractional steps).
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For each part we use a specia differencing scheme (&)adv ,<f>diSp ,&)m), for updating the

variable ¢ from time step n to time step n+1, valid if the piece of the operator were the

only one on the right-hand side of Eqg. (A.39). Symbolically, we have the following se-
quence of updatings:

(A.40) "B =D, (", At)

(A41) Cn+2/3 _ Ndisp (Cn+1/3,At) c" Cn+1
n+3/3 _ 7 n+2/3

(A.42) C =D, (c",At)

With each time step, first advective transport is calculated, followed by dispersive trans-
port and reactions. Equilibrium controlled chemical reactions are calculated by calling
PHREEQC (this code isincorporated as a subroutine in the model).
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B PROGRAM DESCRIPTION
B.1 Short Overview

The mathematical and numerical model defined in the previous Chapters was the basis
for the programming. The software was written in the object oriented programming
(OOP) language C++. The program consists of a clearly arranged user interface (see
Fig. B.1) as well as visualization tools which present al results in form of diagrams and
tables (see Fig. B.3). During runtime the dynamics can be observed by online graphics
(seeFig. B.2).

Softwar e Design. In the philosophy of OOP, the model was build with a modular de-
sign that consists of a main program and “packages’. The packages are groups of inde-
pendent subroutines that carry out specific simulation tasks such as transport, disper-
sion, sorption, kinetics, and chemical equilibrium calculations with PHREEQC. This
modular design is useful in several ways. It provides alogical basis for organizing the
actual code with similar program elements or functions grouped together. Such a struc-
ture facilitates the integration of new packages to enhance the code' s capabilities.

Code Capabilities. There are severa issues in which the program differs from other
existing reactive transport models. One of them is the special treatment of transport
phenomena (advection without numerical dispersion, dispersion with interlacing time
steps etc.).

Another advantage is the direct link between transport and hydrochemistry due to the
inclusion of PHREEQC code with its huge thermodynamic database. This allows the con-
sistent calculation of pH, of CO, equilibrium with HCOs” and COs? and, especialy, the
tricky redox reactions. In general, PHREEQC alows much more:

e the number of anions and cations in agqueous solutions is unlimited

e the number of mineral phasesis unlimited (in any case we can extend the data-
base)

complexation and speciation using activity models (DEBEY-HUCKEL €tc.)
equilibrium with mineral phases (precipitation and dissolution)

equilibrium with gas phases (open and closed systems)

ion exchange

Finally, the numerical model will be embedded in a comfortable graphical user interface
(GUI). The model data (input and output) will be displayed in various diagrams and
tables. The offline graphic allows the direct comparison of different runs (scenarios).

M ass Balance. During computation mass balance is checked in each timestep.
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B.2 General File Structure

B.2.1 Root Directory and Executable Code

The root directory contains the executable code, several dynamical link libraries (dIl’s)
and packages (bpl’s). The main filesto run

trn. exe executable code

start. dat text file containing theinitial input-directory paths
p211.dl | dynamical link library that includes PHREEQC

wat eq4f . dat thermodynamic database for PHREEQC

After program installation, the first run creates other auxiliary files within the root direc-
tory (for diagnostic purposes only — see Sect. B.2.2). These files will be automatically
overwritten when anew calculation starts.

Input Directory. The directory INPUT contains the input data for one or more scenar-
ios. The complete data and input files necessary for one calculation (scenario) are stored
in asingle subdirectory, for example:

INP_01 (for scenario 1)
INP_A3 (for scenario A3)
INP_TEST_03 (for test calculation 03)

The name of the input directory should begin with the characters ‘1 NP_’; al subsequent
characters are arbitrary. The general structure of an input directory is described in
Sec. B.2.3.

Output Directory. The complete output of one calculation/scenario will be written into
one separate directory, for example:

OUT 01 var C
OUT A3
OUT _TEST 03 _CC

You can choose any name for the output directory. It should begin with the characters
‘QUT_’; all subsequent characters are arbitrary. The genera structure of the output di-
rectory is described in Sec. B.4.

B.2.2 Filesin the Root Directory

There are severd filesin the root directory. Most of them are files that are created dur-
ing a program run (so called tmp-files). The only text files that are necessary to start the
program arest art . dat andwat eq4f . dat .

start.dat. Thetext filest art . dat isused for presetting the input and output directo-
ries at program start. It contains two lines. The first line which begins with the keyword
DI R_I NP defines the input directory; the second line which begins with the keyword
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DI R_QUT defines the output directory. The chosen directories should be set in quota
tion marks. For example:

DIRINP "INP_02"
DIR OUT "OUT"

The user can change the pre-selected input and/or output directory aso in the main win-
dow of the graphical user-interface (GUI).

Temporary Files. During the calculation severa temporary files are written into the
root directory. These files are used for checking the program and input data files. Some
of thesefiles are:

para.tnp containsthe globa and control parametersdefined int rn. i ni
resul . tnp containsall information to continue calculations after an interrupt

phre actual PHREEQC input file (is overwritten in each PHREEQC call)
phre.txt  actua PHREEQC output file (is overwritten in each PHREEQC call)
*. phr PHREEQC input files selected with PHRE_SHOW int r n. i ni

All temporary fileswill be automatically deleted when a new computation starts.

B.2.3 Input Directory INP_*

All relevant information to run the reactive transport is contained in one input directory
| NP_* (located in the | NPUT directory). In general, several such input directories (for
each scenario one) can exist. The directory INP_* contains one subdirectory CHMand 8
text files:

CHM subdirectory for agueous solutions and kinetic data

trn.ini defines the global parameters see Sec. B.3.1
box. dat defines cell data see Sec. B.3.2
gl n. dat defines inflow solutions see Sec. B.3.3
el em dat  defines chemical elements see Sec. B.3.4
i ons. dat definesions and complexes see Sec. B.3.4
secm dat  defines secondary minerals see Sec. B.3.4
exch. dat definesion-exchange species see Sec. B.3.4
reac. dat definesreactive materials see Sec. B.3.4

The subdirectory CHM contains files which define the agueous solutions of pore and
inflow waters as well as kinetic data files. At least there are four files in subdirectory
CHM for example:

cel |l .sol definesthe mobilewater solutionatt=0 see Sec. B.3.5
cel Wsol definesthe porewater solutionatt=0 see Sec. B.3.5
i np. sol defines the inflow water solution see Sec. B.3.5
pM n. dat definesreaction rates and kinetic data see Sec. B.3.6
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In general, for any cell a separate mobile or pore water: cel | _A. sol ,cel | _B. sol etc
can be assigned. The assignment between cell number and pore water composition is
defined infilebox. dat (see Sec. B.3.2).

Similarly, the inflow water composition can change from time step to time step. The
assignment between a given time period and an inflow water composition is defined in
filegl n. dat (see Sec. B.3.3).

B.3 Input Data
B.3.1 Global Dataintrn. i ni

Global parameters are defined in theini-Filet r n. i ni . Within the file each line begins
with akeyword followed by one parameter:

BOXN total number of cells N

DELT time step At inh

T _END simulation time Te inh
AREA cross section area of flow tube A in m?
DBL_POR  0O-single-porosity / 1 —dua porosity

DI SP 0 —without dispersion (pure advection) / 1 —with dispersion
REAC 0 —without kinetics / 1 —with kinetics

PHAS 0 —without mineral equilibrium / 1 —with minera equilibrium
EXCH 0 —without ion exchange / 1 —with ion exchange
EXCH TYP O-resin /1-soil

| CHM 0 —without PHREEQC/ 1 — with PHREEQC

DI SP_PHRE 0—without PHREEQC/ 1 —with PHREEQC for dispersion routine
KCHM increment factor for PHREEQC-cal cul ations

KOUT increment factor for OutputincM *. t xt andcP_*. t xt

KOUX increment factor for Output in profile directories (PROF_M PROF_P)
M X _VOL  volume of upstream mix cell Vimix  inm°
M X _SCOL initia water in upstream mix cell (file name)

cror total ion-exchange capacity Cot Inmeg/L
CHRG parameter for charge-balance adjustment fort >0 (default: pH)
CHRG I N  parameter for charge-balance adjustment fort =0 (default: pH)
UNI' T concentration units (-2—mg/L / 2—mmol/L) (default: 2)
PE M N parameter to fix minimum pe-value: pe_min = par — pH

PE_MAX parameter to fix maximum pe-value: pe_max = par

PE_FI X 1 —without pe changes during reactions (simulates pe buffer)

PHRE_SHOW time step for PHREEQC-input check (copy of filephr e)
ELEM NB  number of elements for mass balance
ELEM 01  name of first mass balance element

ELEM 08  name of last mass balance element (if ELEM _NB = 8)
PRN_MASS UNI T units of mass balance element (1 —mol, 2 —mmol, 3 — pmol)
PRN_MASS EBOX number of cellsin mass balance output

PRN_MASS FULL type of mass output (O — standard, 1 — for each dispersion step)
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If a keyword is absent in the list, the corresponding parameters automatically are set
equal to zero by the program. The line sequence in the file is arbitrary. Comments can
be included behind a“//”-sign.

Examplefor filetrn. i ni:

BOXN 20

DELT 0.4
T_END 60

AREA 0. 001075
DBL_POR

DI SP

REAC

PHAS

/[l O-resin, 1-soil

m

2

_|

-<

v
PERPRORERRERO

0. 0002 /1 on/off in nB
_ i _col 2. sol
Ccror 14. 28 /1 in meq/L
CHRG pH

<
e
)
S
>

/[l -2 ng/L , +2 mol /L
/[l pe_Mn = par - pH

PRN_MASS_UNI T
PRN_MASS_EBOX
PRN_MASS_FULL
ELMB_NB
ELMB_01
ELMB_02
ELMB_03
ELMB_04
ELMB_05
ELMB_06
ELMB_07
ELMB_08
PHRE_SHOW

nunber of boxes
1 = output per disp-step

()]

/1 -1 no out put

Most of these inputs (keywords) can be changed within the GUI (main window).

During the calculation the complete list of all keywords is stored in the temporary file
par a. t np (in theroot directory).
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B.3.2 Input Filebox. dat

All information about cell geometry, transport phenomena and other cell characteristics
are contained in thefilebox. dat . Thetext file has afixed table structure were the first
line (header line) defines the parameters in the columns. Thus, starting with line 2, each
line represents one section (homogenous layer). The columns (parameters) are:

box number of first cell in the section (first section begins with 1, second sec-
tion with N,+1, third section with No+1, etc.)
name name of section (for example A, B, C or other) character string
dx cell length AX inm
eps porosity for the mobile phase € inm¥m?
epsP porosity for the stagnant phase ep  inmm?
diffu effective diffusion coefficient De inmé/s
di sp longitudinal dispersivity oL inm
al pha exchange rate between mobile and stagnant water o in1/h
cell file name for initial mobile water *. sol
por e file name for initial pore water * . sol
REAC file name for kinetic data and reaction rates *. dat

The last three parameterscel | , por e and REAC define files that are stored in a specid
subdirectory called CHM

Example. We consider a 3-section (3-layer) configuration of length 80 m with N =40
cells (the total number of cellsis defined by BOXNint rn. i ni ). The layers differ only
in the primary-mineral inventory defined in the reaction files pM nA. dat,
pM nB. dat, and pM nC. dat as well as in the pore water compositions (al other
geometry and hydraulic parameters are the same). The sections have a length of 1 m,
5 m, and 2 m. The corresponding input data are:

box | name dx eps epsP diffu disp alpha cell pore REAC

1 A 0.2 0.25 0.3 0 0.05 0.03 cellA.sol celP_A.sol pMinA.dat
11 B 0.2 0.25 0.3 0 0.05 0.03 cellB.sol celP_B.sol pMinB.dat
31 C 0.2 0.25 0.3 0 0.05 0.03 cellC.sol celP_C.sol pMinC.dat

In case of DUAL = 0, i.e. single-porosity approach (rather than dual porosity) the input
datafor epsP and por e areignored.

Data Check. After the input file box. dat is read, the program writes the input data
(together with other calculated quantities) into the text file box. t xt in the output di-
rectory. In this way, the user can check these data. Below two header lines, the table
contains N lines, i.e. for each cell n from 1 to N one line. The header lines define the
parameters in the columns and their units:

name cell name

area cross section area of flow tube (defined int rn. i ni) A in m?
dx cell length AX inm
X distance of the cell midpoint from zero Xn inm
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eps porosity e inmim®
epsP porosity ep  inmim?
vol W volume of mobile water AVw =g A AX inm?
vol P volume of stagnant pore water AVp=gpAAX inm’
di ffu effective diffusion coefficient De in m?/s
di sp longitudinal dispersivity oL inm
m XA dispersion mix-factor with cell n—=1: mixa = D /(VAX) = o /AX unitless
m xB dispersion mix-factor with cell n+1: mixg = D /(VAX) = a./AX unitless
nD number of dispersion steps np within one advection step (At — At/np)
al pha exchange rate between mobile and stagnant water o in1/h
cTOr total ion-exchange capacity Cot 1N Meg/L
cTOT/ por e tota ion-exchange capacity per liter pore water in meg/L
nmCH file name for mobile water solution
nmCP file name for stagnant pore water solution
reac file name for kinetic/reaction data

B.3.3 Input Fileql n. dat (Inflow Water Composition)

The aqueous solution of the inflow water is defined in file gl n. dat . Besides a con-
stant (time-independent) inflow water composition the program allows also calculations
with changing inflow water compositions, i.e. where the inflow concentrations differ in
several time periods.

The structure of the file is simple: any time period between tp and t; is represented by a
singleline:

Box name of the first cell (= inflow cell) character string
Typ =0 (thisparameter should not be changed)

to begin of time period (measured fromt = 0) to in hours

(o[0) =1 inflow scaling at ty (this parameter should not be changed)

tl end of time period  (measured fromt =0) t; in hours

ql =1 inflow scaling at t; (this parameter should not be changed)
nmCxX file name for agueous inflow solution character string

The first line is aways a header line. To define a constant inflow water composition a
single dataline is sufficient, with to = 0 and t; > te (in this case t; can be put equal to any
high number, for example: t; = 10° h). Otherwise, additional lines should be included
(for every time period one line).

Examplefor fileqgl n. dat (non-constant inflow conditions):

Box Typ to qo tl ql nmcx
A0L O 0 1.0 200 1.0 i np. sol
A0L O 200 1.0 400 1.0 i np2. sol
A0L O 400 1.0 600 1.0 i np. sol
AO1 O 600 1.0 800 1.0 inp2.sol
AO1 O 800 1.0 9999 1.0 inp3.sol

A line can be cancelled by setting the characters “//” in front of the line.
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B.3.4 Definition of Species

The input dataset contains 5 specification files (el em dat, i ons. dat, secm dat,
exch. dat, reac. dat) which define the corresponding species: elements, ions, sec-
ondary phase minerals, ion-exchange species, and reactants (primary minerals). In these
files a given species can be included or excluded from the calculations by setting 1 or O
after the corresponding chemical symbol. The number of elements, species and phases
IS, in principle, unlimited.

The order of the species within the specification files defines also the sequence of the
chemical speciesin the output tables.

Examplefor fileel em dat :
BDAT wat eq4f . dat

U
S(6)
c
c(4)
Si

RPRRPRRPRRPRREPRRRERRRRER

Remark. Thefirst linein el em dat contains the keyword BDAT which defines the thermody-
namic PHREEQC-database, here wat eq4f . dat . This database file should exist in the root
directory; otherwise the calculation will not start.

Examplefor filei ons. dat :

coz 0
HCCB- 0
CG3- 2 0
SM4-2 1
HSO4 - 1

Remark: In contrast to all other specification files the ion’s list does not influence the calcula-
tion at al; thefilei ons. dat defines only the output, i.e. which ions will be explicitly shown
in the output files (provided it is switched on by 1). During the calculations all ions and ion-
complexes defined in wat eq4f . dat are considered (their number isin the order of 107).

Examplefor filesecm dat (here comments are included behind the # sign):

Gypsum 1 # CaSO4: 2H20
Calcite 1 # CaCO3
Fe(OH) 3(a) 1 # Fe(OH)3

Al (OH) 3(a) 1 # A (OH)3
Celestite 1 # SrSO4
Silicagel 1 # Si2
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Example for file exch. dat (the second parameter defines the log k value; the soil ex-
changer is abbreviated by the upper-case letter Y)

HY 1 1.0
KY 1 0.7
NaY 1 0.0
cay? 1 0.8
My Y2 1 0.6
FeY2 1 0.44
Al Y3 1 0.36

Examplefor filer eac. dat (thisfile defines both primary minerals and other reactive
compounds):

Coffinite
Greenalite
Kaolinite
Dol onmite
Alunite
Halite
Gypsum

Di opsi de
Anorthite
Pyrite
Km ca
Adul ari a
2

Fed 3
H2SO4

HCl

NaCOH

OCORRRRRERRRRERRERRRRERRERE

B.3.5 Aqueous Solution Files(*. sol )

Hydrochemical data which define the agueous solutions, the amount of secondary min-
erals as well as the ion-exchange distribution are stored in special data files with exten-
sion *. sol (onefilefor one water composition located in subdirectory CHV). The syn-
tax is similar to the syntax of PHREEQC. Each file consists of the following data blocks:

SOLUTION 1
units nmol / kgw

} data for agueous species
EQJLI BRI UM PHASES 1

} data for secondary mineral phases
EXCHANGE 1
} data for ion exchange species
END
The SOLUTI ON data block is obligatory; the other two data blocks for the secondary
mineral phases and ion-exchange species are optionally. The inclusion of the latter two
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blocks depends on the chosen option: single or dual porosity (see Tab. B.1). For the sin-
gle porosity approach (DUAL =0) only one sol-file is required for acell; thefile nameis
defined in box. dat (see Sec. B.3.2).

Tab. B.1 Input data that enter the sol-files depend on the single and dual porosity approach

single porosity dual porosity
DUAL=0 DUAL =1

e aQueous species

mobile phase . . ® agqueous species
e secondary minerals (optional) . .
(cell) . . e secondary minerals (optional)
e ion-exchangers (optional)
stagnant phase _ ® agqueous species
(pore) e ion exchangers (optional)

Aqueous Solution. Each data line consists of three parts:

parameter name numerical data # " comment”

Here, the comment is optiona and starts with the #-sign. The SOLUTI ON block con-
tains the following parameters (each line begins with the parameter name):

tenp temperature of the solution in°C
pH pH value

pe pe value

el emrent 1 concentration in mol/L

el ement 2 concentration in mol/L

el ement _3 concentration in mol/L

.. etc.

The line order is arbitrary; the parameter name is case sensitive. In principle, the number
of elements is arbitrary, but, into the calculation enter only those elements that are ex-
plicitly defined in el em dat (with switch-onvalue ‘1’ after the element name). In con-
trast to el em dat thefilei ons. dat hasno impact on the PHREEQC cal culations.

The only condition al parameters should satisfy is charge conservation (number of ani-
ons = number of cations). Anyway, the read subroutine of the program checks the input
solution and, if there is no charge balance, the solution will be adjusted by modification
of the element parameter defined by CHRG | Nintrn. i ni .

Secondary Minerals. With help of the data block EQULI BRI UM _PHASES an initid
inventory of secondary minerals is added to the cells (in mol per liter pore water). If
there is a t = 0 no such inventory, the EQULI BRI UM PHASES block can be skipped.
This data block (present or not) does not influence the secondary mineral precipitation
which will be always calculated if the key-parameter PHAS = 1 intrn. i ni isset.

The syntax isin full accord with PHREEQC syntax:

phase name 0 amount in mol per liter pore water (at t = 0)
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Here, the second parameter defines the saturation index, Sl = 0. Phase names that are
not defined in file secm dat will be ignored. After the data is read into the program
the input solution will be equilibrated with the mineral phases (thereby they can dissolve
or precipitate).

lon-Exchange. In case of ion-exchange calculations (switch on by key-parameter
EXCH =1 intrn.ini), the EXCHANGE data block should contain at least one ion-
exchange species. The syntax is

species name amount in mol per liter pore water (at t = 0)

Species that are not defined in file exch. dat will be ignored. The soil exchanger is
abbreviated by the upper-case letter Y.

After the data is read into the program the input solution will be equilibrated with the
ion exchanger. Thereby the total exchange capacity will normalized to CTOT/pore per
liter pore volume. In particular,

(B.1) CTOT/ eps for DUAL
(B.2) CTOT/ epsP for DUAL

0 (single porosity)
1 (dua porosity)

The parameters CTOT, eps and epsP aredefinedintrn. i ni .
Example. The file cel | . sol for a calculation with secondary minerals and ion ex-
changers (single-porosity approach) is specified by

SOLUTI ON 1
units nol / kgw

tenp 35

pH 8. 707

pE 5. 855

Na 0. 04341

Ca 0. 001238

My 0. 001555

K 0. 001003

Al 0. 000001

Fe(3) 0.0

S(6) 0.00584

U 0.0

Si 0. 000266

a 0. 03827
EQUI LI BRI UM _PHASES 1

Gypsum 0 0. 002
EXCHANGE 1

HY 0. 02

KY 0.98

END

Here, the number in the brackets right to the element symbol in the SOLUTI ON block
denotes the oxidation number. In this example we have 0.002 mol gypsum per liter pore
water att = 0.
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Remark. Before the calculation starts the input solution cel | . sol will be set into
phase and ion-exchange equilibrium. Hence, the equilibrated solution at t =0 in most
cases differ (slightly) from the input solution.

B.3.6 Dissolution Rates and Kinetic Data

Reaction rates and kinetic data are stored in special filesr eac. dat or pM n. dat or
others (located in the subdirectory CHM). The files contain 1 header line and an arbitrary
number of lines (for each reactant 1 line) that contain the reactant name followed by 4
parameters:

namne name of reactant character string
type type of kinetic approach integer

nD initial inventory att =0 m, inmol

r reaction rate constant r in mol/s

par additional parameter b unitless

Optionally, at the line's end comments can be included behind ‘/ /’. The file mainly
contains primary minerals, but, also other reactants like (NaOH, HCI, etc.) are allowed.
The line sequence is arbitrary.

The initial mass at t = 0 is mgp in mol. During the dissolution process the mass m dimin-
ishes according to the law

(B.3) Z—T =—rate withinitial condition: m(t=0) = m,

Here the ‘rate’ expression dependsont ype parameter:

(B4) type=0: rae=20 (no reaction)

(B5) type=1 rae=r form>0 (zero-order kinetics)
(B.6) type=2. rae=r- mﬂo (first-order kinetics)
(B.7) type=3 rate=r- mﬂo -(1—103') for SI <0, otherwise 0

(B.8) type=4 rae=r- mﬂo -exp{b(2-pH) }

(B.9) type=5 rate = r-(mﬂoj-lob""* -(1—103') (mixed-order kinetics)

(B.10) type=6: rate j.lob-(pe—lis)

Il
/;\
33
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The reactants and primary minerals should be included in the definition filer eac. dat ,
otherwise the reaction will be ignored. Obviously, the reaction process for a reactant or
primary mineral can be switched off either by setting t ype =0 or by nD =0, respec-
tively.

Examplefor filepM n. dat :

nane type nO_nol/L r_nmol/L/s par2 // coment
Coffinite 1 0.19 1.2e-8 0.2 /] USiO4
Geenalite 1 0.5 1.0e-9 0.2 /] Fe3Si205(CH)4

Di opsi de 5 1.0 1.0e-9 0.2 // CamySi 206
Anorthite 5 1.0 5.0e-9 0.5 // CaAl 2Si C8

Kmi ca 0 1.0 1.0e-9 0.2 // KAI3Si3010(0H)?2
Adul ari a 5 1.0 1.0e-9 0.2 // KA Si3C8
Kaolinite 5 1.0 1.0e-9 0.5 // A 2Si206(CH) 4
Pyrite 5 1.0 1.0e-9 0.2 /| FeS2

Alunite 5 1.0 1.0e-9 0.2 // KAI3(SO4)2(CH)6

B.4 Output Data

After computation, the complete set of output files are stored in a directory defined by
the keyword OUT_DI Rinst art. dat. (The user can aso change the directory name
in the main window.)

B.4.1 General Notation

The main information is stored in form of species concentrations. To distinguish the
corresponding output files, the files of the mobile phase (dissolved pore water concen-
tration) and the stagnant phase (sorbed species concentrations) are marked by characters
“M” and “P’ in the file name:

M — mobile solution C (x,t)
P — stagnant phase c’ (1)

where i denotes the speciesindex. In total, we have for types of chemical output files:

o tablesof spatial distribution (x variable, t = const) for mobile solutions
e tables of spatial distribution (x variable, t = const) for stagnant phase
e tablesof tempora distribution (x = const, t variable) for mobile solutions
e tablesof temporal distribution (x = congt, t variable) for stagnant phase

Every file represents a table with the following structure (here only symbolically):

for temporal distribution for spatia distribution
Cy Co Cs C, C C3
to X1
tl X2
tg X3
t = to + kAt Xn = Y%2 AX + (n-1) AX
with k = time step with n = cell number
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The meaning of the columns and rows of the table are:

columns  chemical species concentrations
lines variablet (for temporal distribution) or x (for spatial distribution)

Thefile notation is as follows. Whereas the variable parameter, t or X, isincluded in the
tables, the fixed parameter, x or t, is included in the file name. Thus, temporal-
distribution files are labeled by the cell number (cell name):

cMcell _1.txt mobile solution in first cell (n=1)
cMcell _2. txt mobile solution in second cell (n=2)

and (only for DUAL = 1)
cP_cell _1.txt stagnant phasein first cell (n=1)

cP_cell _2.txt stagnant phase in second cell (n=2)

Otherwise, spatial-distribution files are 1abeled with the time parameter:

000000. t xt concentrations at initial timetg
0000t 1.t xt concentrations at t; (in minutes)
0000t E. t xt concentrations at end time tg (in minutes)

The spatial-distribution files for the mobile solution (stagnant phase) are stored in subdi-
rectory PROF_M(PROF_P).

B.4.2 Structure of Output Directory

The output directory OUT has the following structure:

PROF_M subdirectory for spatial distribution files (mobile solution)
PROF_P subdirectory for spatial distribution files (stagnant phase)

cMcell 1.txt temporal distributionfilefor cell n=1 (mobile solution)
cMcell _2.txt temporal distribution filefor cell n=2 (mobile solution)
cMcell _N txt temporal distribution filefor last cell (mobile solution)
cP_cell _1.txt temporal distributionfileforcelln=1 (stagnant phase)
cP_cell _2.txt temporal distribution filefor cell n=2 (stagnant phase)

cP_cell _N txt temporal distribution filefor last cell (stagnant phase)

CH i np. txt agueous inflow solution
CH out . t xt aqueous outflow solution
i nSOL. t xt initial aqueous solutions (pore water in al cells)
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The number of temporal-distribution files equals the total cell number; the number of
gpatial-distribution files is equal to the total number of time steps. Because the number
of time steps can be very large, the user can regulate the output sequence of the spatial-
distribution files by setting the parameter KOUXintrn. i ni :

KOUX =1 output for each time step
KOUX =2 output for every second time step
KOQUX =n output for after each n-th time step

The file CH_i np. t xt contains the inflow solution defined in gl n. dat (see
Sec. B.3.3). The file CH_out . t xt contains the outflow solution which is equal to the
pore water solution of the last cell, i.e. equal tocM cel | _N. t xt .

In addition, there are aso files that describe both mass balance and mass change per
time:

m ELM 01. t xt mass of element 1 (in mal)
j _ELM 01. t xt mass change of element 1 (in mol/h)
m _ELM NB. t xt mass of element NB (in mal)
] _ELM NB. t xt mass change of element NB (in mol/h)

The elementsaredefinedint rn. i ni (see Sec. B.3.1).

B.4.3 Output Tablesfor Chemical Species

The file structure of al concentration tables is the same. There are two header lines: the
first line defines the parameters, the second line defines the units. For example, the pa
rameters (columns) of the temporal-distribution files are:

t time variable t inh
X cell midpoint Xn inm
tenp water temperature T in°C
pH pH value

pE pe value

#i on ion strength  (which is proportional to salinity)

el em 1 element concentration in mmol/L
el em 2 element concentration in mmol/L
ions_1 chemical speciesconcentration in mmol/L

i ons_2 chemical species concentration in mmol/L
secm 1 amount of secondary minerals in mmol/L
secm 2 amount of secondary minerals in mmol/L
Sl 1 saturation index of secondary and primary minerals

SI 2 saturation index of secondary and primary minerals

exch_1 ion-exchange concentration in meg/L
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exch_2 ion-exchange concentration in meg/L

CTQr/ PORE total ion-exchange capacity per Liter pore volume in meg/L

The spatial-distribution tables differ from this example only in the first column where
the time variable, t, is replaced by the cell name (cell number).

The number of elements and their order in the list are defined in el em dat,
i ons. dat,secm dat ,andexch. dat (see Sec. B.3.4).

B.5 Program Crash and Error M essage

In case of a program crash usually an error message file, er r or . t xt , will be released
in the root directory. Common errors are due to

e wrong input data (e.g., negative values)
e missing input files
e convergence problems within PHREEQC calculations

The error message will help you to detect the real cause.
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Mass Mg Al Si P S K Ca Sc Ti \ Cr Mn Fe
Sample No. [ From To
g (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
AKC028 Col 1
84856 188,25 188,51 496 0 1,07 43,3 0,006 0,027 0,086 0,023 0,003 0,281 0,002 0 0,002 1,10
84857 188,51 188,82 680 0,009 2,56 43,3 0,005 0,026 0,107 0,023 0,004 0,323 0,002 0 0,002 0,37
84858 188,82 189,15 804 0,005 1,87 44,3 0,005 0,031 0,100 0,024 0,003 0,320 0,001 0 0,002 0,25
84859 189,40 189,70 696 0,005 2,02 44,9 0,006 0,030 0,094 0,022 0,003 0,323 0,001 0,015 0,003 0,49
84860 189,70 190,03 786 0 1,79 43,9 0,005 0,033 0,104 0,022 0,003 0,294 0,001 0 0,002 0,41
84861 190,03 190,34 672 0,001 1,58 43,9 0,004 0,031 0,082 0,025 0,004 0,339 0,001 0,014 0,003 0,41
84862 190,34 190,57 510 0,001 0,78 45,8 0,004 0,030 0,082 0,021 0,004 0,413 0,001 0,002 0,003 0,14
84863 190,57 190,83 664 0,005 1,50 44,6 0,004 0,032 0,090 0,022 0,003 0,387 0,001 0,005 0,003 0,20
Mean 188,25 190,83 664 0,003 1,65 44,3 0,005 0,030 0,093 0,023 0,003 0,335 0,001 0,005 0,003 0,420
AKC029 Col 2
80910 196,43 196,60 412 0 0,90 41,9 0,009 0,033 0,077 0,017 0,002 0,329 0,004 0 0,002 0,804
80911 196,60 196,72 296 0,016 1,92 41,5 0,007 0,030 0,083 0,023 0,003 0,544 0,003 0,008 0,005 0,476
80912 196,72 196,79 912 0,046 6,42 36,6 0,015 0,044 0,247 0,044 0,004 0,536 0,003 0,006 0,002 0,930
80913 196,79 196,84 108 0 0,98 38,6 0,008 0,030 0,072 0,017 0,003 0,727 0,002 0,024 0,008 1,170
80914 196,84 197,08 588 0,011 2,06 39,0 0,005 0,034 0,203 0,024 0,002 0,485 0,000 0 0,003 0,202
80915 197,08 197,33 672 0,01 2,07 43,1 0,004 0,042 0,101 0,026 0,003 0,320 0,001 0 0,002 0,211
80916 197,33 197,65 752 0,015 2,71 43,5 0,007 0,052 0,125 0,034 0,004 0,336 0,002 0 0,002 0,213
80917 197,65 197,81 316 0,013 2,58 43,5 0,005 0,074 0,117 0,046 0,004 0,349 0,004 0,001 0,002 0,197
80918 197,81 197,86 138 0,048 5,32 38,3 0,007 0,060 0,235 0,071 0,003 0,483 0,006 0,029 0,002 0,282
80919 197,86 197,90 90 0,019 2,41 42,0 0,006 0,045 0,126 0,039 0,004 0,356 0,002 0,021 0,003 0,232
80920 197,90 197,94 148 0,075 6,65 36,8 0,01 0,062 0,286 0,078 0,003 0,512 0,010 0,015 0,003 0,293
80921 197,94 198,40 234 0 0,90 43,1 0,004 0,546 0,128 0,029 0,005 0,292 0,002 0,006 0,002 1,321
Mean 196,43 198,40 389 0,021 2,91 40,7 0,007 0,088 0,150 0,037 0,003 0,439 0,003 0,009 0,003 0,528
AKCO030 Col 3
83837 213,40 | 214,00 | 1548 0,024 0,41 435 0,005 | 0167 | 0045 | 0,031 | 0003 | 0037 | 0,000 0,02 0,001 0,22
83838 214,00 | 214,50 | 1244 0,014 0,31 46,8 0,006 | 0121 | 0052 | 0,030 | 0,003 | 0035 | 0,000 | 0,039 | 0,002 0,15
83839 21450 | 215,00 1296 0,019 0,32 425 0,007 0,112 0,072 0,027 0,002 0,031 0,000 0,088 0,002 0,14
83840 215,00 | 215,50 1272 0 0,31 48,0 0,003 0,162 0,030 0,014 0,004 0,038 0,000 0,003 0 0,11
Mean 213,40 | 21550 | 1340 0,014 0,34 452 0,005 | 0141 | 0050 | 0,026 | 0,003 | 0035 | 0,000 | 0,038 | 0,001 | 0,154
AKCO033 Col 4
83944 191,40 [ 192,00 1288 0,035 3,99 41,3 0,008 0,031 0,244 0,037 0,004 0,471 0,002 0,039 0,003 0,24
83945 102,00 | 19255 | 1242 0,017 2,79 42,6 0,009 | 0027 | 0222 | 0025 | 0004 | 0426 | 0003 | 0014 | 0,004 0,88
83946 192,55 193,00 290 0,001 0,82 45,2 0,009 0,031 0,092 0,023 0,005 0,315 0,002 0,021 0,003 1,04
83947 193,00 193,45 1080 0,003 2,05 43,2 0,006 0,023 0,107 0,020 0,004 0,414 0,000 0,004 0,004 0,40
83948 193,45 193,90 1214 0 1,18 44,6 0,006 0,024 0,085 0,019 0,003 0,376 0,002 0,019 0,003 0,55
Mean 191,40 193,90 1023 0,011 2,17 43,3 0,008 0,027 0,150 0,025 0,004 0,400 0,002 0,019 0,003 0,621
Co Ni Cu Zn As Sr Y Zr Nb Ba Pb Th U U308 U308 (63 S
Sample No. | From To
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) DNA(ppm) | DNA(ppm) | XRF(ppm) % %
AKCO028 Col 1
4856 188,25 | 18851 | 0 | 0,002 | 0,004 | 0,003 | 0,000 | 0,152 | 0,006 | 0,167 | 0,000 | 0,027 | 0,000 | 0,003 18 21 4 0,06 | 0,0
4857 188,51 | 18882 | 0 | 0,002 | 0,002 | 0,001 | 0,000 | 0,152 | 0,008 | 0,201 | 0,000 | 0,030 | 0,001 | 0,004 9 11 5 0,03] 00
4858 188,82 | 189,15 0 | 0,001 | 0,002 | 0,001 | 0,000 | 0,157 | 0,008 | 0,182 | 0,000 | 0,030 | 0,001 | 0,004 7 8 4 0,04 | 00
84859 189,40 | 189,70 | 0 | 0,001 | 0,005 | 0,002 | 0,000 | 0,157 | 0,007 | 0,185 | 0,000 | 0,029 | 0,001 | 0,005 9 11 24 0,04 | 0,02
84860 189,70 | 19003 | 0 | 0,001 | 0,005 | 0,001 | 0,000 | 0,157 | 0,005 | 0,174 | 0,000 | 0,028 | 0,001 | 0,005 7 8 24 0,05 ] 0,03
84861 100,03 [ 19034 | 0 [ 0,001 | 0,004 | 0,001 | 0,000 | 0,151 | 0,006 | 0,190 | 0,001 | 0,028 | 0,000 | 0,004 7 8 12 0,04 | 0,03
84862 100,34 | 19057 0 | 0,001 | 0,003 | 0,000 | 0,000 | 0,151 | 0,007 | 0,197 | 0,000 | 0,028 | 0,001 | 0,004 6 7 24 0,05 | 0,02
84863 100,57 | 19083 | 0 | 0,003 | 0,007 | 0,002 | 0,000 | 0.162 | 0,007 | 0,198 | 0,000 | 0,030 | 0,001 | 0,006 6 7 24 0,04 | 0,02
Mean 188,25 | 19083 | 0 [ 0,002 | 0,004 | 0,001 | 0,000 | 0,155 | 0,007 | 0,187 | 0,000 | 0,029 | 0,001 | 0,004 9 10 24 0,04 ] 0,02
AKC029 Col 2
80910 106,43 | 196,60 | 0 | 0,000 | 0,008 | 0,004 | 0,001 | 0,148 | 0,007 | 0,181 | 0,000 | 0,014 | 0,000 | 0,002 21 25 36 0,04] 0,03
80911 106,60 | 196,72 0 | 0,000 | 0,003 | 0,002 | 0,000 | 0,150 | 0,005 | 0.248 | 0,000 | 0,020 | 0,000 | 0,004 12 14 29 0,00 | 0,03
80912 106,72 | 196,79 0 | 0,000 | 0,005 | 0,004 | 0,000 | 0,157 | 0,005 | 0,189 | 0,000 | 0,016 | 0,000 | 0,004 14 17 29 011 ] 0,03
80913 106,79 | 19684 | 0 | 0,000 | 0,008 | 0,007 | 0,000 | 0,131 | 0,006 | 0,215 | 0,000 | 0,022 | 0,000 0 15 18 10 0,05 ] 001
80914 106,84 | 197,08| 0 | 0,000 | 0,003 | 0,000 | 0,000 | 0,147 | 0,004 | 0,194 | 0,000 | 0,015 | 0,000 0 6 7 2 0,08 ] 0,02
80915 107,08 [ 197,33 0 | 0,000 | 0,004 | 0,000 | 0,000 | 0,242 | 0,005 | 0,173 | 0,000 | 0,013 | 0,000 | 0,001 10 12 16 0,09 | 0,02
80916 107,33 [ 19765| 0 | 0,000 | 0,009 | 0,003 | 0,000 | 0,159 | 0,005 | 0,179 | 0,000 | 0,015 | 0,002 | 0,004 24 28 39 017 | 0,03
80917 107,65 [ 19781 | 0 | 0,000 | 0,018 | 0,027 | 0,000 | 0,151 | 0,006 | 0,189 | 0,000 | 0,015 | 0,000 | 0,004 124 146 151 | 060 | 0,07
80918 197,81 | 197,86 0 0,014 | 0,000 | 0,043 | 0,000 | 0,163 | 0,005 | 0,185 | 0,000 | 0,017 | 0,000 | 0,004 237 279 277 1,08 | 0,07
80919 197,86 | 197,90 0 0,004 | 0,000 | 0,004 | 0,000 | 0,152 | 0,007 | 0,191 | 0,000 | 0,015 | 0,000 | 0,004 113 133 137 043 | 0,03
80920 197,90 | 197,94 0 0,010 | 0,000 | 0,060 | 0,000 | 0,164 | 0,005 | 0,183 | 0,000 | 0,020 | 0,001 | 0,006 577 680 673 186 | 0,11
80921 197,94 | 198,40 0 0,007 | 0,000 | 0,035 | 0,014 | 0,149 | 0,006 | 0,171 | 0,000 | 0,014 | 0,001 | 0,004 1990 2347 2287 034 | 139
Mean 196,43 | 198,40 0 0,003 | 0,005 | 0,016 | 0,001 | 0,151 | 0,006 | 0,192 | 0,000 | 0,016 | 0,000 | 0,003 262 309 307 0,40 | 0,15
AKC030 Col 3
83837 | 213,40 ] 21400] 0 [ 0028 [ 0,000 | 0,011 | 0,002 | 0,160 | 0,006 | 0,158 [ 0,017 | 0,011 | 0,000 | 0,003 2 2 11 0,07] 016
83838 | 214,00 21450] 0 | 0,007 | 0,001 | 0,001 | 0,000 | 0,156 | 0,006 | 0,157 | 0,002 | 0,011 | 0,000 | 0,003 1 1 8 004] 012
83839 | 214,50 | 21500 0 | 0,031 | 0,000 [ 0,000 | 0,001 | 0,152 | 0,005 | 0,156 | 0,033 | 0,009 | 0,000 | 0,001 1 1 9 0,05 ] 0,10
83840 215,00 | 215,50 0 0,000 | 0,000 | 0,001 | 0,000 | 0,149 | 0,005 | 0,167 | 0,001 | 0,012 | 0,003 | 0,006 0 0 26 0,07 | 0,03
Mean 213,40 | 215,50 0 0,017 | 0,000 | 0,003 | 0,001 | 0,154 | 0,006 | 0,160 | 0,013 | 0,011 | 0,001 | 0,003 1 1 14 0,06 | 0,10
AKCO033 Col 4
83944 101,40 [ 192,00] 0 [ 0,005 | 0,017 | 0,001 [ 0,000 [ 0,160 [ 0,005 | 0,209 | 0,000 | 0,028 | 0,001 | 0,007 8 9 33 0,02 0,03
83945 192,00 [ 19255 | 0 [ 0,005 | 0,016 | 0,002 | 0,000 | 0,158 | 0,008 | 0,206 | 0,000 | 0,027 | 0,001 | 0,006 12 14 39 0,01 | 0,02
83946 102,55 [ 193,00 0 [ 0,008 | 0,019 | 0,003 | 0,001 | 0,153 | 0,008 | 0,189 | 0,000 | 0,025 | 0,002 | 0,006 9 11 35 0 003
83947 103,00 [ 19345 0 [ 0,000 | 0,011 | 0,000 | 0,000 | 0,154 | 0,007 | 0,194 | 0,000 | 0,023 | 0,000 | 0,004 14 17 21 0 [002
83948 103,45 [ 19390 | 0 [ 0,000 | 0,014 | 0,003 | 0,000 | 0,150 | 0,008 | 0,190 | 0,000 | 0,024 | 0,001 | 0,005 12 14 37 0 [002
Mean 101,40 [ 19390 0 [ 0,004 | 0,015 | 0,002 | 0,000 [ 0,155 [ 0,007 | 0,198 0 0,025 | 0,001 | 0,006 11 13 33 [0,006]0024
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D AQUIFER SIMULATIONS—MODEL RESULTS

The following four Post-Mining scenarios are considered:

s . transversal solution in solution pH
cenario M ;
dilution ore zone in ore zone
D.1 Worst Case / No Dilution no lix 1.7
D.2 Worst Case with dilution yes lix 1.7
D.3 Real Case / No Dilution no lix R 2.0
D.4 Real Case with dilution yes lix R 2.0
Thereby is:
most improbable case: Worst Case / No Dilution in Sec. D.1
most probable case: Real Case with dilution in Sec. D.4
A detailed description is presented in Chapter 4.
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D.1 Scenario—Worst Case/ No Dilution
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Fig. D.1 Element concentrations [mg/L] as a function of distance x — Worst Case / No dilution
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D.2 Scenario—Worst Casewith Dilution
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Fig. D.4 Element concentrations [mg/L] as a function of distance x — Worst Case with Dilution
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D.3 Scenario — Real Case/ No Dilution
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Fig. D.7 Element concentrations [mg/L] as a function of distance x — Real Case / No dilution
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Fig. D.9 Cation distribution on ion exchanger as a function of distance x — Real Case / No dilution

101

Geochemical Modeling — Lab Tests & FME Aquifer — Nov 2008



Heathgate Resources

Natural Attenuation Project

Nov 2008

D.4 Scenario — Real Case with Dilution
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Fig. D.10 Element concentrations [mg/L] as a function of distance x — Real Case with Dilution
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Fig. D.12 Cation distribution on ion exchanger as a function of distance x — Real Case with Dilution
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E IMPACT OF FRACTURED ROCK FLOW

The aim of the following consideration is to estimate the impact of an uncontrolled flow
from the ore zone into the FM Embayment via fractured rocks. Fig. E.1 illustrates a
typical by-pass where lixiviant taken from a cell in the ore-zone is directed into an em-
bayment cell that is 5 km away (downstream).

: Ore Zone Four Mile Embayment LFE

5 km through fractured rock
Fig. E.1 Scenario with lix flow through fractured rocks

The crucia parameter for the ssmulation is the mix ratio between the solution inside the
embayment cell and the incoming lix. Thisratio is given by the volumetric flow through
fractured rocks, Qr, and through the sandy aquifer, Q:

. Q-
E.l = =F
(E.1) mix 0

with (see [DS97] pp. 44-55)

(E.2) Q =k JPwp 2—2 and k =c d? with ¢ =6510"
il
gPw oh Nb®

E.3 = k. 2Pw oA | 25 k. =

(E-3) QF F M F | ox i F 12

Here, k and kg are the intrinsic permeabilities (in units L?) of the sandy aquifer and of
the fractured rock. The other quantities are

[oh/ox| = 0.00025 hydraulic gradient in sandy aquifer

[oh/ox|e hydraulic gradient for fractured-rock pathway

g = 9.81m/s acceleration due to gravity

i = 8910*Pas viscosity of water (at 25 °C)

pw = 1.0-10% kg/m® density of water

dio grain size (10% particles are finer, 90% are
coarser)

A=WZ cross section of flow path in sandy aquifer (in L?)
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Ar = WD cross section of flow path in fractured rocks (in L?)

W width of flow path (in L)

Z =10m thickness of flow path in sandy aquifer (= Ze)

b joint opening (in L)

N number of joints per unit distance (in L™)

The factor gpw/p describes the fluid and is given by

gpyw _ 9.81m/s’ - 10° kg/m®

8900 pas  _ LtloTms”
M 9

(E.4)

[For example, using dip = 0.1 mm and porosity £ = 0.30 we get a pore velocity in the
sandy aquifer of

(E5) v 2 - o 9Pw

If we quantities described above are inserted into Eq. (E.1) we obtain

_ lehrax|,
RN

(E.6) mix = B with B

From hydrogeological modeling (MODFLOW calculations) is known that an opposite
hydraulic gradient prevents the lixiviant from entering the fractured rock (i.e. B = 0).
Now, with the condition that there is still an uncontrolled inflow it is assumed that

B~ 0.1 (i.e. 10 % of the aquifer gradient)
N = 10 joints per meter (worst case)
b =1mm (worst case)

Therewith it results a mix factor of

: Nb®/12 b )
(E?) mix = WEB = 1310 3
. 10

Compared to the mix factor due to transversal dispersion in EqQ. (4.9) this impact is 3
times smaller. In relation to the groundwater within the embayment the order of magni-
tude is within the uncertainty of the data.

In conclusion, the small impact of lixiviant intrusion into the FM Embayment via frac-
tured rocks can be neglected in the aquifer ssimulations.
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