1 03- 202

Environment Canada

Water Science and
Technology Directorate

Direction générale des sciences
et de la technologie, eau

Nnvironnement Canada

Multicoponent Reactive T ralnspo'rt Mo_delli»ng‘of Acigl
Neutralization Reactions in Mine T§j1;11gs e

J. Jutjovec, D. Blowes, C. Ptacek, K. Mayer ,}

WA Coroudh on & OF




‘JS’ZOZ |

Multlcomponent Reactive Transport Modelling of Acid Neutralization Reactions in
Mine Tailings

Jasna Jurjovec, David W. Blowes, Carol J. Ptacek, and K. Ulrich Mayer

Abstract

Multicomponent reactive transport modelling was conducted to analyze and quantify the
acid neutralization reactions obsefved in a column experiment. Experimental results and
the experimental procedures have been previously published. The pore water
geochemistry was described by dissolution and precipitation reactions involving primary
and secondary mineral phases. The initial amounts of the primary phases ankerite-
dolomite, siderite, chlorite and gypsum were constrained by mineralogical analyses of the
tailings sample used in the experiment. Secondary gibbsite was incorporated into the
model to adequately explain the changes in pH and concentration changes of Al in the
column effluent water. The results of the reactive transport modelling show that the pH of
the column effluent water can be explained by dissolution reactions of ankerite-dolomite,
siderite, chlorite and secondary gibbsite. The modelling results also show that changes in
Eh can be explained by dissolution of ferrihydrite during the experiment. In addition, the
modelling results show that the kinetically limited dissolution of chlorite contributes the
largest mass of dissolved Mg and Fe (II) in the effluent water, followed by ankerite-
dolomite, which contributes substantially less. In summary, reactive transport modelling
based on detailed geochemical and mmeraloglcal data was successful to quantitatively
describe the changes in pH and major ions in the column effluent.

NWRI RESEARCH SUMMARY

Plain language title
Prediction of metal release from mine wastes

‘What is the problem and what do scientists already know about it?

The oxidation of sulfide minerals contained in mine wastes leads to the release of acid and metals to the
environment. A series of reactions controls the concentrations and rates at which the acid and metals
are released and transported from the wastes. Oxidation of sulfide minerals leads to the initial release of
acid and metals to pore waters in the waste piles. Neutralization reactions lead to removal of the acid

. and attermation of many metals within the waste piles. If there is abundant neutralization capacity in the
wastes, all of the acid produced from sulfide oxidation will be neutralized. In high sulfide wastes,
however, the neutralization capacity of the wastes is often insufficient to néutralize the acid over the
long term. In this case, acid will be released from the wastes. Low pH conditions promotes the release
.of dissolved metals. Abundant information is available on oxidation reactioms. Less information is
available on neutralization reactions and metal attermation reactions.



Why did NWRI do this study?
Themuemanymneralsthatammﬂna]lypmeMmmewasﬁeswhchconm'buﬁewamd-
neutralization reactions. Each of these minerals reacts at different rates and releases different elements
to infiltrating pore waters. This study was conducted to obtain measurements of rates of reactions, and
to incorporate the measured rates into a predictive model of acid and metal transport in mine wastes.
Models of this type can be used to predict the long-term release of acid and metals from mine waste
sites. In many cases, metals and acid will continue to be leached long after ore recovery iis complete.
Accurate models are required to optimize the design of waste impoundments and water treatment
systems to protect water quality at mine sites.

‘What were the results?
A multicomponent reactive transport model was modified and applied to laboratory column data
collected to evaluate acid neutralization reactions in mine tailings. The mode] results agreed closely to
measured data. A series of mineral dissohition reactions contributed to acid neutralization in the
column. In can be expected that at mine sites in Canada, muiltiple phases will contribute to acid
neutralization reactions. The model developed is a first step in developing a generalized approach for
predicting the contributions of multiple phases in neutralizing acid in mine wastes.

How will these results be used?
The results can be used to improve estimates of acid and metal release from mine sites over the long-
térm. The results can also be used to assist in the design of a remedial systems for mine sites.

Who were our main partners in the study?
University of Waterloo; University of British Columbia; Falconbridge Mining Company
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Modélisation du transport de divers composés réactifs pour les
réactions de neutralisation de I’acide dans des résidus miniers

Jasna Jurjovec, David W. Blowes, Carol J. Ptacek et K. Ulrich Mayer

Résumé

La modélisation du transport de divers composés réactifs a été effectuée pour analyser et
quantifier les réactions de neutralisation de I’acide observées dans une expérience sur
colonne. Les résultats expérimentaux et les méthodes expérimentales ont été publiées
antérieurement. La géochimie de I’eau interstitielle a été étudiée griice A des réactions de
dissolution et de précipitation mettent en jeu des phases minérales primaires et
secondaires. Les quantités initiales des phases primaires ankérite-dolomite, sidérite,
chlorite et gypse étaient limitées par les analyses minéralogiques de I'échantillon de
résidus utilisé pour 1’expérience, De la gibbsite secondaire a été incorporée dans le
modele pour expliquer valablement les modifications de-pH et les variations de
concentration d’Al dans 1’eau de I’effluent de la colonne. Les résultats de la modélisation
du transport de divers composés réactifs montrent que le pH de 1’eau de 1’effluent de la
colonne peut s’expliquer par des réaction de dissolution de I’ankérite-dolomite, de la
sidérite, du chlorite et du gibbsite secondaire. Les résultats de 1a modélisation montrent
également que les variation d’Eh peuvent s’expliquer par la dissolution du ferrihydrite
lors de I’expérience. De plus, les résultats de la modélisation montrent que 1a dissolution
du chlorite, limitée par la cinétique, contribue & la formation de la masse la plus
importante de Mg et de Fe (IT) dans I’eau de 1’effluent, suivie par celle de 1’ankérite-
dolomite, qui y contribue sensiblement moins. En résumé, 1a modélisation du transport de
divers composés, basée sur des données géochimiques et mméraloglques détaillées, a
permis de décrire quantitativement les variations du pH et des principaux ions dans
I’effluent de la colonne.

J

Sommaire des recherches de I'INRE

Titre en langage clair
Préwsmndelalibémuondemétamparlesrésxdus miniers

Quel est le probléme et gque savent les chercheurs a ce sujet?
L’oxydation de minéraux sulfurés contenus dans les résidus miniers entraine le rejet d*acide et de
métanx dans 1'environnement. Une série de réactions détermine les concentrations et les vitesses
auxquelles de P’acide et.des métaux sont libérés et transportés 4 partir des résidus. L’oxydation des
minéraux sulfurés provoque la libération initiale d’acide et de métanx dams I’ean interstitielle &
T’intérieur des dépéts de résidus miniers. Les réactions de neutralisation conduisent & I'élimination de
T’acide et & I’atténuation de nombreux métaux & 1’intérieur de ces dépdts. Sila capacitéde
‘neutralisation dans les résidus est élevée, tout 1’acide produit par I’oxydation du sulfure sera neutralisé.
Cependant, dans les résidus 4 haute teneur en sulfure, la capacité de neutralisation des résidus est
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souvent insuffisante pour neutraliser ’acide 4 long terme. De I’acide sera alors libéré par les résidus.
Un faible pH favorise la libération des métaux dissous. Il existe une information abondante sur les
réactions d’oxydation. Les renseignements sont plus rares en ce qui concerne les réactions de
neutralisation et les réactions d’atl:énuauon des métaux.

Pourquoi I'INRE a-t-il effectué cette étade?
De nombreux minéraux, qui sont naturellement présents dans les résidus miniers, contribuent aux
réactions de peutralisation de I’acide. Chacun de ces miinéraux réagit selon différentes vitesses et libére
divers éléments dans ’eau d’infiltration interstiticlle. La présente étude a été effectuée pour mesurer les
vitesses des réactions et pour incorporer les valeurs airisi obtenues dans un modéle de transport d’acide
et de métaux dans les résidus miniers. Des modéles de ce type peuvent étre employés pour prévoir la
libération 2 long terme d’acide et de métaux 2 partir de sites de résidus miniers. Dans beaucoup de cas,
les mitaux et I’acide continueront & étre lessivés longtemps aprés la fin de I’extraction du minerai. Des
modgles exacts sont nécessaires pour optimiser la conception des systémes de retenue des résidus et.de
traitement des eaux, destinés & protéger la qualité de I’ean aux sites miniers.

Quels sont les résultats?
Un modgle de transport de divers comriposés réactifs a été modifié et appliqué aux données obtenues sur
colonne en laboratoire afin d’évaluer les réactions de neutralisation de I’acide dans les résidus miniers.
Les résultats produits par le modele étaient trés proches des données mesurées. Une série de réactions
de dissolution minérale ont contribué 4 la neutralisation de ’acide dans la colonne. On peut prévoir
que, sur les sites miniers du Canada, de multiples phases contribueront aux réactions de neutralisation
de I’acide. Le miodéle mis au point est une premiére étape dans 1’élaboration d*une méthode générale
de prévision des contributions de phases nmitiples-4 la neutralisation de I’acide dans les résidus
miniers.

Comment ces résultats seront-ils utilisés?
Les résultats peuvent servir a améliorer les estimations de la libération 2 long terme d’acide et de
métaux A partir de sites miniers. Les résultats peuvent également étre employés pour faciliter la
conception d’un systéme de remise en état des sites: miniers,

Quels étaient nos principaux partenaires dans cette étude?
Université de Waterloo; Université de Colombie-Britannique; compagnie miniére Falconbridge
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[1] Multicomponent reactive transport modeling was conducted to analyze and quantify the

acid neutralization reactions observed in a column experiment. Experimental results and the
erimental procedures have been previously published. The pore water geochemistry was

described by dissolution and precipitation reactions involving primary and secondary

mineral phases. The initial amounts of the primary phases ankerite-dolomite, siderite,

chlorite, and gypsum were constrained by mineralogical analyses of the tailings sample used

in the experiment. Secondary gibbsite was incorporated into the model to adequately explain
the changes in pH and concentration changes of Al in the column effluent water. The results

. of the reactive transport modeling show that the pH of the colummn effluent water can be

explained by dissolution reactions of ankerite-dolomite, siderite, chlorite, and secondary
gibbsite, The modeling results also show that changes in Eh can be explained by dissolution
of ferrihydrite during the experiment. In addition, the modeling results show that the
kinetically limited dissolution of chlorite contributes the largest mass of dissolved Mg and
Fe (1) in the effluent water, followed by ankerite-dolomite, which contributes substantially
less. In summary, reactive transport modeling based on detailed geochemical and
mineralogical data was successful to quantitatively describe the changes in pH and major
jons in the column effluent.  INDEX TERMS: 1045 Geocliemistry: Low-temperature geochemistry;
1829 Hydrology: Groimdwater hydrology; 1806 Hydrology: Chemistry of fresh water; KEYWORDS: column

experiment, acid mine drainage, acid neutralization mechanisms

Citation: Jurjovec, J., D. W. Blowes, C. J. Ptacek, and K. U. Mayer (2004). Multicomponent reactive transport miodeling of acid

rientralization reactions in mine- tailings, Water Resour. Res., 40, W11202, doi:10.1029/2003WR002233.

1. Introduction : v

[2] During the last two decades, the field of reactive
transport modeling 6f natiral and contaminated systems has
been developing rapidly, especially in its application to
field-scale systems [Steefel and Van Cappellen, 1998]. For
example, reactive transport modeling has previously been
used to evaluate the mobility of contaminants in mine
tailings [Jaynes et al, 1984]. These reactive transport
studies have explored the complex interactions between
coupled processes in mill tailings environments for hypo-
thetical cases and specific field sites. :

[s] The limitations of predictive models and appropriate-
ness of their use have been explored in a number of articles
and editorials [Bredehoeft and Hall, 1995; Bredehoeft and
Konikow, 1993; Glynn and Brown,' 1996; Konikow and
Bredehoeft, 1992; Oreskes and Shrader-Frecheite, 1994].

" One of the most significant problems with the predictive

Copyright 2004 by the American Geophysical Union.
0043-1397/04/2003WR003233$09.00

W11202

capabilities of models is an oversimplification of the con-
ceptual model and/or the lack of appropriate input data to
constrain the model. At inost groundwater contamination
sites there is less geochemical and hiydrologic information
known than may be desirable for contaminant transport

‘modeling, because detailed hydrologic and geochemical

studies are asually much too expensive to consider [Glynn
and Brown, 1996].

[4] However, conditions in laboratory columin experi-
tnents can be better controlled, and data from these expefi-
ments can be used in modeling studies to assess processes
that affect the mobility of contaminants. Most recently, a
pumber of studies have shown that reactive transport
modeling can be used successfully to quantitatively assess
reactive. transport in well-constrained laboratory column
experiments [e.g., Appelo and Postma, 19992; Guha et
al., 2001; Saiers et al., 2000).

[s] This paper presents results of multicomponent reac-
tive transport modeling of a column experiment designed to
study acid neutralization reactions in a mine tailings envi-
ronment [Jurjovec et al., 2002]. In this study, a pH 1 H,80,
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solution, simulating acid mine drainage generated in unsat-
urated zones of tailings impoundments, was passed through a
column containing fresh tailings from the Kidd Creek con-
centrator, located near Timmins, Ontario, Canada. The efflu-
ent was monitored to assess the change it pH and speciesasa
function of time. The focus of the pmsentstudyls to quantify
and discern the acid neutralization reactions in isolation from
acid generation reactions that took place in the column based
on an expanded conceptual acid neutralization model pro-
posed by Morin et al. [1988] and later refined by Blowes and
Pracek [1994]. The second objective of this study was to
determine how well the fesults could match the measured
concentrations of contaminants in the column effluent water
when detailed and comprehensive information, gathered in
the laboratory study, was available. The modeling study was
well constrained by the large amount of geocherhical, thin-
eralogical and hydrologic information that has been gathered
during the experimental study.

2. Model and Database Description
[s] MIN3P, a multicompopent reactive transport model,
was developed by Mayer et al. [1999, 2002]. MIN3P is a
general-purpose flow and reactive transport model. MIN3P
is suitable for the simulation of processes that control the
pore water chemistry in the column experiment condicted
by Jurjovec et al, [2002]. In particuler, the model allows the
" inclusion of aqueous complexation, hydrolysis, and
- redox reactions, as well as mineral dissolution-precipitation

reactions. ,

[7] The thermodynamic database has been synthesized
from the databases of WATEQ4F. [Ball and Nordstrom,
1991] and MINTEQAZ2 [Allison: et al., 1990]. The equilib-

riumh constarits of miinerals used in the simulations are .

summarized in Table 1. In addition, laboratory-derived
rate constants and reaction orders for kinetically controlled
reactions can be added to the MIN3P dstabase. Alter-
néfively, effective rate constants can be used. These rates
are unique to the specific study. In this case, the surface area
is incorporated into the effective rate constant. Reactive
surface area measurements were not available for this stady
and effective rate coefficients were détermined by calibra-
tion for most minerals (Table 2). For chlorite, a laboratory-
derived rate expression and surface area normalized rate
constants were used [Lowson et al, 2004], and reactive
surface area was obtained by model calibration.

3. Conceptual Model and Modeling Approach
[s] In this paper, four simulations are presented, which
comrespond to four conceptual models that were explored

Table 1. Equilibrium Constants for Primary snd Secondary

Minerals Included in the Investigation
Mineral LogK
Ca™* + o 6] Fe™ + 0.4Mg?* + 2C03~ + ankerite-dolomite 18.16°
Fe** + CO¥ « siderite 10.45°
" AP* + 3H,0 — 3H" « gibbsite -8.11¢
Ca®* + 805 + 2H,0 ~ gypsum 4.58°
Fe** +3H0 - 3H" ~ femhydme ~4.891°
*Source: 47 [1996]. S
: Singer and Stumm [1970].
*Source: Ball and Nordstrom [1991].

Table 2. Effective Rate Constants and Rate Expressions Used in
the Simulations

: Raté Expression/

Phase Effective. Rate Constants for Steps 2-4
Chilorite log R = =[9.79a3% + 13 00+ 1679/
Ankerite-dolomite 6.8 x 10-™®
Siderite 6.8 x 10°™
Gibbsite 9.0 % 1077
‘Ferrihydrite 12 x 107®
Gypsum (dissolution) 28 x 107
Gypsum (precipitation) : 1.6 x 107%

*Source: Lowson et al. [2004]. This rate expression was added to the
MIN3P mineral ditabase. Hma%repmsemsmmyofhydmgenmn.m
is expressed in mol (mineral) m™* 57", The:complete rate expression used
in the code'is rate = S (Tk; &f (1 — IAP/K,)), where S is surface area, k; is
rate constant of ion i, a; is activity of ion i, n is reaction order, IAP is ion
activity product, and K, is the equilibrium constant.

YEffective rate constants reported-in mol L= bulk s™%; rate expression is
rate = Keer (1 - xAP/K.)

through a series of simulations that lead to the final
interpretation. Initially, the conceptual model consisted of
minerals determined on the basis of aqueous geochemxcal
modeling of the experimental results described in detail by
Jurjovec et al. {2002]. This series of minerals is consistent
with thie conceptual acid neutralization model proposed by
Morin et al. [1988] and further refined by Blowes and
Pracek [1994]: According to the proposed conceptual acid
neutralization 'model; a series of mineral precipitation-
dissolution reactions controls the pH of pore water in mill
tailings 1mpoundments

[s] This series of reactions can be subdivided into equi-"
librium and kinetically limited reactions [Blowes and
Pracek, 1994]. In the field, the reactions observed to be at

equilibriurh were dissolution of carbonates, and hydroxides, --

while aluminosilicate dissolution was observed to be kinet-
ically limited [Blowes and Ptacek, 1994; Dubrovsky et al.,
1985; Joknson et al., 2000; Morin et al., 1988]. Minor
quantities of minerals present in mine tailings control the
pH of the pore water [Blowes and Ptacek, 1994; Marin et
al., 1988; Morin and Cherry; 1986]. .

[10] According to the proposed conceptual model, the pH
oftheporewawrxsmmnmmednearneutralaslongasa
sufficient amount of calcite is présent in the tailings and the
flow rate is slow.enough to attain equilibrium conditions:

CaCOs + H* «» Ca?* +HCO5

Because of high Fe(Il) concentrations in the mine tailings
pore water siderite may precipitate during calcite dissolution:

- Fé* + HCOj «» FeCO; + HY

After all the calclte has dlssolved, the pH will decrease and
the pH of the pore water is controlled by siderite dissolution:

FeCO; + H* « Fe* + HCO;

From the opset of acidic conditions kinetically limited
dissolution of aluminosilicates provides Al ions to the
solation and gibbsite may precipitate:

AP* +30H" « Al(OH),

Upon depletion of siderite from the tailings, gibbsite
dissolution will maintain the pH near 4.0. This is followed

20f17
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Table 3. Mineralogy of the Tailings Sample as Obtained by Image Analysis Study®

Mineral Class Mineral Name Formula ' Weight Percent
Sulfides pyrite ' FeS; 132
Sulfides pyrrhotite Fe xS . 12
Sulfides ialcopyri CuFeS, 0.5
Sulfides i sphalerite ZnS : 0.2
Silicates chlarité (Mg, Fe)s(Si, Al)noxo(Ong (Mg, Fe);(OH)s . 214
Silicates amphibole Wo_1XaY 0.5
Silicates stipinomelane Koe(Mg, Fe™, Fe")ssum(o OH)y72-4H,0 <05
Silicates albite Na Al 8i;04 : 0.7
Silicates nuscovite | KAL(AISi;040{OH), 25
Silicates quartz 8i0, 49.1
Carbonates snd Fe oxides dolomite-ankerite CaMg(COs), 3.1
Carbonates and Fe oxides stdente tmd Fe-oxxde FeCOs, FeO° 49

'Fromhuovecaal. See Jambor et al. [1993]. : .

by = Na'/K”, ?*002 an*r Mg”u’v Mn,)'
%emadswmundlmnguuhablebymageamlyse&

by_ dissolution of iron oxyhydroxides. Afiér the depletion of
iron: (oxy) hydroxldss from tailings, the dissolution of
aluminosilicates is the only process, which buﬂ‘ers the pore
water pH.

[11] Several previous reactive transport modeling inves-
tigations of mine waste systems were conducted using an
equilibrium approach. Examples of these mvestxgauons of
acid neuatralization reactions and metal attenuation at mine
tailings sites include those of Walter et al. [1994] and Liu
and Narashimhan [1989].

[12] In this stady; the final solution of the problem was
achieved in four steps. The initial conceptual model
described above included only equilibrium reactions, which
is consistent with the limitations of the previous generation
of numerical models. Additional steps incorporated kineti-
cally limited dissolution reactions. In the second step,
gibbsite was removed from the conceptual model because
its presence has not been verified by mineralogical studies.
At the same time, dissolution of chlorite was introduced
with the intention of identifying the reaction that simulta-
neously controls Fe, Mg, and Al concentrations. In addition,
all the reactions were kinetically limited. The removal of
gibbsite and introduction of chlorite in the second concep-

malmodeldxdnotmultmadequateagxeementbetweenthe '

simulated and observed Al concentrations. For this reason,
gibbsite was reintroduced in the third conceptual model. At
this point, the simulated concentrations of Fe and SO2~ at
the beginning of the similated experiment did not match the
measured concentrations. Therefore no siderite precipitation
was allowed in the fourth conceptual model. A more
detailed discussion is provided in the results and discussion
section.

[13] The minerals used in the conceptual model were
either most solible and/or most abundant in the Kidd Creek
tailings, therebythmmmeralsareexpectedtoaﬁ'ectﬂxe
composition of the pore water most strongly. The complete
mineralogy of the tailings used in the column expemnemt, as
determined by Jambor et al. [1993], is shown in Table 3.
The simplified mineralogical compositions of tailings used
in steps 1, 2, 3 and 4 are summarized in Table 4.

[14] In Tables 3 and 4 and below, the mineral phases are
classified as primary or secondary. 'I‘hxsclhsslﬁcauonls
congistent with the classification of tailings mineralogy
proposed by Jambor {1994] and Jambor and Blawes

f1998]. anaxyphasesaremmem]smxtxgllypresmtmﬂle

Mg?, Fe**, AP, Ti*", and Z = S8i**, AP".

tailings material, before the beginning of the simulation.
Secondary phases are minerals that were allowed to precip-
itate during the simulation when the solution reached
equilibrium with respect to that particular phase. The
masses of primary minerals used in the simulations are
consistent with those measured using image analyses.

3.1. Physical Parameters

[15] A one-dimensional model domain was defined to
simulate the laboratory column experiments. The length of
the domain was set to 0.1 m, which is consistent with the
length of the experimental column. The domain was dis-
cretisized into 100 elements. The inflow boundary was set
asasecondtypeboundary(Nmmanncondmon)wnﬂ:aﬂow
rate of 10.2 mL h™", This flow rate is consistent with the
ﬂowmtemeasummentsmadedunngamcerexpenment
conducted prior to the laboratory column experiment. The
outflow boundary was set as a first type boundary condition
(Dirichilet condition) to reflect atinospheric pressure. The
temperature was set constant at 25°C consistent with the
temperature measured during the experiment, which varied
minimally and was 25°C = 0.5 except for two of the
97 measurements, which were 1.0°C lower.

[16] Column ﬂow and solute transport parameters, namely
dispersivity and velocity, were determined by modeling Cl
conceni:anonsmeasureddurmgthetmeertest, and gravi-
metrically measuring the flow rate. The modeled parameters
were obtained from the leading edge of the breakthrough
curve using the nonlinear least squares parameter optimiza-
tion software CXTFIT [Parker and van Genuchten, 1994].
A dispersivity of 0.28 cm was obtained, which is consistent
with observations of dispersivities in other columm experi-
ments [Appelo and Postma, 1999b). The porosity and pore
volume were calculated on the basis of gravimetric mea-
surements of the column prior to the experiment. The
poroslty of the tailings in the column was 44 %, which is
in good agreement with the average porosity of 0.4,
observed in the field by A1 [1996]. Thecolumnporevolume
was 283 mL. The density ofthe tailings sample used in
the calculations was 1.77 g/em®, as reported for the Kidd
Creek tailings impoundment [4], 1996].

3.2. Chemical Parameters

[17] The composition of water contained in the column
before the initiation of the experiment was based on the
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Table 4. Comparison of Initial Masses of Minerals Pment in the Simiulations and Mineralogical Analyses®

Initial Mass . Notes

Mol Mineralogical Analysis Sceoario | Scenario 2 Soemaio 3 Soenario 4 Scensrio | Scemario 2 Soemario 3 Scenario 4
Ankesite-dolomiite 3 3 3 3 3 P P P P
Siderite 5 4 4 4 4 P P P P
Chlorite 24 - 24 24 24 - P P P
Gibbsite U 6.1 - 6.1 6.1 P - s s
‘Ferrihydrite U 0.1 0.01 0.01 0.01 P P P P
Gypsum 0.5 0.5 .05 0.5 05 P P P P

) 'Aﬂminuﬂmaswﬁbmpdmdhm%.u.midggﬁﬁed;P,m.s,mndary.

composition of background solution (Table 5). The compo-
sition of water pumped through the coluinn continuously
was 0.1 M H,80,, at pH value 1.

[18] The Kidd Creek tailings contain three primary
solid solutions, which were used in the simulations:
ankerite-dolomite, siderite and chlorite. In the simulations,
these solid solutions were assumed to dissolve congru-
ently, because MIN3P, at the present time, does not
incorporate chemical changes of solids due to incongruent
dissolution.

[19] Ankerite-dolomite composition in the simulations
was simplified to Ca(FeogMgo)CO3, because the amount
of Mn present in the ankerite-dolomite solid solution is only
4%, and this does not represent a major control on the
system. In these simulations, siderite was assumed to be a
pure phase due to its relatively low content of impurities.
The stoichiometric solubility constant for Kidd Creek
ankerite-dolomite, used in the simulations, was calculated
by Al [1996]. The stoichiometric solubility constant was
used in the simulations because no experimentally deter-
rmined solubility constant was measured for ankerite-dolo-
mite solid solution.

[20] The Fe/(Fe + Mg) ratio for chlorite in the Kidd Creek
deposit is variable and ranges from 0.43 to 0.98 [Slack and
Coad, 1989]. Microprobe analyses of Kidd Creek chlorite in
the samples from the fringes of the stringer zone and
massive sulfide ore, which best represent the chlorite found
in the tailings, indicate a Fe/(Fe + Mg) ratio from 0.4 to 0.65
[Slack and Coad, 1989]. Most of the reported values were
above 0.53. In the simulations, the ratio Fe/(Fe + Mg) of
0.65 was used. As in the case of ankerite-dolomite, con-
gruent dissolution was assumed.

[21] A quasi-equilibrium approach was used for the step 1
simulation. This implies that effective dissolution-precipi-
tation rate coefficients were chosen such that supersaturated
conditions did not occiir during the simulations at any time.
It has been shown previously that such an approach may
lead to numerical errors or convergence problems
[Chilakapati et al., 1998] due to additional stiffness intro-
duced to the system of equations. However, the MIN3P
code includes an adaptive time stepping scheme to deal with
these issues. The code has also been tested against
PHREEQC [Parkhurst and Appelo, 1999), which has the
capability of describing dissolution-precipitation reactions
as equilibrium reactions, for problems of similar nature as
the one investigated here. Neither excessive CPU times, nor
significant errors originated from the use of the quasi-
equilibrium approach.

[22] For steps 2-4, éffective kinetic rate constants were
used for the ankerite-dolomite solid solution, siderite,

gibbsite, ferrihydrite and gypsum (Table 2). A laboratory-
derived rate expression determined by Lowson et al:
(ANSTO, personal communication, 2002) for various buff-
ered solutions at 25° between pH 3 and 10 was used for
chlorite (Table 2).

[23] Simple empirical kinetic félationships provided
improved fits of the simulated results to the observed
data. The use: of laboratory-derived rate expressions for
all mineral phases, including the carbonate solid solution
and siderite, was beyond the scope of the present study.

[24] The rates of gypsum dissolution and precipitation
used in steps 2-4 differ significantly (Table 2). When the
same rate coefficient was used for gypsum precipitation and
dissolution, (keg= 2.8 x 10~7 mol L~! s~1), the simulation
results indicated supersaturated conditions at the column
outlet with respect to gypsum over a period of time, which
was not observed in the column experiment. If a quasi-
equilibriuth approach was used for dissolution and precip-
itation of gypsum, concentration decreases of Ca and SO, as
a result of gypsum depletion occurred much more rapidly
than observed in the experiment. Possible explanations for
the unusual behavior that gypsum appears to be dissolving
slower than it precipitates may include (1) gypsum disso-
lution is inhibited by the presence of other mineral phases
that have formed in the column during the experiment or
(2) access of pore water to gypsum that was already present
in the material prior to initiating the columm experiment was

[2s] Modeling of kinetic reactions based on surface area
normalized rate coefficients requires estimates of mineral
surface area, which are difficult to measure [White and
Plummer, 1990]. According to White and Plummer [1990],
the greatest cumulative error in many kinetic models lies in
the estimation of reactive surface areas in natural systems.
T their study, White and Plummer [1990] comipare a
numiber of stidies in which a kinetic approach was used.

Table 5. Initial Composition of Pore Water in the Column
Initial Pore, Water,

mgl™ Input Solution, mg L™
' Ca 686 764 <0.1 0
Fe 84.6 84.6 <5 0
Mg ) 18 2.1 0
SO, 10.0 10.0 104,000 10,400
Eh 219 279 494 400
pH 66 66 099 1
coi- 297 44 T siex 0t
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lnnoneofmesesmdm,thesurfaceareasusedmsmu-

‘lations were consistent with geometric (calculated) or mea-

sured (BET) surface area. Therefore the term “reactive
surface aréa” has beén adopted widely, and is used in this
study. Depending on the study, the reactive surface area can
be smallerorla:gathanthegeometric or BET surface areas.
That is, there is no single explanation for these discrep-
ancies. It is clear that the amblguous term of “reactive
surface area” needs to be dealt with in the future [Litige et
al., 2003].

[zs] In this paper, the only surface area reported is that of
chlorite because effective rates were used for all other
minerals. In MIN3P, the surface area is included in the
effective rate constant. That is, the surface area cannot be
reported when the effective rate approach is used.

{27] The geometric surface area of chlorite was calculated
on the basis of observations obtained from optical micros-
copy. Chlorite grains were found to be cylindrical in shape
with average dimensions of 30 um in diameter and length of
60 pm (Jambor, personal communication, 2000). The sur-
face area of chlorite was calculated on the basis of the total
tailings mass in the column, the mass fraction of chlorite in
the sample LJ r et al., 1993], and an average density of
3.0 g cm—°, reported for chlorites [Klein and Hurlbut,
1993]. The surﬁace area of chlorite was calculated to be
169 m* L™* of porous media. This calculdtion does not
assume any surface roughness factor. The surface can
increase by as much as 200 times for weathered silicates
[White and Plummer, 1990] and for féldspars even up to a
1000 times [Blum and Stillings, 1995]

[2s] In addition to chlorite grains described above, very
small grains were found which resembled chlorite (Jambor
personal communication, 2000). Unfortunately, the grains
were too small to be identified with certainty. This obser-
vation suggests that actial surface area of chlorite grains
could potentially be larger. In the simulations prasented
below, the surface area of chlorite grains was 300 m® L™}
bulk porous mediur. This surface area, which lies within
the range for aluminosilicates recommended by White and
Plummer [1990), was estimated by calibration in the second
steptomatchﬂxeexpenmentalpchrveatlhesecond
plateau at pH 4.

[29] The chlorite grains, remaining in the tailings material
aﬁer!heexpenment,weteanalyzedby SEM to verify
whether any signs of Fe-Mg-Al depletion or silica enrich-
mentonthegramsurfaceweredetectnblemtbcnmsofthe
grains (Jambor, personal communication, 2000). The results
of the SEM analyms were consistent with the observations
of optical microscopy, whereby no “zoning” of alteration
appeaxedmhavebempresentmﬁlechlontegmnsaﬁerﬂxe
complenon of the experiment (Jambor, personal communi-
cation; 2000). In other words, the chlorite grains were
homogeneous. This observation suggests that the assump-
tion of congruent dissolution of chlorite may have been
valid: However, the solids samples were not collected
during the experiment, because ooﬂecung these samples
would have substantially disrupted flow in the column.
Such sampling would have enabled us to determine whether
chlorite dissohition was also congruent at higher pH values.
Observations of Jambor [2000] are consistent with obser-
-vations of Lowson et al. [2004). On the basis of production
rate of ions in their laboratory dissolution study, they

o
6 ———— simulatod pH
5 measured pH
= 4
i sf
2 L
1 .,__ a2
0 :
o 20 80 120 160
time [days]
0.15
012}
— 008}
o 0.08T
® 0.0
0.08
° 20 160

80
time [days]

Figure 1. Step 1: Comparison of pH and abundance of
minerals, expressed as volume fractions, at the outflow
boundary of the column as a function of time.

concluded that the dissolution of chlorite was congruént at
low pH.

[30] During the experiment, substantial amount of gas,
originating from the column, passed through the sampling
cell. Degassmg was only observed during the first part of
the experimnent when pH was >4.0. Because neither hydrmx
lic head nor the préssure measurements were collected in
the column, degassing of CO, was not included in the
simulations.

4. Results and Discussion
4.1, First Conceptual Model

[31] The first conceptual model consisted of the following
primary buﬁ‘enng phases: ankerite, siderite, and gibbsite. In
addition, primary gypsum was added to the conceptual
model, due to its high solubility. The simplified mineralogy
usedmﬂlesmnﬂahonwasbasedonmmemloglcal analysis
(Table 3) and is summarized in Table 4. This initial
conceptual model included only equilibrium reactions.
The results of the simulation are presented in Figures 1, 2,
and 3.

[32] The dependence of the effluent water pH on the
presence of these buffering minerals in the colurmn is clearly
illustrated in Figire 1. The predicted pH is in agreement

“with the measured pH. However, the duration of the first

pH-platea, based on this conceptual model is too short. In
addition, the modeling results suggest that an additional pH-
plawau occurs at pH 4.5. This pH-platean was not observed
in the laboratory acpmmem. Similarly, alkahmty predicted
by the reactive transport siinulation occurs in two distinct
steps, while laboratory measurements show a gradual
decrease in alkalinity during the first 30 days (Figure 2).
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Figure 2. Step 1: Comparison of simulated and measured concentrations of major ions, pH, and Eh in

the column effluent as a function of time.

Alkalinity is overpredicted-during the first 10 days, while it
is underpredicted between 10 and 20 days. The results of the
reactive transport modeling suggest that as long as ankerite-
dolomite is.present in the column, the pH will remain at 5.7
(Figure 1). Upon the depletion of ankerite~dolomite from
the column, the pH of the effluent water is controlled by
dissolution of siderite, followed by dissolution of gibbsite at
the next pH-plateau. The sequential depletion of minerals
from the column is documented by plots of spatial distri-
bution of mineral abiindance at different snapshots in time
(Figure 3). Modeling results suggest that 5 days after the
initiation of the experiment, ankerite-dolomite has been
depleted from the column at the inflow boundary side

(Figure 3), while siderite has been precipitating in this area
(Figure 3). During the first 5 days, a very small amount of
gibbsite has dissolved at the inflow boundary side of the
column. At 30 days, both carbonates have been depleted
from the column. With time, the gibbsité dissolution front
moves from the inflow boundary to the outflow boundary of
the column, maintaining the pH at 4.0. By 80 days all the
minerals contained in the conceptual model have dissolved,
which is inconsistent with laboratory observations. That is,
the measured effluent water pH shows that a buffering
phase is still present in the colimn (Figute 1). ;

[33] The most significant discrepancy between sifiulated
and ‘measured parameters was observed for Fe and Mg
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Figure 3. Step 1. Spatial distribution of mineral abun-
dance, expressed as volume fractions, in the column at four
snapshots in time: 5, 30, 60, and 80 days.

concentrations (Figure 2). The results of this simulation for
Fe concentrations were inconsistent with laboratory mea-
surements, which show very low initial concentrations in
the column effluent water. The concentrations of Mg
increased upon the initiation of the experiment, as observed
mtheeﬁlu-twnterofdlecohnnnacpexmem.'lhedls-
crepancies between cumulative amounts of simulated and
meamredFeandMgconcentmuomcleaﬂyshowedthat

W11202 JURJOVEC ET AL.: MODELING OF ACID NEUTRALIZATION REACTIONS W11202
0.15 3 days = there must be an additional important source for these two
P siderfio elements in the tailings in addition to ankerite-dolomite and
0.2} e amicositR-dlolOMite siderite. The simulated Eh values are 400 mV too low
[ : e ggibbislto during the first 30 days, suggesting some ferric iron may
o 008 . T apaim have been présent in the column effluent water. ‘After
r L 60 days, the predicted Eh is too high, which is not
0.06 surprising due to the large amount of Fe not accounted
] . _ for in the predicted effluent water composition (Figure 2).
0.03 S A [34] The simulation based on this conceptual model over-
- R A _______| predicts the magnitude of Al concentrations in the effluent
0 0.05 0.075 0.1 water between 30 and 75 days. In addition, observed
distance [m] changes in Al concentrations are not as abrupt as predicted
0.15 , by reactive transport modeling. The simulated Al concen-
) 30daye tranons are derived from dissolution of gibbsite. The
012} —— ghbsite between the sharp increase in simulated con-
[ TTTTTT apum centrations, and the gradual increase in modeled concen-
.— 0091 trations suggests Al concentrations may not be controlled by
-.é-_ [ ‘ gibbsite dissolution alone. Furthermore, a source of Al must
0.08 - have been present upon termination of the experiment, as Al
i concentrations in the column effluent watér were measuf-
0.03 |- able until the very end of the column experiment.
[ { 1 [3s] The magnmdemand changes in SO4 and Ca concen-
0 - .Y - trations were P well by the model (Figure 4). The
0 0.025 asé’.'.';i [m] 0'975 01 changes in Ca and SO, concentrations at 75 days cofre-
0.15 spond to depletion of gypsum at the outflow boundary of
e ! the column, thereby suggesting that Ca and SO, concen-
o.1z2f 60 days trations were controlled by equilibrium with respect to
R S — “bm"”lb gypsum. This observation is consistent with the results of
. 009 [ the aqueous geochemical modeling using MINTEQA2.
= | 42. Second Conceptual Model
0.06 [36] In the previous step, examination of plots generated
003l using the equilibrium approach shows that the changes in
i measuredpa:ametmweremoregmdualthanpredxctedby
ok- . the simulation. This observation suggests that reactions
0 0.025 0.05 controlling the major ion chemistry and pH in the effluent
: distance [m] water were kinetically limited. Therefore the dissolution of
C 018 ——— ankerite-dolomite and siderite were considered kinetically
[ 80 days controlled processes in the second step.
012} e [37] An additional objective of the second step was to
1 determine the missing source of Fe and Mg concentrations
—_ 009} in the column effluent water. The examination of fresh Kidd
- [ Creck tailings mineralogy shows that the only substantial
0.06 source of Mg and Fe besides the carbonates is chlorite
N (Table 3). Chlorite is also among the most rapidly dissolv-
0.03} ing of the aluminosilicates minerals present in the Kidd
5 . . } Creek tailings. To determine if chlorite was substantially
og 0.025 0 .05 — 0075 0.1 depleted during the experiment, samples of fresh tailings,
distance {m] andsamplesoflenchedsohds,collecwdattheendofﬁle

experiment, were examined to determine the changes in
mineralogy. The column solids were divided in three
sections from bottom to top. The comparison of peak
heights of the unadjusted X-ray diffraction patterns indi-
cates that the amount of chlorite in the tailings during the
course of the experiment decreased by 60 wt.% in compar-
lsontoﬂxeammnnofchlomemﬁ'eshl(ldd&wklaﬂmgs,
used in the experiment (Jambor, personal communication,
2000). Therefore kinetically limited chlorite dissolution was
included in the conceptual model at the Second step.
Gibbsite was remioved from the conceptual model, as it
has not been observed during the mineralogical study of the
Kidd Creek tailings. Although the dissolution of gibbsite
has been inferred on the basis of geochemical modeling

7 0f 17




o 4l0 150 ) 160

0 ) 30 120 760
time [days]

Figared, Step 1;: Comparison of gypsum abundance at the
exit boundary of the column as a function of time with Ca
and SO, concentrations in the effluent water.

studies, its presence has not been confirmed at other tailings
impoundments. Furthermore, the results of the reactive
transport modeling, using the first conceptual mode}, sug-
gest that 6 wt.% of gibbsite would be required to adequately
explain the second pH platean. It is likely that such an
amount of the fhineral would have been detected during the
mineralogical study.

[38] In addition, a very small amount of ferrihydrite was
included in the concéptial model to determine if dissolution
of ferrihydrite would better explain the redox potential in
the effluent water. Ferrihydrite was not observed in fresh
Kidd Creek tailings (Table 3). However, ferrihydrite com-
monly occurs in tailings impoundments, and has been
detected in samples of weathered tailings from the Kidd
Creek site [4], 1996). Because fefrihiydrite was not reported
for the Kidd Creek tailings, the amount was estimated. The
revised conceptual model is summarized in Table 4. The
-number of pH-plateaus predicted by the model is consistent
with observations during the experiment (Figure 5). How-
ever, the magnitude of the second plateau in the predicted
pH is higher than observed in the experiment. This discrep-

JURJOVEC ET AL.: MODELING OF ACID NEUTRALIZATION REACTIONS

W11202

ancy suggests that siderite does not control the pH at the
second plateau.

[35] The inclusion of chlorite into the conceptual model
wasabletoprovuieFe,Mg,andAlmthelatersmgesofﬁle
experiment (Flgure 6). However, there is a much larger
discrepancy in predicted and measured pH on the basis of
this conceptual model than in step one (Figure 1). The results
of the modeling show that the larger amount of Fe, present in
the conceptual model at the second step derived from
chlorite dissolution, resulted in precipitation of a large mass
of siderite. Therefore the predicted pH. of the effluent water
remains at 4.5 until 80 days. It is unlikely that the pH of the
effluent water would have been controlled by siderite durmg
the first 80 days of the experiment due to discrepancies in the
shapes of the simulated alkalinity curve, and measured
alkalinity. The depletion of siderite from the coluinn corre-

sponds to the beginning of the decrease in the chlorite

content at the outflow boundary of the column. The simu-
lation predicts that, during the first 80 days of the experi-
ment, roughly 60 wt% of chlorite has been removed from the
column; while at the end of the acpenment at 150 days
roughly 50 wt% of chlorite remains in the column (Figure 7).
This prediction is in reasonable agreement with the obser-
vations reported by Jambor (personal communication,
2000). On the basis of unadjusted XRD patterns for the
leached tailings, collected after the experiment, Jambor
concluded that 40% chlorite remained in the leached tailings.
[40] Kinetically limited digsolution of chilorite also pro-
vides a better prediction of Al concentrations in the effluent
water (Figure 6). Changes in predicted Al concentrations are
more gradual in comparison to step 1, which is more
consistent with Al concentrations measmed experirentally.
In addition, the magnitude of predicted Al concentrations is

pHE
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..'l" .at

(I 1 — =
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0.06 |

0.03

0 30 80 120 160
time [days]

Figure S. Step2 Comparison of pH and abundance of
minerals, expressed as volume fractions, at the outflow
boundary of the column as a function of time.
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Figure 6. Step 2: Compatison of simiulated and measured concentrations of major ions, pH, and Eh in

the column effluent as a function of time.

in better agreement with those observed in the: laboratory.
The largest discrepancy between measured and predicted Al
concentrations occurs during the ﬁrst 30 days of the
€xperiment,

[41] Theﬁxstchangem!:‘.hcompondstotheﬁrstchange
in pH where the concentration of Fe(III) increases substan-
tially due to the dissolution of ferrihydrite (Figure 8). In
compatison to step 1, the simulation results for Ca and SO,
fit the data equally well.

43. Third Concéptual Model

{42] -In the second step, gibbsite was removed from the
conceptual model because it was not reported in miineral-

ogical analyses of fresh Kidd Creek ta:lmgs sample

- (Table 3). However, the sinmlated pH curve in the second

swpdenatesmoreﬁomthemeasuredp}lo\uvethanmme
first step. That.is, the simulation does not predict a pH
platean at a value of 4.0, which was very. long and distinct in
the laboratory measurements. Furthermore, a plateau of pH
at a value of 4.0 has been observed at a number of field
sites, for example, at Heath Stecle, New Brunswick [Blowes
et al., 1991], and at the Nickel Rim tailings impoundment
[Johnson et al., 2000). Aqueous geochemical modeling of
water effluent samples using MINTEQA?2 suggests equilib-
rium with respect to gibbsite at the second pH plateau. This
observation is consistent with the conceptual acid neutral-
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0.16 JUPETIhhi Figure 8. Step 2: Comparison of Eh and abundance of
o.12f Ptids ferrihiydrite at the outflow boundary of the column.
" eodays |
o 0091 LT T cdute ization model [Blowes and Ptacek, 1994; Morin et al.,
® o.08f - gypsiim 1988]. According to the conceptual model, gibbsite precip-
E e itates from the tailings pore water due to high Al concen-
003be” .|  trations, which are derived from aluminosilicate dissolution.
F __»*“==1  In the case of Kidd Creek tailings, most Al is derived from
0 " - L ul - chlorite due to its abundance and rapid rate of dissolution.
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Figure 7. Step 2: Spatial distribution of mineral abun-
dance, expressed as volume fractions, in the column at five
snapshots in time: 5, 30, 60, 80, and 150 days.

Figure 9. Step-3: Comparison of pH and abundance of
minerals, expressed as volume fractions, at the outflow
boundary of the column as a function of time.
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Figure 10. Step 3: Comparison of simulated and measured concentrations of major ions, pH, and Eh in

the column effluent as a function of time.

Therefore gibbsite was reintroduced to the conceptual
model used in the third step (Table 4). The results of the
slmulanonarepresentedmﬁgmes9 10, 11, and 12.

[43] The predicted pH curve, on the bws of the third
conoepmalnmdeLlsmbeneragteementmthﬂxemeas\ned
pH curve than in steps one and two (Figure 9). The
magnitude of the first and third predicted pH plateaus
correspond well to observed data, and the changes in pH
are more gradual than in stép 1, as observed in the
laboratoryexpeummt.Howeva',apleawauaM.Slssﬁl]
present, which was not observed in the laboratory colummn
expment.'lhem&ammanonofFlgure9wvealsthatthepH
at the plateau of 4.5 is controlled by siderite dissolution.

This observation suggests that siderite precipitation and
dissolution may not have been a major control on pore
water pH in the laboratory experiment. This observation is
sapported by the discrepancy in predicted and measured
Fe concentrations at the beginning of the experiment
(Figure 10), where the predicted concentrations of Fe are
very low due to siderite precipitation in the column.

[44] ’l‘hegmhmlchangesmpl-lmawompmedbya
gradual depletion of buffering minerals in the column
(anme9).'l‘hesnmﬂahonres\ﬂtssuggatﬂ1uammor
amount of ankerite-dolomite is still present at the outflow
boundary of the column when pH decreases from 5.7 to 4.5.
Similarly, a siall amoiint of siderite is present at the end of

11 of 17




W11202 JURJOVEC ET AL.: MODELING OF ACID NEUTRALIZATION REACTIONS wi1202
0.15 [ omemm T R the column when pH changes from 4.5 to 4.0. This
012k prediction is consistent with field observations of Johnson

- 5 days et al. [2000] at the Nickel Rim mine tailings impoundment,

0.09f <~ siderie who found that the carbonate contefit in the tailings

= S anario-doloms decreased in solid samples by an order of magnitude where

® 006F ——e—e gibsne the pore water pH decreased below 4.5. The predicted

S mm— gypsum change in carbonate content (Figure 9) using MIN3P is

003} T ——— not as abrupt as the observation of Joknson et al. [2000] in

[ i 2o —~rszpee—m=——]  the field. The discrepancy can be attributed to the differ-

0 x i—l=z=m=l  ences in the flow rate in the laboratory column experiment

0 0025 ssmoapmy O 91 nd flow rates observed in the field. The flow rate in the

0.15 . e . laboratory experiment was one order of magnitude faster
T T T e T than the average flow rate observed in the field settings.

o12f e [+s] Addition of gibbsite to the conceptual model as a

- Lo 30 days secondary mineral, which can precipitate during the exper-

— 009} - =====~ chiorle iment, significantly improved the prediction of Al concen-

R T ::::% trations in the effluent water (Figure 10). The shape of the

® 008} ) predicted alkalinity curve is similar to the shape of alkalinity

[ based on the first.conceptual model. That is, the shape of the

0.03} ieccesaaz==]  alkalinity curve is still inconsistent with laboratory measure-

[ g i ments. Furthermore, the shapes of predicted Fe and Mg

05— YT Y o7 %4 concentritions at the beginning of the experiment are still

o distance{m] inconsistent with those observed in the laboratory, The

0.16 initial predicted Fe concentrations are 0.6 mol1 too low,

e JPCTTahih and are followed by over predicted Fe concentrations. On

o.12f I de the contrary, predicted Mg concentrations at the beginning

s of the experiment are too high. Predicted Eh, on the basis of

— 000} e S0 e the third conceptual model, is in much better agreement

o= [ -~ gibbsite with the laboratory measurements of Eh than in step one

®o08f - 0 gypoum and two (Figure 12). Ca and SO, again remain unaffected
[ 7 by the revised conceptual model and correspond relatively
0.03p" - well to the observed data.
[ _,_f:m {45] The examination of Figure 11 shows that the amount
0 0,025 0.05 0078 o1 of precipitated gibbsite is very small. In addition, the
0.15 —= £00
oazf B o 600
glbbsite S
- 000} o SE" 400
® 0.8} P & 200 |
008F .~ 0
2 ) /
% 0.025 0.05 0.075 91 200 760
distance [m]
0.15 = - 0.0001
150 days Lo
0.12f --ce-- chiorite oLt 8E-05
— 009} B —6E-05
® .08} % 4g-05
0.03 Jiel 2E-05F
°0 0025 005 = 0076 0.1 80 120 160
distance [m] . time [days]

' Flgure 11. Step 3: Spatial disttibution of mineral abun-
dance, expressed as volume fractions, in the column at five
snapshots in time: 5, 30, 60, 80, and 150 days.

Figure 12, Step 3: Comparison of Eh and abundance of
ferrihydrite, expressed as volume fractions, at the outflow
boundary of the column.
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0.08 gl I e ,
ok ) -~ 0.03} _ .
0 40 80 120 160 ! T e
timo [days] % 0025 0.5 0.075 0.1
Figure 13. Step 4: Comparison of pH and abundance of nce m]
minerals, expressed as volime fractions, at the outflow 0.15 PPPT L ik
boundary of the column as a function of time. 042 e
location of precipitated gibbsite moves quickly through the -~ 0.08} L ~===== chiorite
column, This result suggests that the identification ofan Al 'g. | o e
secondary phase would be difficult. oo -7
44. Fourth Conceptual Model oosb””
[+7] The focus of the fourth step was to construct a [ ey
model, which would correctly predict the observed pH. In 0 . e —
step three, it was shown that the pH of the plateau at 4538 0025 @t OTC o4
controlled by siderite. Therefore no siderite was allowed to o
precipitate in the fourth step. This assumption is reasonable 0.16
considering the relatively fast flow rate in the columm in o2k 80 days Lo
comparison to field situations, The assumption of inhibited “1&[  =o-=-- chioie JPTids
. siderite precipitation is in agreement with observations of .07 JPiad
Greenberg and Thomson [1992), who determined in their T ™ JPLae
experiments that the rate of siderite precipitation is 100 times & g oel el
slower than for any other 2:2 sparingly soluble salt. The T e
conceptual model, used in the fourth step, is summarized in o.osk Lo
Table 4. “t,e”
[4s] Kinetically limited dissolution of primary ankerite- 0 S . P
dolomite, siderite, chlorite and secondary gibbsite precipita- ° 0025  tonce ] 0.075 01
tion and redissolution provides favorable agreement with
measured pH (Figure 13). The results of the reactive trans- 8181 —
port modeling indicate that ankerite-dolomite is depleted 150 days ‘ Lo :
roughly ten dsys earlier than siderite, which is consistent 0.12F ------ chiote JPtiaas :
with the gradual decrease in measured and predicted pH . I
(Figure 13). Modeling results suggest that the presence 2 09T
of minor amounts of siderite at the end of the colun o _ | T
after 40 days of the experiment may be the reason for the o.061 I
‘ , o ' 0.08 | e
Figure 14. Step 4: Spatial distribution of mineral k==t . .
abundance in the columm at five snapshots in time: 5, 30, 0 0.025 0.05 0075 0.1
60, 80, and 150 days. The abundance of minerals is distance [m] .
expressed in volume fraction. i
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Figure 15. Step 4: Comparison of simulated and measured concentrations of major ions, pH, and Eh in

the column effluent as a function of time.

slight inclination of the second pH plateau (Figure 13).
Because siderite was not allowed to precipitate in this step,
the depletion of ankerite-dolomite was slower than in the
third step (Figures 14 and 11), which maintains the pH at
5.7 for a longer time. The depletion of gibbsite from the
column after 80 days comesponds to the second decrease
in pH and roughly 60% depletion of chlorite from the
column (Figure 13).

[+s] The predicted shape of the alkalinity curve is very
similar to the laboratory measurements (Figure 15).
Howeéver, the magnitude of predicted alkalinity is three
times higher than the measured alkalinity in the effluent
water. This prediction could potenually be explained by

laboratory observations, where a substantial amount of gas
was observed to pass through the sampling cell as long as
pH remained. 5.7. No gas formed at later stages of the

experiment. The CO, degassing was not modeled, as there

are no laboratory data of the pressure distribution in the
column or the hydraulic conductivity:

[so] The simulated Mg and Fe concentrations are in better
agteementvnﬁxﬂmsemeasuredmthelaboratorythanmthe
third step in which siderite was allowed to precipitate. In
addition, the magnitude of the abrupt increase in SO4
concentrations at the beginning of the experiment is in
better agreement with the laboratory observations as well
as the match for Ca (Figures 10 and 15). Better agreement
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of predicted and ineasumd pH, also enabled better predic-
tion of Eh values in the efftuent water (Figure 16). After
80porevolumestbesnnulatedEhdoesnotmatchthe
laboratory data as well in the first part of the experiment.
The discrepancy is likely due to an unrepresented source of
fetric iron in the simulations. Minor amounts of ferric iron
could be coming from chlorite, or from the dissolution of
pyrrhotite.

[s1] The predicted Al concentrations are unchanged from
the third step. The predicted concentrations of Al start to
deviate from those measured in the effluent water at about
80 days (Figure 15). At the same time, pH predicted by
MIN3P is slightly too high. At this time, the most rapidly
dissolving mineral in the column is chlorite, which controls
the pH of the effluent water (Figure 13). The deviation of
simulated from measured Al concentrations is consistent
with slightly lugher predicted concentrations of Fe and Mg
than observed in the laboratory. The results indicate, that the
simulation predicts dissolution of chlorite at low pH earlier
than observed in the laboratory.

[s2] The concentrations of Al, Fe and Mg, as well as pH
smrttodevmteatSOdays,whenpxedmcwdelsz The rate
expression for chlorite was only tested for pH values
above 3. Therefore the discrepancies in concentrations of
components derived from chlorite may be due to an incor-
rect rate expression for pH values less than 2.

5. Summary and Conclusions

[s3] This study presents an attempt in modelmg pH
changes due to acid neutralization reactions in a mine
tailings environment for which a large database exists.
The simulations were constrained by the amounts of min-
erals that were determined by an independent mineralogical
stidy. A ‘conceptual model that adequately predicts the
nmsmdpﬂmﬂleeolumneﬁluentwaterconsxstedof

- dissolution reactions including ankerite-dolomite, siderite

and chlorite in conjunction with the precipitation and
redissolution of secondary gibbsite. The results of the
reactive transport modeling reprodice the dissolution of

‘ﬂlecarbonateschmngthcﬁrst%porevolum&eofthe

experiment. The observed amount of chlorite dissolved
dunngtheacpenmmtmmreasonableagreementw:ﬂ:me
modeling results. The simulated concentrations of Ca, SO4,
Fe, Mg and Al are also in good agreement with the
measured concenfrations. Modeling results suggest that
dissolution and precipitation of gypsum control the concen-
trations of Ca and SO, in the column effluent water, while
the inferred dissolution of a small amount of ferrihydrite
in addition to other Fe-bearmg phases, namely ankerite-
dolomite, siderite and 'chlorite, can explain the redox
poteritial of the effluent water. The final simulation based
on the fourth coriceptial model suggests that substantial
amounts of siderite did not precipitate in the. column
expmmmt.'l‘hlsmodehngmultsuggestsﬂmtthemdente
solubility product limited Fe concentrations through disso-
lution only. The kinetically limited dissolution of chlorite
appears to contribute the largest mass of Mg and Fe (II) to
the effluent water, followed by ankerite-dolomite, which
contributes substantisfly less.

[s¢] The modeling results suggest that numerical sinm-
lations can be in good agreement with observations from
the laboratory, when parameters and sufficient information

Eh[mV]

0.0001
8E-05 |
~BE-05|
PN
® 4605

2E-05F

0 20 80 120 160
time [days]
Figure 16. Step 4: Comparison of Eh and abundance of

ferrihydrite, expressed as volume fracnons, at the outflow
boundary of the column.

about the system are available. The agreement between
simulated and measured concentrations, in addition to the
consistency of the amounts of minerals used in the
simulations with those observed in mineralogical analy-
ses, is encouraging; especially considering that the model

.does not support mcongment dissolution nor has the

chlorite rate expression been tested for solutions with
pH below 3.0. Therefore the simulated reaction rates

occurrmgatlewstlmn30maynotreﬂectﬂ1ereacﬂon -

rates occurring in the laboratory column experiment. In
addition, the chlorite rate expression was not tested for
high SO, content, which might affect the rate of release
of Al On the basis of observations of enhanced release
of Al from gibbsite, 1thasbeenspeculatedthatprec1p—
itation-dissolution reaction rates of minerals containing Al
may be more rapid in solutions containing SO, [Ridley et
al., 1997).

[ss] The differencés between the simulation results
based on the second and third conceptual model illustrate
that it is likely that pH at the second pH plateau and Al
concentrations in the effluent water are controlled by a
secondary Al phase, possibly gibbsite or another Al phase
with a solubility similar to gibbsite. Our results are
consistent with observations at many tailings impound-
ments [Blowes, 1990; Dubrovsky et al., 1985; Johnson et
al., 2000; Morin et al., 1988] where equilibrium with
respect to gibbsite has been suggested based on geochem-
ical equilibrium calculations. Furthermore, chemical anal-
yses of weathered tailings from the oxidized zone of
tailings impoundments show accumulation of Al [Blowes,
1990; Johnson, 1993), although the secondary aluminum
phasehasnotyetbeenldennﬁedbymmemloglcalanal

yses. The results of these simulations suggest that a.

secondary Al phase occurs in very small quantities over
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a namrow time imterval, which makes the search for the
phase even more difficult. The search for the secondary
Al phase, controlling Al concentrations in weathering
environments is not restricted to mine tailings. In soil
science, the present-day view on the predominant second-
ary mineral phase acting as Al solubility control has been
divided between proponents of Al in equilibrium with
(1) gibbsite, (2) a metastable aluniinum phase and (3) a
mixed phase of fast-reacting aluminum hydroxide and
aluminosilicate [Ducet et al, 2001]. Possible dissolu-
tion/precipitation reactions of the metastable aluminum
phase and the mixed phase of fast-reacting aluminum
hydroxide and aluminosilicate have not been simulated in
this study due to lack of thermodynamic data and because
ﬂxerexsnoewdenceofﬁleformanonoftlmephasam
mine tailings environiment. More reséarch is needed to
resolve the question of Al control in tailings pore water
and buffering of tailings pore water pH to 4.0.
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