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Foreword

Predictive geochemical computer modelling is becoming increasingly important for
investigating many different scenarios relatively rapidly. Although such models are capable of
modelling rate-controlled dissolution and precipitation, there is no standard database of
kinetic functions. As a consequence, it is sometimes difficult to locate sources of information
to aid modelling.

The aim of this report is to facilitate predictive modelling exercises by providing information
on literature sources of mainly mineral reaction rate data. This has been done in the form of a
searchable EndNote electronic database.
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Summary

The rate and magnitude of geochemical reactions can be described by two main processes;
thermodynamics which determines the end point of reaction (i.e. approach to equilibrium
conditions), and kinetics which determines how rapidly the reaction proceeds. There have
been many studies that have investigated equilibrium conditions and have generated a wealth
of data. However, for many systems the rate at which the end point of the reaction is reached
is of equal, and possibly greater importance (e.g. the behaviour of waste products stored
within the geosphere or during weathering).

Predictive geochemical computer modelling is becoming increasingly important for
investigating many different scenarios relatively rapidly. Although such models are capable of
modelling rate-controlled dissolution and precipitation, there is no standard database of
kinetic functions. As a consequence, it is sometimes difficult to locate sources of information
to aid modelling.

The overall aim of this report, is to provide information on literature sources of mainly
mineral reaction rate data. It is hoped that this will facilitate predictive modelling exercises, or
laboratory experimental studies addressing gaps in data coverage. Information on the sources
of literature information has been produced in the form of an EndNote electronic database
(see Appendix I). This study does not however, go as far as extracting and tabulating all the
individual data points within these references.
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1 Introduction

All chemical reactions proceed in a way that minimises the free energy of the system
involved. In other words, reactions will proceed towards chemical equilibrium. The
underlying chemistry and physics of such reactions are equally applicable to geochemistry as
to industrial chemical processing, and it is possible to use models based upon classical
chemistry to describe geochemical reactions, provided that the appropriate basic data are
available. The rate and magnitude of chemical reactions can be described by two main
processes: thermodynamics which determines the end point of reaction (i.e. approach to
equilibrium conditions), and kinetics which determines how rapidly the reaction proceeds.

There have been many studies that have investigated equilibrium conditions and have
generated a wealth of data. These data have been assimilated and compiled into a variety of
thermodynamic (equilibrium) databases. These databases can be used with various predictive
modelling packages to describe the end points of reactions for given pressure and temperature
conditions (e.g. EQ3/6 [Wolery 1992], PHREEQE [Parkhurst et al., 1980], PHREEQC
[Parkhurst 1985] and PRECIP [Noy 1998]). However, for many chemical systems the rate at
which the end point of the reaction is reached is of equal, and possibly greater importance.
Understanding the rate at which reactions occur is a key factor in many industrial and natural
processes, and once again, chemical theory can provide a basic understanding for this process.
It is possible to take this basis and build upon it for use in predictive geochemical models
such as those mentioned above, where the issue of timescale is important.

For certain geological systems the assumption of equilibrium conditions is often a valid first
approximation. However, many geological processes involve mass transport, and as a
consequence dissolution and precipitation processes must have been active. Both of these
processes necessitate non-equilibrium conditions and illustrate their importance in natural
reactions in the geosphere. For example, weathering often involves the breakdown and
dissolution of minerals formed under relatively dry conditions at high temperatures (e.g.
feldspars in a granite), and their replacement by minerals that form under wet, low
temperature conditions (e.g. clays).

Anthropogenic influences often involve the virtually instantaneous (relative to geological
processes) formation of non-equilibrium chemical systems. Examples could include all forms
of waste disposal (e.g. landfill, CO; injection, nuclear, fly ash), mining operations (e.g.
ingress of oxygen into sulphide-rich mine working, leaching of spoil heaps), construction
projects (e.g. concrete foundations, building stones), hydrocarbon extraction (e.g. improved
oil recovery by seawater or gas injection, steam flooding, caustic flooding). Such systems
result in very great chemical disequilibrium and the rapid initiation of chemical reactions.
That such reactions do not occur instantaneously highlights the importance of reaction
kinetics upon the systems. For example, mining operations can be a source of pollution for
tens or hundreds of years until much of the accessible sulphide ore has been oxidised and
heavy metals leached away. Similarly, concrete foundations of buildings do not give way
immediately, but over tens of years might undergo sulphate attack leading to structural
collapse.

The overall progression of reactions such as those highlighted above is most likely to be
controlled by the rates at which particular minerals dissolve or precipitate. Investigation of
these dissolution/precipitation reactions can thus provide data for inclusion into predictive
models that simulate extended timescales. Unfortunately, precipitation reactions are less well



understood compared to dissolution reactions. This may arise because the necessary
experiments are more complex than for dissolution experiments. As a consequence of the
limited kinetic data available, most relates to dissolution kinetics alone. However, these
dissolution reactions can still be very important when considering the release of pollutants or
as rate limiting steps in a series of interconnected reactions.

The dissolution rate of a particular mineral will be a function of its atomic structure (i.e. the
strength of the bonds that need to be broken) and the particular reaction mechanism. As a
consequence, for any given surface area, each mineral will have a maximum (limiting)
dissolution rate which can be investigated under ‘far from equilibrium’ conditions. Study of
such reactions can thus give a maximum (i.e. best/worst possible case) rate of reaction that
can be used in modelling studies. However, as equilibrium is approached this rate will
decrease towards zero. Theories capable of handling chemical systems both ‘far from’ and
‘near to’ equilibrium exist, and mathematical, functions to describe these are incorporated into
various geochemical modelling packages. However, experimental data to parameterise these
codes are generally lacking. It is vital therefore, that if accurate predictions are to be made
with geochemical modelling packages kinetic data need to be either sourced or generated, and
then assimilated before they can be readily utilised.

Predictive computer modelling is becoming increasingly important as many different
scenarios can be explored relatively rapidly. However, any model is only as good as its
programme and its database of underlying information. In the field of geochemistry much
thermodynamic (equilibrium) data already exist, and though far from perfect, can be used to
help explain various natural chemical systems. However, many codes based upon
thermodynamic data do not adequately explain systems reacting relatively rapidly as they do
not address the impact of kinetics upon chemical reactions. The term ‘kinetics’ could be
equally applicable to gas-fluid, fluid-fluid, and gas-mineral reactions as well as fluid-mineral
reactions. However, this report will concentrate upon fluid-mineral reactions, and in particular
mineral dissolution kinetics. Mineral dissolution has a strong control on solution chemistry as
it can both supply pollutant ions to solution, or act to control the source of ameliorating ions
to solution.

Some dissolution kinetic data are available, but are limited in extent and not available in any
concise, self-consistent database. Some predictive models do allow the user to input specific
kinetic functions, but unlike thermodynamic data, no database of dissolution kinetic data is
supplied with the code. One drawback to this, is that it is sometimes difficult to locate sources
of information in the literature. The overall aim of this report therefore, is to provide
information on sources of dissolution kinetics data for use by computer modellers. This has
been produced in the form of an EndNote electronic database of sources of literature
information (see Appendix I). This study does not however, go as far as extracting and
tabulating all the individual data points within these references.



2 Some comments on the rates of mineral reactions

Mineral dissolution is influenced by a variety of factors. The most important of these include;
temperature, solution composition (in particular pH), surface area available for dissolution,
and degree of saturation. Other factors that can have an impact include; the presence of
ligands to enhance dissolution by complexing with atoms/molecules at the mineral/solution
interface, the presence of inhibitors that reduce dissolution, and for aluminosilicates the
presence of dissolved Al.

The vast majority of dissolution rate studies are based on laboratory experiments. Of these,
virtually all consider ‘far from equilibrium conditions’ (i.e. the experiments are run in such a
way that the mineral under study dissolves at its maximum rate for the conditions of the
experiment). A small proportion of studies have considered field systems, and even fewer
have considered how dissolution (and precipitation) rate varies with degree of saturation of
the solution.

For many experimental studies, a common approach used to describe reaction rates has been
to use an expression that takes account of the most important factors influencing dissolution.
Other factors affecting dissolution are reported if they can be identified, though there is
usually not enough information to form a specific rate expression. The basic rate expression
chosen (Lasaga, 1984) is commonly of the form:

Rate = k A (A )" (1-Q/K) [1]
Where k = rate constant
A = surface area
(Ap)" = dependence of the dissolution rate upon Ay (i.e. pH)
(1-Q/K) = saturation state of the solution
Q = ion activity product
K = equilibrium constant

Equation [1] can be simplified if solutions are far from equilibrium:

Rate = k A (Qy)" [2]

Both [1] and [2] are relatively simple rate expressions. More complex expressions (for
example that might take account of Al concentration in solution) could be formulated from
dissolution studies having a sufficient number of experimental observations.

The presence of the (1-Q/K) function is to reduce the overall rate value as the solution
approaches equilibrium with the mineral being considered (i.e. when Q/K = 1, the overall rate
drops to zero). It does however, assume an appropriate equilibrium constant is being used.

Surface areas are user specified for the particular system being addressed. It is noteworthy
that when considering real systems, geometric surface areas may greatly underestimate actual
surface areas, as factors such as surface roughness and the presence of open pores are not
considered. Similarly, surface areas can change as reaction progresses, temporarily increasing
if dissolution causes significant surface roughness, or decreasing as mineral grains are
dissolved or get covered with secondary precipitates). The influence of surface area upon
mineral dissolution rate is possibly the largest single source of uncertainty in dissolution
studies. There is currently much debate amongst geoscientists about what measurements of



surface area actually represent, what proportion of the mineral surface is actively reacting, and
how surface area is treated in predictive models.

Derivation of rate constants from laboratory experiments is usually the goal of most studies,
and is also the main focus of this review. These constants are expressed as moles of mineral
dissolved per unit surface area per unit time. Two common ways of expressing rates are used,
mol cm™s™ and mol m™s™". These constants are also often expressed as log|o values, with rate
versus pH plots being essentially a log/log plot. This allows a wide range of values to be
easily contained within a single diagram.

Dissolution rates are also commonly found to vary proportional to H' ion activity. For
example, most minerals have a minimum rate of dissolution under neutral conditions, but this
increases towards the extremes of pH (as an example, see Figure 1). This variation is usually
expressed as a dependence on ()" , where ‘n’ is usually a fractional number. As
dissolution rates generally increase towards the extremes of pH, then the ‘n’ will change sign
depending on the acidity/alkalinity of the solution. Indeed, for near neutral solutions
dissolution rates may be independent of pH, with n = 0. As Ay and Aoy are directly linked
(via the disproportionation of water), it is also viable to use an (GQloy.)" expression provided
that the rate constant is adjusted accordingly.

As an example of how rate constants and dependence on ()" or (Qop.)" are linked,
consider the following. Assume that at a particular temperature, a certain mineral has a log
dissolution rate of -15 mol cm™s™ at pH 11 and -14 mol cm™s™ at pH 13. As a consequence,
‘n’ (effectively the gradient of the line between the points in rate versus pH space) would be
equal to -0.5. An extrapolation of this line to pH 0 gives a log dissolution rate of -20.5 mol
cm™s”, and at pH 14 gives a log dissolution rate of -13.5 mol cm™s™". Thus, -20.5 mol cm™s™
could be used as a rate constant for (Qy)", and -13.5 mol cm™s™ could be used as a rate
constant for (Qop.)". However, it should be noted that dissolution mechanisms may be
different at high pH to those at low pH, and extrapolation of alkaline data to pH = 0 is
‘meaningless’ in terms of reality, but it may be a computational necessity depending on the
type of predictive code used.

In recent years there has been increasing interest in investigating mineral dissolution rates in
‘real’ (i.e. field) situations. A relatively small number of studies have been undertaken and
have mainly been confined to silicate minerals under neutral to slightly acidic conditions (e.g.
biotite [Murphy et al., 1998], quartz [Schulz and White, 1999], basalt [Benedetti et al., 1992],
silicate-rich soil [Drever et al., 1994; Swoboda-Colberg and Drever, 1993], and various other
minerals [Velbel, 1993]). These studies have the advantage of being more ‘realistic’ than
rather idealised laboratory experiments, in that they can incorporate various ‘environmental’
factors such as corroded mineral grains, surface coatings, or partly saturated porewaters. They
are however, more complex to interpret. Although there is much variation in the data,
dissolution rates for silicate minerals derived from field measurements can be up to 4 orders
of magnitude slower than those derived from laboratory measurements.



3 Compilation of an EndNote database of reference
sources

As of March 2005, over 420 individual sources of information have been entered into the
EndNote database. In general terms, references were included if they contained any
information on the rates of mineral reactions, and especially if quantitative data were given.
Primary sources of data and review articles were included. As the authors of this report have
worked in the field of hyperalkaline systems for some years, more data sources relevant to
higher pH conditions may have been included than would have otherwise been the case. This
may be beneficial, in that there is a general bias towards studies at lower pH conditions.

For each reference included in the library, the following details were included:
e Author

Title

Year

Journal: title, volume, issue and page numbers

Keywords

The latter point is a very important part of the database, as the keywords are the primary
method of interrogating the database and focussing in on the most important references of
interest. The key words were split into several different groupings that reflect different aspects
of the studies they cover (most of which are experimental). The titles of these groupings are
not present in the EndNote database itself, but are included below to aid location of a suitable
key word. It worth noting that these keywords have been assembled assuming that the studies
used natural materials and far from equilibrium conditions (unless specified).

Type of study
field study laboratory study
laboratory versus field study modelling study
review study theoretical study

Type of kinetics
crystallisation kinetics depolymerisation kinetics
dissolution kinetics nucleation kinetics
oxidation kinetics precipitation kinetics

reduction kinetics

Experimental/field conditions

acidic low pH

neutral mid pH

alkaline high pH

low temperature elevated temperature
high temperature low pressure
elevated pressure high pressure

near equilibrium oxidising conditions

reducing conditions
Note: 1) For pH, it is assumed that acidic conditions are <5, and alkaline conditions
are >9.



2) For temperature, it is assumed that a ‘low temperature’ is room temperature or
less, elevated temperature (e.g. room temp to 100°C), and a high temperature is

>100°C.

3) For pressure, it is assumed that a ‘low pressure’ is atmospheric pressure, an
‘elevated pressure’ is just a few bars, and a high pressure is > a few bars.
4) *Reducing conditions’ are assumed to include anoxic and anaerobic

conditions.

Type of laboratory experiments
batch experiments
flow experiments
fluidised bed experiments
mixed flow experiments
rotating disc experiments

column experiments
flow-through experiments
free drift experiments
pH-stat experiments

Note:  “Mixed flow experiments’ are essentially the same as those using continuous-flow

stirred tank reactors (CSTR).

Other experimental techniques
AFM
colourimetry
FTIR
ion beam
1sotopes
second harmonic generation
surface titration
X-ray photoelectron spectroscopy
zeta potential

Other experimental parameters
activation energy
chemical affinity
depolymerisation
hydrolysis
1on exchange
leaching
ligands
PZC
saturation state
stirring
surface charge
surface coatings
surface hydration
surface roughness

Mineral group
carbonates
elements
fluorides
gels
micas
phosphates
silicates

atomic force microscopy
depth profiling

infra-red

interferometry

raman

SHG

XPS

X-ray reflectivity

armouring
corrosion
dislocations
inhibition

ionic strength
leached layers
point of zero charge
reaction mechanisms
site potential
surface areas
surface chemistry
surface complexes
surface layers
surface speciation

clays
feldspars
garnets
hydroxides
oxides
pyroxenes
sulphates



sulphides

Minerals and similar

adularia
albite
almandine
analcime
analcite
anorthite
apatite
aragonite
AsS
augite
bauxite
bentonite
birnessite
bytownite

calcium silicate hydrates

cement minerals
chalcopyrite
cinnabar
C0,Si04
cristobalite
diopside
dolomite
epidote
faujasite

Fe oxide

FeS

foshagite
galena
glauconite
gypsum
hematite

HgS
hornblende
hydrogrossular
illite
K-feldspar
kyanite
lepidocrocite
maghematite
magnetite
mercury sulphide
microcline
monazite
montmorillonite
Mn02

Mn oxide
Nepheline
oligoclase

zeolites

akaganeite
Al,O;
aluminia
andalusite
anhydrite
anthophyllite
apophyllite
arsenopyrite
A52 S3
autunite
bayerite
BeO b}

brucite
calcite
celadonite
chalcedony
chlorite
clinoptilolite
corundum
CSH
disthene
enstatite
ettringite
ferrihydrite
F6203
forsterite
Friedel’s salt
gibbsite
goethite
gyrolite
heulandite
hillebrandite
hydrogarnet
hydrotalcite
jadeite
kaolinite
labradorite
leucite
magnesite
marcasite
metacinnabar
moganite
monohydrocalcite
mordemite
MnOOH
MnSiO 3
Ni(OH),
olivine



opal
orthoclase
PbS
phillipsite
plagioclase
prehnite
pyrrhotite
realgar
sanidine
selenite
siderite
silicalite
smectite
sphalerite
Sr-feldspar
stellerite
strontianite
sulphur
titanite
tourmaline
troilite
uranium oxide
uranophane
witherite

zeolite precursors

Zn0O

Rocks and similar

alabaster
basalt
dacite
glass

lava
marble
sandstone
shells

Fluids

acetate
ascorbate
benzoate
citrate
EDTA
fulvic acid
glycine
humic acid
malonate
oxalic acid
organics
phosphoric acid
propionate

orpiment
paragonite
perthite
phlogopite
portlandite
pyrite
quartz
rutile
saponite
sepiolite
silica

Si0,
soddyite
spodumene
staurolite
stilbite
sulfur
tephroite
tobermorite

tricarboaluminate

Uuo,
uranium silicate
willemite
wollastonite
zircon

/nS

borosilicate
ceramic
diorite
granite
limestone
rhyolite
serpentine
soil

acetic acid
ascorbic acid
catechol
CO,

formate
gluconate
lactate

lactic acid
oxalate
organic acids
oxine
phthalate
pyrophosphate



salicylate seawater

silicic acid supercritical water
tracers xylose
Other study information
Al-polymers amorphous
bacteria biogenic
cementation denudation
diagenesis dislocations
environmental conditions impurities
lichen lowland
microbes morphology
plants siderophores
synthetic uncertainty
upland veins
weathering



4 Summary

The rate and magnitude of geochemical reactions can be described by two main processes:
thermodynamics which determines the end point of reaction (i.e. approach to equilibrium
conditions), and kinetics which determines how rapidly the reaction proceeds. There have
been many studies that have investigated equilibrium conditions and have generated a wealth
of data. However, for many systems the rate at which the end point of the reaction is reached
is of equal, and possibly greater importance (e.g. the behaviour of waste products stored
within the geosphere or during weathering).

Predictive geochemical computer modelling is becoming increasingly important for
investigating many different scenarios relatively rapidly. Although such models are capable of
modelling rate-controlled dissolution and precipitation, there is no standard database of
kinetic functions. As a consequence, it is sometimes difficult to locate sources of information
to aid modelling.

The overall aim of this report, has been to provide information on literature sources of mainly
mineral reaction rate data. It is hoped that this will facilitate predictive modelling exercises, or
laboratory experimental studies addressing gaps in data coverage. Information on the sources
of literature information has been produced in the form of an EndNote electronic database.
This study does not however, go as far as extracting and tabulating all the individual data
points within these references.
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Figure 1 Dissolution rate of albite as a function of pH and temperature (based upon data
in Knauss and Wolery [1986]). Note that dissolution rate increases at higher
temperatures and towards the extremes of pH.
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Appendix 1

Listing of information held within the EndNote database
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Reference Type: Journal Article

Record Number: 253

Author: Abraitis, P.K.; Livens, F.R.; Monteith, J.E.; Small, J.S.; Trivedi, D.P.; Vaughan, D.J.; Wogelius, R.A.
Year: 2000

Title: The kinetics and mechanisms of simulated British magnox waste glass dissolution as a function of pH,
silicic acid activity and time in low temperature aqueous systems

Journal: Applied Geochemistry

Volume: 15

Pages: 1399-1416

Keywords: glass, amorphous, dissolution kinetics, silicic acid, radioactive waste, borosilicate, low temperature,
elevated temperature, low pH, mid pH, neutral, high pH, laboratory study, low pressure, batch experiments,
acidic, alkaline

Reference Type: Journal Article

Record Number: 57

Author: Acker, J.G.; Bricker, O.P.

Year: 1992

Title: The influence of pH on biotite dissolution and alteration kinetics at low temperature
Journal: Geochimica et Cosmochimica Acta

Volume: 56

Pages: 3073-3092

Keywords: biotite, dissolution, micas, low temperature

Reference Type: Journal Article

Record Number: 290

Author: Al, T.A.; Martin, C.J.; Blowes, D.W.

Year: 2000

Title: Carbonate-mineral/water interactions in sulphide-rich mine tailings

Journal: Geochimica et Cosmochimica Acta

Volume: 64

Issue: 23

Pages: 3933-3948

Keywords: carbonates, calcite, siderite, dissolution kinetics, precipitation kinetics, field study

Reference Type: Journal Article

Record Number: 441

Author: Aldushin, K.; Jordan, G.; Rammensee, W.; Schmahl, W.W.; Becker, H.W.
Year: 2004

Title: Apophyllite (001) surface alteration in aqueous solutions studied by HAFM
Journal: 68

Volume: 2

Reference Type: Journal Article

Record Number: 112

Author: Alekseyev, V.A.; Medvedeva, L.S.; Prisyagina, N.I.; Meshalkin, S.S.; Balabin, A.I.

Year: 1977

Title: Change in the dissolution rates of alkali feldspars as a result of secondary mineral precipitation and
approach to equilibrium

Journal: Geochimica et Cosmochimica Acta

Volume: 61

Issue: 6

Pages: 1125-1142

Keywords: silicates, feldspars, alkali feldspar, albite, sanidine, dissolution kinetics, analcite, precipitation
kinetics, laboratory study, high temperature, high pressure, high pH, near equilibrium, alkaline
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Reference Type: Conference Proceedings

Record Number: 193

Author: Alekseyev, V.A.; Medvedeva, L.S.; Prisyagina, N.I.; Meshalkin, S.S.; Senin, V.G.; Andrianova, S.I.
Year of Conference: 1995

Title: Kinetics of feldspar dissolution at 300 °C and pH 9

Editor: Kharaka, Y.F.; Chudaev, O.V.

Conference Name: 8th International Symposium on Water-Rock Interaction - WRI-8

Conference Location: Vladivostok, Russia, 15-19 August 1995
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