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[1] Computer simulations predict dawsonite, NaAICO;(OH),,
will provide long-term mineral sequestration of
anthropogenic CO, whereas dawsonite rarely occurs in
nature or in laboratory experiments that emulate a carbon
repository. Resolving this discrepancy is important to
determining the significance of dawsonite mineralization
to the long-term security of geologic carbon sequestration.
This study is an equilibrium-based experimental and
modeling evaluation of underlying causes for inconsistencies
between predicted and observed dawsonite stability. Using
established hydrothermal methods, 0.05 molal NaHCO;
aqueous solution and synthetic dawsonite were reacted for
18.7 days (449.2 hours) at 50°C, 20 MPa. Temperature
was increased to 75°C and the experiment continued for
an additional 12.3 days (295.1 hours). Incongruent
dissolution yielded a dawsonite-gibbsite-nordstrandite
assemblage. Geochemical simulations using Geochemist’s
Workbench and the resident database thermo.com.V8.R6"
incorrectly predicted a dawsonite-diaspore assemblage and
underestimated dissolved aluminum by roughly 100 times.
Higher aqueous aluminum concentrations in the experiment
suggest that dawsonite or diaspore is less stable than
predicted. Simulations employing an alternate database,
thermo.dat, correctly predict dawsonite and dawsonite-
gibbsite assemblages at 50 and 75°C, respectively, although
dissolved aluminum concentrations are still two to three
times lower than experimentally measured values.
Correctly reproducing dawsonite solubility in standard
geochemical simulations requires an as yet undeveloped
internally consistent thermodynamic database among
dawsonite, gibbsite, boehmite, diaspore, aqueous aluminum
complexes and other Al-phases such as albite and kaolinite.
These discrepancies question the ability of performance
assessment models to correctly predict dawsonite
mineralization in a sequestration site. Citation: Kaszuba, J. P.,
H.S. Viswanathan, and J. W. Carey (2011), Relative stability and sig-
nificance of dawsonite and aluminum minerals in geologic carbon
sequestration, Geophys. Res. Lett., 38, L08404, doi:10.1029/
2011GL046845.

1. Introduction

[2] Storage of anthropogenic CO, in saline aquifers,
depleted oil and gas reservoirs, and unmineable coal seams

"Department of Geology and Geophysics and School of Energy
Resources, University of Wyoming, Laramie, Wyoming, USA.

2Earth and Environmental Sciences Division, Los Alamos National
Laboratory, Los Alamos, New Mexico, USA.

Copyright 2011 by the American Geophysical Union.
0094-8276/11/2011GL046845

L08404

is one of several strategies targeting the problem of global
climate change. The paradigm of CO, storage revolves
around an idealized progression wherein geochemical trap-
ping mechanisms follow physical trapping [Benson and
Cook, 2005]. Geochemical mechanisms for CO, trapping
(solubility, ionic, and mineral trapping) possess greater
long-term stability than physical trapping mechanisms
(structural, stratigraphic, capillary, and hydrodynamic trap-
ping) because CO, no longer exists as a separate mobile phase
within the fluid-rock system. Of these trapping mechanisms,
mineral trapping is considered the most secure mechanism
for carbon storage in geologic systems because of the rela-
tive permanence of minerals. However, mineral trapping
occurs at reaction rates on the scale of thousands of years or
longer. These rates are the slowest of any of the trapping
mechanisms, placing mineral trapping last in the progres-
sion. The ultimate fate of CO, hinges on the significance of
mineral trapping (thousands of years and longer), yet the
science of CO, sequestration cannot yet predict with any
certainty which mineral traps will form.

[3] Dawsonite, NaAICO3(OH),, is considered a promis-
ing phase for long-term mineral sequestration of CO,. It
could form from common aluminosilicates (alkali feldspar,
muscovite, and kaolinite) and Na-bearing brines that do not
precipitate typical Ca-, Mg-, and Fe-bearing carbonate
minerals, potentially increasing the total mass of carbonate
minerals and consequently the storage capacity of a carbon
repository. Although modeling studies predict dawsonite
formation in carbon repositories [Johnson et al., 2001; Xu
et al., 2004; Knauss et al., 2005; Zerai et al., 2006; Xu et al.,
2007] and in enhanced oil recovery projects using CO,
[Cantucci et al., 2009], dawsonite rarely occurs in natural
CO, fields [Pearce et al., 1996; Klusman, 2003; Wilkinson
et al., 2009] and does not appear in laboratory experi-
ments emulating conditions in a carbon repository [Pearce
et al., 1996; Kaszuba et al., 2003, 2005; Newell et al.,
2008; Hangx and Spiers, 2009]. This discrepancy fuels
debate regarding the importance of dawsonite to carbon
capture and storage [Hellevang et al., 2005; Bénézeth et al.,
2007; Wilkinson et al., 2009; Hellevang et al., 2010].
Resolving this discrepancy is important to determining the
significance of dawsonite mineralization to the long-term
security of geologic carbon sequestration. For example,
mineralization calculations based on geochemical simula-
tions are a crucial component of performance/risk assess-
ment models that evaluate the long term fate of CO,
[Viswanathan et al., 2008].

[4] The purpose of this paper is to begin to evaluate the
underlying causes for inconsistencies between predicted and
observed dawsonite stability. We use the controlled condi-
tions of a geochemical laboratory experiment to evaluate
dawsonite stability and reactivity. We compare these
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Table 1. Water Chemistry as a Function of Time in Dawsonite-Fluid Experiment, 50 and 75°C, 20 MPa

Total

Elapsed P Total Na® Total C° Bench  In-Situ

Time (h) (MPa) T (°C) AP M) (mM) (asmM CO,)  pH® pH® Comment
— 0.1 25 0 50 50 — — solution as synthesized"
0.0 0.1 25 0.185 51 47.7 8.89 — analysis of starting solution
257.8 19.6 50 27.80 51 49.9 8.54 8.42
348.7 20.2 50 28.24 51 49.0 8.54 8.42
449.2 19.8 50 19.52 51 49.7 8.56 8.44
55.9 19.2 75 88.51 51 50.6 8.57 8.41
149.7 20.2 75 62.98 52 53.2 8.55 8.39
295.1 20.2 75 59.30 50 NA® NA NA filtered with 0.45 pm filter
295.1 20.2 75 63.94 52 NA 8.48 8.33
297.3 0.1 24 56.52 49 NA NA NA quench sample, filtered with 0.45 um filter
297.3 0.1 24 99.30 50 NA 8.58 — quench sample, unfiltered
297.3 0.1 24 68.16 50 NA NA NA quench sample, residual fluid in reaction cell
maximum 20 uncertaintyh — — 2% 2.6% 5% 0.1 0.1

?Aqueous aluminum determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES).

®Aqueous sodium determined by ICP mass spectroscopy (ICP-MS).

“Inorganic carbon (as CO,) determined by coulometric titration [Huffinann, 1977].

9The pH measured in sample cooled to 25°C as determined by a Ross microelectrode.

“In-situ pH calculated using Geochemist’s Workbench 8.0.8 [Bethke and Yeakel, 2009], the thermodynamic dataset thermo.dat, and the b-dot ion
association model. Chemical analysis and bench pH at 25°C are used as input data, then temperature is increased to 50 or 75°C as appropriate.

fSolution used in experiment, synthesized as 0.05 M NaHCO;.
ENA, not analyzed.

"Uncertainty as reported by analytical method. Higher analytical (20) uncertainties exist for Al in starting solution (12.0%), Al in sample collected at

449.2 hours (10.2%), and Na in sample collected at 348.7 hours (4.8%).

experimental results, and published results for dawsonite
solubility, against predictions for dawsonite mineralization
produced by an off-the-shelf geochemical code of a type
routinely used for modeling carbon sequestration scenarios.
From this analysis we demonstrate how geochemical
simulations of dawsonite mineralization in a carbon reposi-
tory may go astray.

2. Reactivity of Dawsonite

[5] A mono-mineralic hydrothermal experiment was
performed to examine dawsonite reactivity at two relevant
reservoir temperatures. The experiment emulates the later
stages of a carbon sequestration scenario in which super-
critical CO, has already reacted with brine to precipitate
dawsonite and is no longer part of the reactive system.
Using established experimental methods [Kaszuba et al.,
2003, 2005], 237.4 grams of 0.05 molal (M) NaHCO;
aqueous solution and 2.02 grams of synthetic dawsonite
were reacted for 18.7 days (449.2 hours) at 50°C, 20 MPa
confining pressure in a rocker bomb. The temperature was
then increased to 75°C and the experiment continued for an
additional 12.3 days (295.1 hours). Synthetic dawsonite was
prepared using methods described by Carey et al. [2006].
Aqueous solution was periodically sampled from the
ongoing reaction during the course of the experiment
whereas solids and quenched fluid were analyzed after the
experiment was completed. Analytical results for fluid
samples suggest that the brine achieved an approximate
steady state, controlled by the alteration mineral assemblage
(Table 1 and Figure 1).

[6] Greater than 95% of the original mass of dawsonite
persisted in the experiment as determined by X-ray dif-
fraction analysis of post-reaction solids. Incongruent dis-
solution of dawsonite yielded AI(OH); polymorphs, a

mixture of gibbsite and nordstrandite (Figure S1 of the
auxiliary material)." This alteration assemblage is consistent
with natural occurrences of co-existing dawsonite and AI(OH);
polymorphs [Goldbery and Loughnan, 1970, 1977]:

NaAlCO;3;(OH), (dawsonite) + H,O =>
Al(OH), (nordstrandite) + Na* + HCO; (1)

[7] Geochemical simulations were performed to evaluate
how well theoretical predictions capture the actual behavior
of dawsonite in the experiments. Predictive geochemical
simulations were performed using Geochemist’s Workbench
8.0.8 [Bethke and Yeakel, 2009], a geochemical code used to
model carbon sequestration scenarios. Simulations used the
b-dot ion association model and compared two thermody-
namic databases resident in the code, thermo.com.V8.R6™
and thermo.dat. Thermo.com.V8.R6" is tacitly accepted by
geochemical modelers as a comprehensive data compilation
for minerals and aqueous complexes. Thermo.dat is a less
comprehensive but internally consistent database. Key reac-
tions and equilibrium constants for these two databases are
tabulated in Tables S1 and S2. (Standard log K values for
gibbsite, boehmite, diaspore, and corundum in thermo.com.
V8.R6" are incorrect for temperatures other than 25°C.
Corrected values and an explanation are presented in
Table S1.) Dawsonite, gibbsite, and the AIOOH polymorphs
boehmite and diaspore were the only aluminum oxyhydr-
oxide minerals considered in our simulations. We did not
include nordstrandite or other aluminum hydroxides in the
simulations because of the conflicting thermodynamic data
reported for these minerals [Anovitz et al., 1991; Hemingway
and Sposito, 1996; Tagirov and Schott, 2001]. Total aqueous

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GL046845.
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Figure 1. Analytical results for aqueous aluminum plotted
as a function of time in a hydrothermal experiment con-
ducted in two stages. Also plotted are predicted values for
total dissolved aluminum in both stages of the experiment.
The predictions were made using Geochemist’s Workbench
8.0.8 and two thermodynamic databases resident in the code
(thermo.com.V8.R6" and thermo.dat). The amount of alumi-
num measured in the experiment is roughly two orders-of-
magnitude greater than values predicted using thermo.com.
V8.R6", suggesting that dawsonite is less stable than por-
trayed by calculations using this database. In contrast, geo-
chemical simulations using thermo.dat yield a much
improved fit between experiment and simulation.

aluminum predicted by the simulations are compared with
experimental data in Figure 1 (aqueous speciation, mineral
saturation indices and separate calculations using experi-
mentally generated data to calculate in-situ pH (Table 1) are
tabulated in Tables S3 and S4).

[s] Simulations using thermo.com.V8.R6" predicted a
dawsonite-diaspore assemblage with 0.21 and 1.12 uM/kg
total dissolved aluminum at 50 and 75°C, respectively
(Figure 1). Dissolved aluminum measured in the experiment
is roughly two orders-of-magnitude greater than these pre-
dicted values (Table 1 and Figure 1). Higher aqueous alu-
minum concentrations in the experiment suggest that
dawsonite or diaspore is less stable than predicted using
thermo.com.V8.R6 (replacing diaspore by gibbsite only
improves the prediction by a factor of 4-6). Discrepancies
between aluminum concentrations measured in experiments
and predicted by geochemical simulations have been
observed elsewhere [Carey et al., 2006]. In contrast, geo-
chemical simulations using thermo.dat predicted assem-
blages of dawsonite and dawsonite-gibbsite with 8.8 and
32.2 uM/kg dissolved aluminum at 50 and 75°C, respec-
tively (Figure 1). While these predictions are roughly two to
three times less than experimental values, they represent a
much improved match between experiment and calculation
compared to simulations using thermo.com.V8.R6".

[s] Recently-published dawsonite solubility measure-
ments [Bénezeth et al., 2007] provide a second, independent
laboratory dataset to test predictive geochemical simulations
for dawsonite mineralization. We simulated their laboratory
measurements (Table S5) that were performed at the same
temperatures as our experiments (50 and 75°C, Run #8 of
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Bénézeth et al. [2007]). Simulations using thermo.com.V§.
R6" predicted dissolved aluminum approximately one
order-of magnitude less than measured values whereas si-
mulations using thermo.dat predicted dissolved aluminum
within 10 to 40% of measured values. The simulation using
thermo.com.V8.R6" incorrectly predicted formation of dia-
spore. The simulation using thermo.dat predicted near satu-
ration of gibbsite at 50°C and formation of gibbsite at 75°C
whereas bayerite formed in these solubility experiments.
Since the solubility of bayerite and gibbsite in sodium chlo-
ride solutions is assumed to be the same [Bénézeth et al.,
2007] we interpret the results of our simulations with ther-
mo.dat as being correct. These computational results are
consistent with simulations of our experiments despite dif-
ferences in the methods employed in the two studies. These
differences include solution pH (9.3 to 9.8 versus 8.5 in our
study) and ionic strength (I M versus 50 mM), type of
experimental apparatus (in-situ hydrogen-electrode concen-
tration cell versus rocker bomb containing flexible gold
reaction cell), pH measurement technique (in-situ versus
ex-situ), and pressure of the experiments (0.1 versus 20 MPa).

[10] Geochemical simulations can produce erroneous
results by using inaccurate thermodynamic [Oelkers et al.,
2009] or kinetic data. In the case of dawsonite, thermody-
namic data are well constrained [Ferrante et al., 1976] and
have been independently verified [Bénézeth et al., 2007].
Values of equilibrium constants for dawsonite (Table S2)
are close for both databases. Limited kinetic data are
available for dawsonite. One set of dissolution experiments
suggests that dawsonite stabilizes at high CO, pressure and
dissolves relatively quickly after CO, pressure diminishes
[Hellevang et al., 2005]. However, dawsonite is generally
absent from naturally occurring CO, fields in which high
CO, pressures have existed for geologically significant time
[Wilkinson et al., 2009].

[11] Equilibrium constants compiled for the hydrolysis of
aluminum and for aluminum oxyhydroxide minerals are the
likely source of error between the two databases. Thermo-
dynamic data for the hydrolysis of aluminum that is used in
the database thermo.com.V8.R6" [Pokrovskii and Helgeson,
1995] and in other geochemical simulations [Shock et al.,
1997] contains inconsistencies that increase with tempera-
ture [Tagirov and Schott, 2001]. The relative stability of the
aluminum oxyhydroxide minerals boehmite and diaspore
is significantly different (1.7 to 2.0 log units, Table S2)
depending on the choice of thermodynamic data. Results
from more recent boehmite solubility measurements [Castet
et al., 1993; Bénézeth et al., 1997, 2001; Palmer et al.,
2001] are the most reliable [Tagirov and Schott, 2001] but
are not widely employed.

[12] The database thermo.com.V8.R6" compiles thermo-
dynamic data for gibbsite, boechmite, and diaspore from the
work of Pokrovskii and Helgeson [1995]. Simulations using
this database incorrectly predict the formation of diaspore
instead of gibbsite in our experiments and in the 50 and 75°C
experiments of Bénézeth et al. [2007]. These simulations
also predict the relative stability of aluminum oxyhydroxide
minerals as diaspore > boehmite > gibbsite (Tables S3 and
S4). However, gibbsite is known to be more stable than
boehmite at temperatures less than 80°C [Tagirov and
Schott, 2001]. In contrast, simulations using thermo.dat
correctly predict both formation of gibbsite in the two
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experimental studies and the relative stability of the gibbsite
as greater than boehmite at these experimental conditions.

[13] Finally, large, extensive thermodynamic databases
used in geochemical codes, such as thermo.com.V8.R6",
compile thermodynamic data from several different pub-
lished sources that have used a variety of different labora-
tory methods. The emergent aqueous model computed with
these databases may not be consistent with the original
aqueous data [Parkhurst and Appelo, 1999; van der Lee
and Lomenech, 2004; Oelkers et al., 2009]. In the case
of the database thermo.com.V8.R6", thermodynamic data for
minerals and aqueous complexes in the system AI-H,O is
from one source [Pokrovskii and Helgeson, 1995] while
thermodynamic data for HCO; and Na-bearing aluminum
complexes is from a second [Wagman et al., 1982]. Both
of these sources are themselves compilations of critically-
assessed data.

3. Dawsonite Mineralization in Geologic Carbon
Sequestration

[14] Computer simulations most often predict calcite,
siderite, ankerite, magnesite, dolomite, and dawsonite as the
mineral traps that will form in a carbon repository [Johnson
etal.,2001; Xu et al., 2004; Knauss et al., 2005; Zerai et al.,
2006; Xu et al., 2007]. The specific minerals and relative
amounts that form depend on parameters that include brine
chemistry and rock type. However, experiments that emulate
a carbon sequestration scenario form siderite, magnesite, and/
or calcite, not dawsonite [Kaszuba et al., 2003, 2005;
Palandri et al., 2005; Daval et al., 2009; Ketzer et al., 2009;
Montes-Hernandez and Pironon, 2009]. Natural CO, fields
in which supercritical CO,, aqueous fluid, and rock co-exist
contain little [Wilkinson et al., 2009] or no dawsonite
[Pearce et al., 1996; Klusman, 2003]. Abundant dawsonite
is associated with rather exceptional geochemical environ-
ments, most notably in oil shale of the Green River Formation
[Smith and Milton, 1966] and in siliciclastic sedimentary
rocks permeated by magmatic CO, [Baker et al., 1995;
Gao et al., 2009].

[15] In this study, we restricted experiments and predic-
tive simulations to an equilibrium-based evaluation of a
well-constrained, simple fluid-mineral system in order to
focus on dawsonite. The extent to which model predictions
emulate dawsonite solubility in these experiments depends
on the interactions among aluminum oxyhydroxide minerals
and aqueous complexes that compete with dawsonite to
constrain aluminum solubility. The latest modeling studies
that incorporate updated aluminum thermodynamic data
[Gaus et al., 2008; Cantucci et al., 2009] predict dawsonite
mineralization will be important in a carbon repository. Our
results are directly applicable to the interpretation of daw-
sonite stability based on chemical analyses of natural and
experimental waters. In these cases, it is clear that the size of
the dawsonite stability field can be overestimated by the
choice of thermodynamic data. However, while this is a
piece of the dawsonite puzzle, these results do not challenge
the thermodynamic stability of dawsonite at high CO,
pressure [e.g., Bénézeth et al., 2007]. Thus, in addition to the
thermodynamic constraints employed in this study, addi-
tional factors must influence dawsonite reactivity. These
include complexities inherent in kinetic processes and in
multi-mineral multi-component brine-rock interactions
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characteristic of natural systems. In particular, the potential
influence of multi-phase (H,O + supercritical CO,) fluids
on the stability of dawsonite relative to aluminosilicate
minerals prevalent in natural systems may be important.

[16] Our results demonstrate the challenges in developing
a realistic model for CO, mineralization in a carbon repos-
itory over long time scales, thousands of years and longer. If
performance assessment models could accurately predict
mineralization, uncertainty in CO, migration could be
greatly reduced. However, our results bring into question the
extent to which performance assessment models can accu-
rately predict dawsonite mineralization when assessing a
sequestration site. Confidence in these models can increase
by improving the internal consistency of thermodynamic
databases through relevant field and laboratory experiments
that assess the thermodynamic properties of critical phases
and the computer codes that simulate geologic carbon
sequestration.
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Table S1. Original and corrected values for equilibrium constants of gibbsite, boehmite, diaspore, and corundum for
thermo.com.V8.R6".

Log K
Temperature (°C) Original Values in thermo.com.V8.R6" Corrected Values
Gibbsite | Boehmite | Diaspore | Corundum | Gibbsite | Boehmite | Diaspore | Corundum

0 9.3787 | 9.3656 8.9174 | 22.3407 9.402 9.369 8.919 22.425
25 7.560 7.5642 7.1603 | 18.3121 7.756 7.564 7.16 18.312
60 5.8286 | 5.465 5.1159 | 13.3851 5.865 5.469 5.118 13.519
100 3.9979 | 3.5242 3.2294 8.5405 4.142 3.54 3.237 9.082
150 2.0853 1.5677 1.3302 | 3.3044 2.428 1.6 1.346 4.604
200 0.4377 | -0.0516 | -0.2409 | -1.3281 1.02 -0.003 -0.219 0.899
250 -1.0575 | -1.4697 | -1.618 -5.5872 | -0.217 -1.408 -1.593 -2.333
300 -2.4754 | -2.7773 | -2.8906 | -9.6296 | -1.368 -2.705 -2.865 -5.293

Note: Standard log K values for gibbsite, boehmite, diaspore, and corundum in the thermo.com.V8.R6" database are incorrect for
temperatures different than 25°C. This is due to an error in heat capacity values, for these four phases only, which were used in the
original construction of thermo.com.V8.R6". We confirmed these findings with James Johnson, author of SUPCRT (Johnson, J. W.,
E. H. Oelkers, and H. C. Helgeson (1992), SUPCRT92: A software package for calculating the standard molal thermodynamic
properties of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to 1000°C, Comput. Geosci., 18, 899-947) and
one of the original compilers of the thermo.com.V8.R6" database, also known as the Lawrence Livermore National Laboratory
(LLNL) combined database. We corrected log K values for gibbsite, boehmite, diaspore, and corundum by running SUPCRT96 with
the sprons96.dat database, which is fully consistent with the original intention of thermo.com.V8.R6". The differences between the
original and corrected log K values for boehmite and diaspore are quite small while the difference for gibbsite is more significant and
corundum is corrected by a substantial degree. The geochemical simulations described in this paper employ these corrected log K
values. Since diaspore is the stable aluminum oxyhydroxide mineral in our simulations that use thermo.com.V8.R6", our results and
interpretations do not change by using corrected instead of original log K values.
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Table S2. Equilibrium constants at experimental temperatures for dawsonite and other minerals

as well as aqueous species of direct relevance.
thermo.dat thermo.com.V8.R6"
Reaction logKat logK at logKat logK at
50°C 75°C 50°C 75°C
Dawsonite + 3H"=Na" + Al’" + HCO5™ + 2H,0 3.7675 3.0429 33182  2.4524
*Gibbsite + 3H" = AI’" + 3H,0 6.6957 5.6419 6.3646  5.1701
Boehmite + 3H" = AI’* + 2H,0 8.0024 6.6532 6.0250  4.6940
Diaspore + 3H" = A’ + 2H,0 7.2764 6.0293 5.6598  4.3625
CO,(aq) + H,O =HCO; + H" -6.3221  -6.3433 -6.2690  -6.2865
NaHCOjs(aq) = Na' + HCO5” 0.0594  0.2409 0.0385  0.2241
*Al(OH)s +4H" =4 H,0 + AI*" 19.8454  18.2981
‘AlOy +4H" =2H,0 + AI*" 20.4427 18.3583
°*Al(OH)s(aq) + 3H" = 3H,0 + AI** 14.0532  12.6072
‘HAIOs(aq) + 3H" = 2H,0 + AI* 14.4491  12.7082
“NaAlO,(aq) + 4H" = 2H,0 + AI’* + Na+ 21.0338  18.7820
Al(OH),” + 2H" = AI’" + 2H,0 8.8547 7.9641 9.2419  8.0455

*We used corrected log K values in Table A1l to determine equilibrium constants for gibbsite,

boehmite, and diaspore at 50 and 75°C. For comparison, using original log K values from

thermo.com.V8.R6" to determine equilibrium constants for gibbsite, boehmite, and diaspore at

50°C yield 6.3452, 6.0227, and 5.6588, respectively; and at 75°C yield 5.1011, 4.6864, and
4.3587. The differences for boehmite and diaspore are quite small, while the difference for

gibbsite is more significant.

Pthis aqueous species is part of thermo.dat but not thermo.com.V8.R6"
‘this aqueous species is part of thermo.com.V8.R6" but not thermo.dat
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Table S3. Summary of results for predictive geochemical simulations.

50°C 75°C

thermo.dat thermo.com.V8.R6" thermo.dat thermo.com.V8.R6"
Aqueous Species  molality  log molality molality log molality molality log molality molality log molality
Na" 4.86E-02 -1.313 8.86E-02 -1.053 6.40E-02 -1.194 1.56E-01 -0.807
NaHCOs;(aq) 1.34E-03 -2.873 4.19E-03 -2.377 1.43E-03 -2.846 7.38E-03 -2.132
NaCOs’ 2.29E-05 -4.640 5.99E-05 -4.223 1.89E-05 -4.725 7.46E-05 -4.127
NaOH 1.64E-07 -6.785 5.75E-08 -7.241 6.91E-07 -6.161 3.34E-07 -6.476
*NaAlO,(aq) --- --- 2.83E-09 -8.549 --- --- 3.42E-08 -7.466
Total 0.050 -1.301 0.093 -1.032 0.065 -1.184 0.163 -0.787
HCO;5 4.74E-02 -1.325 8.61E-02 -1.065 6.22E-02 -1.206 1.51E-01 -0.822
NaHCOs;(aq) 1.34E-03 -2.873 4.19E-03 -2.377 1.43E-03 -2.846 7.38E-03 -2.132
COs(aq) 6.65E-04 -3.177 1.28E-03 -2.894 9.67E-04 -3.014 2.65E-03 -2.578
COs> 6.25E-04 -3.204 1.21E-03 -2.918 8.86E-04 -3.053 2.55E-03 -2.594
NaCOs’ 2.29E-05 -4.640 5.99E-05 -4.223 1.89E-05 -4.725 7.46E-05 -4.127
Total 0.050 -1.301 0.093 -1.032 0.065 -1.184 0.163 -0.787
"Al(OH), 8.78E-06 -5.056 --- --- 3.23E-05 -4.491 --- ---
"AlOy --- --- 2.08E-07 -6.683 --- --- 1.10E-06 -5.957
Al(OH)3(aq) 3.06E-08 -7.514 --- --- 1.23E-07 -6.912 --- ---
"HAIO,(aq) --- --- 1.62E-09 -8.791 --- --- 4.52E-09 -8.345
"NaAlO,(aq) --- --- 2.83E-09 -8.549 --- --- 3.42E-08 -7.466
Al(OH)," 5.50E-11 -10.26 3.46E-12 -11.46 5.82E-11 -10.24 3.58E-12 -11.44
Total 8.81E-06 -5.055 2.12E-07 -6.674 3.24E-05 -4.490 1.13E-06 -5.946
pH 8.088 7.988 8.051 7.903



Saturation Indices

dawsonite 0 0 0 0
gibbsite -0.1086 -0.7048 0 -0.8079
boehmite -1.415 -0.3651 -1.0117 -0.3319
diaspore -0.6893 0 -0.3875 0

2 ‘this aqueous species is part of thermo.com.V8.R6" but not thermo.dat
3 this aqueous species is part of thermo.dat but not thermo.com.V8.R6"



1 Table S4. Results for calculation of in-situ pH of fluid at 50 and 75°C based on experimental fluid composition data (Table 1). Also
2 tabulated is a summary of aqueous speciation, pH, and saturation state of the fluid.

50°C at 449.2 hours 75°C at 295.1 hours
thermo.dat thermo.com.V8.R6" thermo.dat thermo.com.V8.R6"

Aqueous Species  molality  Jog molality molality log molality molality log molality molality log molality
Na" 4.98E-02 -1.303 4.98E-02 -1.303 5.00E-02 -1.301 5.01E-02 -1.300
NaHCOs(aq) 1.35E-03 -2.869 1.40E-03 -2.853 8.85E-04 -3.053 9.10E-04 -3.041
NaCOj5 5.18E-05 -4.286 4.92E-05 -4.308 2.16E-05 -4.665 1.85E-05 -4.734
"NaAlO;(aq) --- --- 1.62E-07 -6.790 - - 7.66E-07 -6.116
NaOH 3.74E-07 -6.427 8.69E-08 -7.061 1.04E-06 -5.984 2.63E-07 -6.581
Total 0.051 -1.291 0.051 -1.290 0.051 -1.293 0.051 -1.292
HCO5 4.69E-02 -1.329 4.68E-02 -1.330 4.75E-02 -1.323 4.74E-02 -1.325
COs™ 1.40E-03 -2.855 1.47E-03 -2.832 1.20E-03 -2.920 1.31E-03 -2.883
NaHCOs(aq) 1.35E-03 -2.869 1.40E-03 -2.853 8.85E-04 -3.053 9.10E-04 -3.041
COz(aq) 2.94E-04 -3.532 2.82E-04 -3.549 3.99E-04 -3.399 4.15E-04 -3.382
NaCOj5 5.18E-05 -4.286 4.92E-05 -4.308 2.16E-05 -4.665 1.85E-05 -4.734
Total 0.050 -1.301 0.050 -1.301 0.050 -1.301 0.050 -1.301
*Al(OH)4 1.95E-05 -4.710 --- --- 6.38E-05 -4.195 -—- -—-
*AlOy -—- -—- 1.93E-05 -4.714 -—- -—- 6.31E-05 -4.200
"NaAlOs(aq) -—- -—- 1.62E-07 -6.790 -—- -—- 7.66E-07 -6.116
°Al(OH)s(aq) 3.58E-08 -7.446 --- --- 1.19E-07 -6.926 -—- -—-
"HAIO(aq) -—- -—- 6.17E-08 -7.210 -—- -—- 1.28E-07 -6.894
Total 1.95E-05 -4.710 1.95E-05 -4.709 6.39E-05 -4.194 6.39E-05 -4.194

pH 8.437 8.398 8.326 8.248
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Saturation Indices

dawsonite 0.0301 1.1073
gibbsite -0.0884 0.8749
boehmite -1.3951 1.2146
diaspore -0.6691 1.5798

-0.1739
0.0394
-0.9719
-0.3481

0.5452
0.6442
1.1202
1.4518

“this aqueous species is part of thermo.com.V8.R6" but not thermo.dat
®this aqueous species is part of thermo.dat but not thermo.com.V8.R6"



1 Table S5. Summary of results for predictive geochemical simulations, 50 and 75°C experiments in Bénézeth et al. [2007].

pH total Al (umolal)
T°C tme (ohfosuarrél)phng measured in-situ thermo.dat thermo.com.V8.R6"  measured thermo.dat thermo.com.V8.R6"
50.1 136 9.802 9.706 9.203 468 442 447
50.2 183 9.757 9.706 9.203 407 442 447
75.1 112 9.309 9.409 8.707 676 874 917
75.2 160 9.282 9.409 8.707 631 874 917
2
3 Table A4. Summary of results for predictive geochemical simulations, 50 and 75°C experiments in Bénézeth et al. [2007] (continued).
total Na (molal) total C (molal)
T°C time (ohfosuarr:)phng measured  thermo.dat  thermo.com.V8.R6" measured thermo.dat thermo.com.V8.R6"
50.1 136 1.03 0.997 1.01 12 10.4 22.1
50.2 183 1.01 0.997 1.01 12.7 10.4 22.1
75.1 112 1.18 0.998 1.03 16 11.8 454
75.2 160 1.06 0.998 1.03 16.3 11.8 454
4
5 Table A4. Summary of results for predictive geochemical simulations, 50 and 75°C experiments in Bénézeth et al. [2007] (continued).
Saturation index, thermo.dat Saturation index, thermo.com.V8.R6+
time of Mineral
T°C  sampling dawsonite gibbsite boehmite diaspore dawsonite gibbsite boehmite diaspore
(hours) assemblage
50.1 136~ dawsonite+ 0 -0.1052  -1.3977  -0.672 0 0.7179  -0.365 0
bayerite
s00  1g3  dawsonite+ 0 -0.1052  -1.3977  -0.672 0 0.7179  -0.365 0
bayerite
75.1 1o~ dawsonite+ 0 0 0.998  -0.3738 0 -0.8208  -0.3319 0

bayerite



75.2 160 dawsonite + 0 0 20.998  -0.3738 0 0.8208  -0.3319 0
bayerite

6  “Bénézeth et al. [2007] assume bayerite solubility = gibbsite solubility
7




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


