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Abstract

The reaction path in the MgO–CO2–H2O system at ambient temperatures and atmospheric CO2 partial pressure(s),
especially in high-ionic-strength brines, is of both geological interest and practical significance. Its practical importance
lies mainly in the field of nuclear waste isolation. In the USA, industrial-grade MgO, consisting mainly of the mineral peri-
clase, is the only engineered barrier certified by the Environmental Protection Agency (EPA) for emplacement in the Waste
Isolation Pilot Plant (WIPP) for defense-related transuranic waste. The German Asse repository will employ a Mg(OH)2-
based engineered barrier consisting mainly of the mineral brucite. Therefore, the reaction of periclase or brucite with car-
bonated brines with high-ionic-strength is an important process likely to occur in nuclear waste repositories in salt forma-
tions where bulk MgO or Mg(OH)2 will be employed as an engineered barrier. The reaction path in the system MgO–CO2–
H2O in solutions with a wide range of ionic strengths was investigated experimentally in this study. The experimental
results at ambient laboratory temperature and ambient laboratory atmospheric CO2 partial pressure demonstrate that hyd-
romagnesite (5424) (Mg5(CO3)4(OH)2 � 4H2O) forms during the carbonation of brucite in a series of solutions with differ-
ent ionic strengths. In Na–Mg–Cl-dominated brines such as Generic Weep Brine (GWB), a synthetic WIPP Salado
Formation brine, Mg chloride hydroxide hydrate (Mg3(OH)5Cl � 4H2O) also forms in addition to hydromagnesite (5424).

The observation of nesquehonite (MgCO3 � H2O) and subsequent appearance of hydromagnesite (5424) in the experi-
ments in a Na–Cl-dominated brine (ERDA-6) at room temperature and P CO2

¼ 5� 10�2 atm allows estimation of the
equilibrium constant (logK) for the following reaction:
CO3 � 3H2O
Mg5ðCO3Þ4ðOHÞ2 � 4H2Oþ CO2ðgÞ þ 10H2O ¼ 5Mg
as �2.5 at 25 �C. The logK for the above reaction at 5 �C is calculated to be �4.0 by using the Van’t Hoff equation. By
using these equilibrium constants, the co-existence of hydromagnesite (5424) with nesquehonite in various, natural occur-
rences such as in weathering products of the meteorites from the Antarctic and serpentine-rich mine tailings, can be well
explained. Since the stoichiometric ratio of Mg to C is higher in hydromagnesite (5424) than in nesquehonite, this finding
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could have important implications for the sequestration of anthropogenic CO2 in mafic and ultramafic rocks, suggesting
that the sequestration of anthropogenic CO2 is optimal in the stability field of nesquehonite.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The reaction path for the MgO–CO2–H2O sys-
tem at ambient temperatures and ambient atmo-
spheric CO2 partial pressure is of both geological
interest and practical significance. From the geolog-
ical point of view, knowledge of the reaction path in
this system would lead to a better understanding of
the low temperature alteration or weathering of
mafic and ultramafic rocks. From a practical point
of view, exact knowledge of the reaction path in
this system is important to the performance assess-
ment of geological repositories for nuclear wastes.
Industrial-grade MgO consisting mainly of the
mineral periclase is the only engineered barrier
certified by the Environmental Protection Agency
(EPA) for emplacement in the Waste Isolation Pilot
Plant (WIPP) in the USA (US DOE, 1996), and a
Mg(OH)2-based engineered barrier consisting
mainly of the mineral brucite is to be employed in
the Asse repository in Germany (Schuessler et al.,
2002). In addition, as the stoichiometry of Mg to
C is different in metastable Mg carbonates, a better
knowledge of the reaction path could have impor-
tant implications to sequestration of anthropogenic
CO2 in mafic and ultramafic rocks.

The WIPP is located in a bedded salt formation,
and the Asse repository is located in a domal salt
formation. The WIPP is a US Department of
Energy geological repository for the permanent dis-
posal of defense-related transuranic (TRU) waste
(US DOE, 1996). This geological repository is
located 42 km east of Carlsbad in southeastern
New Mexico. The repository is 655 m below the sur-
face, and is situated in the Salado Formation, a
Permian salt bed composed mainly of halite, and
of lesser amounts of anhydrite, gypsum, polyhalite,
magnesite, clays and quartz (Stein, 1985; US DOE,
1996). The Salado Formation is approximately
600 m thick (Powers et al., 1976). The Rustler For-
mation is immediately above the Salado Formation;
it is 95 m thick at the WIPP and consists of anhy-
drite, halite, siltstone, sandstone and dolomite.
The Castile Formation underlies the Salado, and
is approximately 385 m thick at the WIPP (Powers
et al., 1976). It has three thick anhydrite units sepa-
rated by halite layers (Powers et al., 1976). There are
brine reservoirs located in areas of structural defor-
mation within the Castile Formation (Popielak
et al., 1983). According to Swift and Corbet
(2000), ‘‘A brine reservoir below the waste would
have no effect on the disposal system as long as it
remained undisturbed, but future drilling activity
could result in an inadvertent borehole penetration
of both repository and an underlying reservoir. Per-
formance assessment modeling, therefore, includes
the possible existence of a brine reservoir.” The
in situ temperature at a depth of 655 m (the reposi-
tory horizon) is 28 �C (Munson et al., 1987). This is
also the temperature expected after the repository is
filled and sealed because the TRU waste to be
emplaced in the WIPP will not produce enough heat
to increase the temperature significantly. The func-
tion of the MgO engineered barrier is to consume
CO2 gas that might be generated by the microbial
degradation of organic materials (cellulosic, plastic
and rubber materials) in the waste and waste pack-
ages. Since the possibility of microbial generation of
significant quantities of CO2 cannot be ruled out,
MgO is being emplaced to consume CO2 and buffer
the fCO2

and pH of brines at values that will mini-
mize the solubilities of actinides (mainly Th, U,
Pu, and Am). It is noted here that fCO2

will be
employed in thermodynamic calculations, and
P CO2

will be used in description of experimental con-
ditions hereafter.

The carbonation reaction path of brucite is par-
ticularly complex as Mg has a strong tendency to
form a series of metastable hydrous carbonates at
ambient temperatures (e.g., Lippmann, 1973;
Königsberger et al., 1999). These metastable
hydrous carbonates include hydromagnesite
(Mg5(CO3)4(OH)2 � 4H2O, referred to as hydromag-
nesite (5424) hereafter; or Mg4(CO3)3(OH)2 � 3H2O,
referred to as hydromagnesite (4323)); artinite
(Mg2CO3(OH)2 � 3H2O); nesquehonite (MgCO3 �
3H2O); lansfordite (MgCO3 � 5H2O); dypingite
(Mg5 � (CO3)4(OH)2 � 5(or 6)H2O); and barrington-
ite (MgCO3 � 2H2O). These metastable phases are
expected to convert to magnesite (MgCO3) in the
10 ka period during which the repository is regu-
lated by the EPA (magnesite is the thermodynami-
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cally stable carbonate under these conditions, and is
also a minor mineral in the Salado Formation).
Since the free energies of formation (DfG) for these
stable and metastable hydrous and anhydrous car-
bonates are different, the fCO2

buffered by the assem-
blage of brucite and any one of these carbonates will
differ. Such differences could have important impli-
cations for the performance assessment of the WIPP
and other geological repositories, because fCO2

could have a significant effect on actinide solubilities
due to the fact that actinides can form strong com-
plexes with carbonate ions (e.g., Grenthe et al.,
1992; Silva et al., 1995; Lemire et al., 2001).

The carbonation of brucite is also important geo-
logically because altered mafic and ultramafic rocks
may contain brucite, rather than periclase owing to
fast hydration rates at elevated temperatures (Ken-
nedy, 1956). For instance, serpentites can contain
brucite (e.g., Hostetler et al., 1966; Wicks and Whit-
taker, 1977; Neal and Stanger, 1984), and ophiolites
can contain brucite as the alteration mineral (Huot
et al., 2002). In addition, a better understanding of
the formation of hydromagnesite may shed addi-
tional light on the ‘‘dolomite (CaMg(CO3)2)
problem” because hydromagnesite, along with ara-
gonite, seems to play the role of precursor to dolo-
mite and magnesite (MgCO3) (Lippmann, 1973).

The hydration of periclase is less complicated
than the carbonation of brucite. However, knowl-
edge of the interactions between periclase and
high-ionic-strength solutions is not certain. As the
ionic-strength of brines in the WIPP can be as high
as �7 M (�8 m) (Brush, 1990), a better knowledge
of such interactions would benefit not only the per-
formance assessment of geological repositories but
also the understanding of alteration or weathering
of mafic and ultramafic rocks in environments
where high-ionic-strength solutions predominate.
For example, there are fresh mafic and ultramafic
rocks on Zabargad Island in the Red Sea interacting
with high-ionic-strength solutions (Bonatti et al.,
1986; Sciuto and Ottonello, 1995). In addition, peri-
clase has been observed in metacarbonates such as
those in the Bushveld Complex, South Africa (Buick
et al., 2000) and in magnesian skarns (Zhao et al.,
1999).

Both the WIPP and Asse repositories are in salt
formations, and consequently, the associated brines
are high-ionic-strength solutions. Therefore, exact
knowledge of the reaction path in this system is
important to performance assessment. This paper
presents experimental results focusing on the reac-
tion paths of brucite (and some experiments starting
directly with periclase) upon its contact with solu-
tions of various ionic strengths at room temperature
and laboratory atmospheric CO2 partial pressure
(P CO2

¼ 4� 10�4 atm), which may be close to the
initial partial pressure of CO2 in the repositories
when the room closure occurs. The kinetic aspect
of such processes, i.e., the carbonation rates of bru-
cite under various conditions, will be addressed else-
where. In addition, some experiments were
conducted at higher partial pressures of CO2

(P CO2
¼ 5� 10�2 atm) to accelerate these carbon-

ation reactions. These runs also provide better
understanding of the reaction path for some envi-
ronments where the partial pressure of CO2 can be
higher than that of atmospheric CO2 partial pres-
sure at the surface of the Earth (e.g., Hinsinger
et al., 2006). It has also been inferred that siderite
in the martian meteorite ALH840001 formed by
interaction with Cl-rich brines at or near the surface
of Mars that had P CO2

ranging from 5 � 10�2 to
25 � 10�2 atm, as did siderite and smectites in some
of the nakhlites (Bridges et al., 2001). Therefore, the
experiments at P CO2

¼ 5� 10�2 atm would also
have a bearing on secondary minerals resulting from
weathering on Mars.

2. Experimental methods

The reaction path experiments were conducted at
the ambient laboratory temperature (22.5 ± 1.5 �C),
and ambient laboratory atmospheric concentrations
of CO2 (P CO2

¼ 10�3:4 atm) and P CO2
¼ 5� 10�2

atm in various solutions including deionized (DI)
water; 0.010, 0.10, 1.0 and 4.4 m NaCl solutions;
and ERDA-6 and Generic Weep Brine (GWB).
ERDA-6 is a synthetic, NaCl-rich brine representa-
tive of brines from the Castile Formation (Popielak
et al., 1983) (Table 1). GWB is a synthetic MgCl2-
rich brine typical of intergranular brines from the
Salado Formation at or near the stratigraphic hori-
zon of the repository (US DOE, 2004) (Table 1).
The solid starting materials were primarily periclase
(USP/FCC grade, purity > 96.0%) and brucite
(USP/FCC grade, purity > 95.0%) from Fisher Sci-
entific, Inc., referred to as FMgO and FMg(OH)2,
respectively, hereafter. In some experiments, as-
received MgO from Premier Chemicals, Inc. in Gab-
bs, Nevada, was used for comparison; this starting
material will be referred to as PMgO. Premier
Chemicals supplied this MgO to the WIPP while
these experiments were being conducted. PMgO



Table 1
Compositions of GWB and ERDA-6

Element GWBa ERDA-6b

B 155 mM (0.180 m) 63 mM (0.0692 m)
Na 3.48 M (4.04 m) 4.87 M (5.35 m)
Mg 1.00 M (1.16 m) 19 mM (0.0209 m)
K 458 mM (0.532 m) 97 mM (0.106 m)
Ca 14 mM (0.0163 m) 12 mM (0.0132 m)
SO4 175 mM (0.203 m) 170 mM (0.187 m)
Cl 5.51 M (6.40 m) 4.8 M (5.27 m)
Br 26 mM (0.0302 m) 11 mM (0.0121 m)
Total inorganic C – 16 mM (0.0176 m)
Density 1.2 1.216
TDS – 330,000 mg/L
Ionic-strength 7.12 M (8.26 m) 5.30 M (5.82 m)

a From US DOE (2004); concentrations on molal scale are
calculated from the density.

b From Popielak et al. (1983); concentrations on molal scale are
calculated from the density.
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contains a minimum of 90 wt% periclase and a min-
imum of 95 wt% of periclase and lime, with the rest
as accessory phases (US DOE, 2004, Appendix
BARRIERS). These accessory phases may include
oxides and silicates such as spinel (MgAl2O4), ulvös-
pinel (Ti(Fe,Mg)2O4), forsterite (Mg2SiO4), and
monticellite (CaMgSiO4). These results are based
on characterization of Premier MgO by Bryan and
Snider (2001). It is expected that periclase and lime
will react rapidly with any CO2 produced by possi-
ble microbial consumption of cellulosic, plastic, and
rubber materials; and that the accessory oxides and
silicates could also react with CO2 to a significant
extent during the 10 ka regulatory period.

In static experiments at ambient temperature and
P CO2

, the mass of solid starting materials varied
from 2 to 5 g. ‘‘Static experiments” means that nei-
ther solutions nor solid starting materials were agi-
tated by any means. The solid-to-solution mass
ratio ranged from 4 � 10�2 to 9 � 10�2. The caps
of the containers were closed loosely in order to
allow atmospheric CO2 to enter and react with the
solutions. The masses of the solutions were closely
monitored to compensate for the loss of water
through evaporation. After the termination of each
run, the solid reaction products were filtered by vac-
uum filtration and rinsed with DI water, and the
solutions were saved for chemical analysis. The
solid reaction products were dried at room temper-
ature and then ground with a mortar and pestle for
identification of mineral phases.

Some experiments were conducted with agitation
accomplished by continuously bubbling compressed
air into the solutions, some with and some without
continuous mixing by a stir bar. The comparison of
the results from static and agitated experiments
could provide information regarding the relative
kinetics of the reaction paths under these
conditions.

For runs at the laboratory room temperature and
P CO2

¼ 5� 10�2 atm, the starting materials and
solutions were contained in 125-mL polypropylene
bottles. Each bottle contained 5 g of one of the fol-
lowing solids: PMgO, FMgO, prehydrated and
crushed Premier Chemicals MgO (PB) (i.e., peri-
clase converted to brucite), and prehydrated and
crushed Fisher MgO (FB). Prehydrated samples
were prepared by adding 5 g of either crushed
PMgO or FMgO to 100 mL of brine (either
ERDA-6 or GWB, depending on the brine used
for subsequent carbonation experiments). The bot-
tles were tightly closed and placed in a 90 �C oven
for approximately 3–4 weeks. Before the prehydrat-
ed samples were added to plastic containers con-
nected to a manifold, a small portion of the
sample was analyzed for brucite.

All experiments at the laboratory room tempera-
ture and P CO2

¼ 5� 10�2 atm were placed in a glove
box with a controlled atmosphere. The partial pres-
sure of CO2 in the glove box was controlled by
pumping premixed 5% CO2 and 95% N2 into the
glove box at 500 mL/min. To bring the glove box
up to 5% CO2 in a timely fashion after it was opened
for sampling, dilute H2SO4 (0.30 m) was mixed with
solid NaHCO3 within the glove box, which released
a predetermined amount of CO2 to the atmosphere.
The 5% CO2 was continuously bubbled into the
solutions. The atmosphere in the glove box was
monitored frequently with a Bacharach CO2

analyzer.
In another independent set of experiments, exper-

imental runs were set up in test tubes under the con-
ditions identical to those of the static runs in order
to monitor the saturation states of various Mg
phases in solutions. They were placed onto an
INNOVA 2100 Platform Shaker (New Brunswick
Scientific, Inc.) at a shaking speed of 140 rpm. These
runs were sampled periodically (usually weekly) for
determination of Mg content (and impurities such
as Ca content in cases where PMgO was used)
and pH. In NaCl solutions with ionic-strength
higher than 0.10 m, H+-ion concentrations (pcH)
instead of pH were determined from pH readings
from the pH glass electrode. The pH was measured
with an Orion-Ross combination pH glass elec-
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trode. After a pH measurement was taken, approx-
imately 3 mL of solution was withdrawn from an
experimental run. The solution was filtered using a
0.2 lm syringe filter. The filtered solution was then
weighed and acidified with 0.5 mL of concentrated
HNO3 (TraceMetal grade from Fisher Scientific).
The solution was then diluted to 10 mL with DI
water for chemical analyses.

The identification of solid phases in the reaction
products was made by using a Bruker AXS, Inc.,
D8 Advance X-ray diffractometer (XRD) with a
Kevex detector. All XRD patterns were collected
using Cu Ka radiation at a scanning rate of
1.33�/min for a 2h range of 10–90�. The reliance
on the XRD technique in this study is based upon
the fact that the XRD is a robust technique, and it
provides definite phase identifications for crystal-
line phases whose concentrations are usually P a
few weight percent. In addition, in order to
address the possibility that minor phase(s) could
be missed because of the relatively high detection
limit of XRD, samples were also analyzed using
a JEOL JSM-5900LV scanning electron micro-
scope (SEM) with an energy dispersive spectros-
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Fig. 1. XRD patterns for static experiments started with PMgO and D
partial pressure. Abbreviations: B = brucite, C = calcite, H = hydroma
copy (EDS) of the ThermoNORAN Vantage
digital acquisition system. No minor phase was
found.

The chemical analyses of solutions were per-
formed using a Perkin–Elmer dual-view inductively
coupled plasma-atomic emission spectrometer (ICP-
AES) (Perkin–Elmer DV 3300). Calibration blanks
and standards were precisely matched with experi-
mental matrices. The correlation coefficients of cal-
ibration curves in all measurements were better than
0.9995. The detection limit was better than 0.06 mg/
L. The analytical precision was better than ±1.00%
in terms of the relative standard deviation (RSD)
based on replicate analyses.

2.1. Hydrogen ion concentration measurements

In NaCl solutions with ionic-strength higher than
0.10 m, H+-ion concentrations were measured from
pH readings from the pH glass electrode. Rai et al.
(1995) have conducted extensive studies to investi-
gate the correction factors (A) in the following equa-
tion in concentrated NaCl and Na2SO4 electrolytes
for various Orion-Ross combination electrodes.
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gnesite (5424), and P = periclase.
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The relationship between the pH electrode read-
ing (pHob) and pcH can be expressed as (Rai
et al., 1995):

pcH ¼ pHob þ A ð1Þ
In Eq. (1), A is defined as:

A ¼ log cHþ þ ðF =2:303RT ÞDEj ð2Þ
where cHþ is the activity coefficient of H+, and DEj is
the difference in liquid junction potential between
standards and solution. Both terms on the right-
hand side of Eq. (2) are not individually measurable,
but the combination can be measured.

The linear relation between A and concentrations
for NaCl solutions, valid up to 6.0 m obtained by
Rai et al. (1995), is expressed as:

A ¼ 0:159X ð3Þ
where X is the NaCl concentration in molality. They
also performed a study to evaluate the dependence
of the parameter A on an individual electrode by
using a limited number of different Orion-Ross elec-
trodes. They concluded that ‘‘the A values did not
differ significantly for different electrodes”, and that
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Fig. 2. XRD patterns for static experiments started with PMgO an
atmospheric CO2 partial pressure. Abbreviation: HA = halite; other ab
the linear relation between A and concentrations of
NaCl and Na2SO4 obtained can be applied to differ-
ent NaCl and Na2SO4 solutions ‘‘without having to
calibrate each and every electrode.”

Therefore, the experimentally measured pH read-
ings in this study (pHob) in experiments using pure
NaCl matrixes are corrected with the values of A
at the corresponding concentrations of NaCl solu-
tions by using Eq. (3).
3. Results and discussion

3.1. Reaction path starting with periclase at

atmospheric CO2 partial pressure

Reaction paths in static runs at atmospheric
CO2 partial pressure in various solutions contain-
ing Premier MgO are elucidated in the following
series of figures. Fig. 1 displays experimental
results from runs using DI water. It is clear from
Fig. 1 that some brucite formed by 33 days. Fig. 2
shows experimental results in 4.4 m NaCl solution.
Brucite formed by 76 days. Fig. 3 suggests that
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brucite formed between 16 and 50 days in ERDA-
6. Fig. 4 demonstrates that brucite formed
between 50 and 126 days in GWB. Comparison
of these figures suggests that brucite crystallized
more rapidly in low-ionic-strength solutions in
the experiment started with DI water than in
experiments with high-ionic-strength solutions.
The faster conversion in low-ionic-strength solu-
tions can be attributed to the higher activity of
water in low-ionic-strength solutions according to
the following reaction:

MgOðpericlaseÞ þH2OðlÞ ¼MgðOHÞ2ðbruciteÞ
ð4Þ

The reaction path in the hydration of periclase in
GWB is slightly different than in DI water, NaCl,
and ERDA-6. Fig. 4 shows that Mg chloride
hydroxide hydrate (Mg3(OH)5Cl � 4H2O) also
formed in addition to brucite. Mg3(OH)5Cl � 4 H2O
and Mg2Cl(OH)3 � 4H2O are major reaction prod-
ucts for hardening and strengthening in Mg oxy-
chloride cements (e.g., Zhang et al., 1991; Deng
and Zhang, 1999). To authors’ knowledge, thermo-
dynamic data for Mg3(OH)5Cl � 4H2O are not well
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Fig. 3. XRD patterns for static experiments started with PMgO and E
partial pressure. Abbreviations are the same as those in Figs. 1 and 2.
defined. However, the formation of this phase can
be rationalized by using Mg2Cl(OH)3 � 4H2O in
Harvie et al. (1984) as an analogue.

The dissolution of Mg2Cl(OH)3 � 4H2O can be
expressed as:

Mg2ClðOHÞ3 � 4H2Oþ 3Hþ ¼ 2Mg2þ

þ 7H2OðlÞ þ Cl�

log K5 ¼ 2 log aMg2þ þ 7 log aH2O

þ log aCl� þ 3pH ¼ 26:03

ð5Þ

where aMg2þ , aH2O and aCl� refer to activities of Mg2þ,
H2O and Cl�, respectively, and the equilibrium con-
stant for Reaction (5) (log K5) is from the HMW
(Harvie-Møller-Weare) database (Harvie et al.,
1984) in the EQ3/6 software package (Wolery,
1992a). Using EQ3NR (Wolery, 1992b) and the spe-
ciation and the solubility code in the Fracture-Ma-
trix Transport software package (Novak, 1996), the
predicted aH2O, aMg2þ , aCl� and pH for GWB prior
to the reaction with periclase are 0.73, 1.64, 9.88,
and 7.81, respectively. For these values of aH2O,
aMg2þ , aCl� , and logK5, a pH of 8.52 is required for
precipitation of Mg2Cl(OH)3 � 4H2O in GWB.
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partial pressure. Abbreviation: MC = Mg chloride hydroxide hydrate; other abbreviations are the same as those in Figs. 1 and 2.

Y. Xiong, A.S. Lord / Applied Geochemistry 23 (2008) 1634–1659 1641
Therefore, Mg2Cl(OH)3 � 4H2O or a similar phase,
Mg3(OH)5Cl � 4H2O, would not be precipitated from
GWB without the introduction of periclase and
hydration of periclase to form brucite. Only after
the addition of periclase/brucite can Mg2Cl(OH)3 �
4H2O or Mg3(OH)5Cl � 4H2O be precipitated from
GWB. The fact that Mg3(OH)5Cl � 4H2O is formed
in GWB implies that the formation of Mg3(OH)5Cl �
4H2O is favored over Mg2Cl(OH)3 � 4H2O in com-
plex brines such as GWB. However, determination
of the relative stabilities of Mg3(OH)5Cl � 4H2O and
Mg2Cl(OH)3 � 4H2O, as expressed by the reaction,

Mg3ðOHÞ5Cl � 4H2Oþ 2Hþ

¼Mg2þ þMg2ClðOHÞ3 � 4H2Oþ 2H2O ð6Þ

requires future study.
Furthermore, the reason why Mg3(OH)5Cl �

4H2O was not formed in experiments in ERDA-6
is similar to that described above. The values of
aH2O, aMg2þ , aCl� and pH predicted for ERDA-6
prior to reaction with periclase are 0.75, 3.31 �
10�2, 5.08, and 6.17, respectively. For these values,
a pH of 9.68 is required for precipitation of
Mg2Cl(OH)3 � 4H2O in ERDA-6. Such a pH value
would not be attained by hydration of periclase to
form brucite in ERDA-6. This may be the reason
why Mg3(OH)5Cl � 4H2O was not observed in the
experiments in ERDA-6.

Fig. 5 illustrates the results in the agitated runs. It is
clear from Fig. 5 that hydromagnesite (5424) appeared
at 327 days. In the run started with DI water, XRD
patterns of hydromagnesite (5424) can be seen. In
comparison, only small peaks of hydromagnesite
(5424) appeared in the static run terminated at 1245
days (Fig. 1). Enhanced mass transport facilitated by
continuous bubbling of compressed air apparently
resulted in more rapid carbonation. It should be noted
that XRD peaks of brucite do not appear in Fig. 5
because only the upper portion of the slurries was
sampled; these did not contain brucite because the
density of brucite (2.38 g cm�3) is greater than that
of hydromagnesite (5424) (2.16 g cm�3).
3.2. Reaction path starting with brucite at

atmospheric CO2 partial pressure

Figs. 6–12 show the reaction paths for carbon-
ation of brucite in different solutions with varying



10 20 30 40 50 60 70 80 90

2 theta (degrees)

R
el

at
iv

e 
In

te
n

si
ty

DI water

4.4 m NaCl

ERDA-6

GWB
H

H

C

P
P

P

P

H
H

Fig. 5. XRD patterns for stirred experiments at laboratory ambient temperature started with PMgO and DI water, 4.4 m NaCl, ERDA-6,
and GWB at a run time of 327 days. Compressed air was continuously bubbled into solutions. Abbreviations are the same as those in
Fig. 1.

1642 Y. Xiong, A.S. Lord / Applied Geochemistry 23 (2008) 1634–1659
ionic strengths. Fig. 6A shows that the conversion
from brucite to hydromagnesite (5424) was rapid
under agitated conditions obtained by bubbling com-
pressed air into solutions and continuously stirring
the slurry. Well-developed XRD patterns of hydro-
magnesite (5424) were observed at 46 days. At about
181 days, brucite was almost totally converted to
hydromagnesite (5424), as indicated by the disap-
pearance of major peaks of brucite. In contrast, the
conversion from brucite to hydromagnesite (5424)
was slower in the static experiment started with DI
water (Fig. 6B). XRD peaks for hydromagnesite
(5424) were observed only by 189 days.

The results presented in Figs. 7–12 are from static
experiments. Fig. 7 indicates that the pattern of hyd-
romagnesite (5424) was not obvious in the 0.010 m
NaCl solution at 126 days. At 217 days, XRD peaks
of hydromagnesite (5424) appeared. Similarly,
Fig. 8 shows that in the 0.10 m NaCl solution, peaks
of hydromagnesite (5424) are discernable in the pat-
tern obtained from the sample with a run time of
217 days. In the 1.0 m NaCl solution, Fig. 9 shows
that the formation of hydromagnesite (5424) was
not detected by XRD until the run time reaching
314 days. A well-developed XRD pattern of hydro-
magnesite (5424) was observed at 340 days. In the
4.4 m NaCl solution, the formation of hydromagne-
site (5424) was slower than that in other solutions
with lower ionic-strength (Fig. 10). The formation
of hydromagnesite (5424) was detectable by XRD
at a run time of 423 days. The rate of the formation
of hydromagnesite (5424) in ERDA-6 (Fig. 11) was
similar to that in 4.4 m NaCl, and the detection of
its presence by XRD required at least 368 days. Sim-
ilarly in GWB (Fig. 12), the formation of hydro-
magnesite (5424) was slow.

It is of interest to note that in addition to hydro-
magnesite (5424), Mg chloride hydroxide hydrate
(Mg3(OH)5Cl � 4 H2O) was also formed in GWB
at 368 days (Fig. 12), as suggested by Eq. (5). Again,
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this implies that the addition of brucite to GWB
raised the pH of the brine, resulting in supersatura-
tion of Mg3(OH)5Cl � 4H2O.

3.3. Reaction path starting with periclase at P CO2
of

5 � 10�2.0 atmospheres

The results presented in Figs. 13–16 are from stir-
red experiments. Figs. 13 and 14 show XRD pat-
terns in experiments starting with FMgO in
ERDA-6 and GWB, respectively. In runs with
ERDA-6, periclase apparently was converted to
brucite and nesquehonite after 1 day (Fig. 13).
Then, at 91 days, hydromagnesite (5424) started to
form. The co-existence of nesquehonite with hydro-
magnesite (5424) can be clearly seen in the run up to
303 days. At 333 days, the peaks of nesquehonite
became weaker, but were still present.

In experiments in GWB (Fig. 14), brucite formed
first and hydromagnesite (5424) started to form at
91 days. Nesquehonite was never detected in these
runs, implying that the formation of nesquehonite
is not favored in Mg-dominated, high-ionic-strength
solutions such as GWB. For detailed explanations,
see the following section regarding the relative sta-
bility of hydromagnesite (5424) and nesquehonite.

3.4. Reaction path starting with brucite at P CO2
of

5 � 10�2.0 atmospheres

Figs. 15 and 16 show XRD patterns in experi-
ments using prehydrated FMgO in ERDA-6 and
GWB, respectively. In ERDA-6 (Fig. 15), nesqueh-
onite started to form between 1 and 3 days. Hydro-
magnesite (5424) started to form between 7 and 21
days. The peaks of nesquehonite became weaker
after 21 days. At 333 days, nesquehonite is still pres-
ent, albeit the peak is weaker.

In GWB, hydromagnesite (5424) appeared to
form between 7 and 21 days (Fig. 16). After 91 days,
well-developed XRD patterns of hydromagnesite
(5424) can be seen. Similar to the runs starting with
periclase in GWB (Fig. 14), nesquehonite was never
observed in these runs, implying again that Mg-
dominated solutions with high-ionic-strength
(P8 m) do not favor the formation of nesquehonite.

In the experiments in GWB at P CO2
¼ 5�

10�2 atm using either periclase or brucite as starting
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material, the formation of Mg3(OH)5Cl � 4H2O was
not observed. This situation is different from the
observations in the runs at atmospheric CO2 using
the same starting material and same starting brine.

3.5. Thermodynamic modeling

3.5.1. Saturation Indices

By the using the experimental data tabulated in
Appendix A (supplementary material available on
web), the saturation states with respect to brucite,
hydromagnesite (5424), hydromagnesite (4323) and
nesquehonite are calculated for the independent
set of experiments. Note that pcH values were
obtained in those experiments in NaCl solutions
(Appendix A) according to the method described
in Section 2. Figs. 17–19 illustrate the saturation
indices (SI) for 4 Mg phases, i.e., brucite, hydro-
magnesite (5424), hydromagnesite (4323), and
nesquehonite, by performing EQ3NR calculations
(Version 7.2c; Wolery, 1992b; EQ3NR modeling
was done under SNL software QA requirements).
The database used is modified from the HMW data-
base by incorporating the thermodynamic data for
hydromagnesite (4323) from Langmuir (1965) and
hydromagnesite (5424) from Robie and Hemingway
(1973). SI is defined as

SI ¼ logðQ=KspÞ ð7Þ
where Q is the ion activity product, and Ksp is the
solubility product of a given phase. SI is an indica-
tor of the saturation state with respect to the solid
phase of interest in a solution. If SI < 0, the solution
is undersaturated with that phase. If SI = 0, the
solution is saturated with that phase. If SI > 0, it
means that the solution is oversaturated. In the
modeling, experimentally determined concentra-
tions of Mg and H+ were used as inputs (Appendix
A) in addition to the background electrolytes. Dis-
solved CO2 concentrations are calculated by choos-
ing the option of the charge balance on HCO�3 in
the code.

Fig. 17A and B present SI for experiments started
with FMgO in DI water and 4.4 m NaCl solution.
The SI for hydromagnesite (5424 and 4323) can be
up to about 3 orders of magnitude higher with DI
water than with 4.4 m NaCl solution, in general.
However, there is a considerable overlap between
the SIs for these two solutions. Both solutions were
at or near equilibrium with brucite up to 250 days.
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After about 333 days, both solutions were slightly
undersaturated with brucite. Nesquehonite was
always an undersaturated phase throughout the
experiment. In addition, the SI for nesquehonite in
4.4 m NaCl is lower than those with DI water.

In Fig. 18A through 18D, SI is presented for
experiments in NaCl solutions ranging from
0.010 m to 4.4 m using PMgO. In all experiments,
the solutions were undersaturated with respect to
nesquehonite.

Fig. 19A and B show SI for runs using FMg(OH)2

as starting material in DI water and 4.4 m NaCl,
respectively. The degree of supersaturation with
respect to hydromagnesite in DI water can be up to
about one order of magnitude higher than that in
4.4 m NaCl. However, there are overlaps in SI
between these two solutions.

3.5.2. Ionic-strength effect on reaction progress

Ionic-strength has a profound effect on the reac-
tion progress in the carbonation of brucite, as dem-
onstrated by the systematic studies in solutions with
ionic-strength ranging from those of DI water to
4.4 m NaCl. These studies indicate that the carbon-
ation of brucite to form hydromagnesite (5424) is
more rapid in solutions with lower ionic strengths.
To have a better understanding of this effect, analyt-
ical data from the aforementioned experiments
under static conditions were employed to conduct
EQ3NR calculations. Some important species for
the samplings at 404 and 426 days are listed in Table
2. It is worthwhile noting that CO2(aq) and aH2O

have a negative correlation with ionic-strength
(Table 2). This may imply that CO2(aq) and aH2O

are the key factors in controlling the kinetics of
the carbonation of brucite, as the above experimen-
tal results have qualitatively demonstrated that the
lower the ionic-strength in the aqueous medium,
the more rapid the conversion from brucite to hyd-
romagnesite (5424).

3.5.3. Applications to nuclear waste repository

In the WIPP disposal system, the major function
of the engineered barrier is to sequester CO2
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generated by possible microbial degradation of
organic materials in the waste and the waste pack-
ages via carbonation of brucite to form Mg carbon-
ate phase(s) and to buffer the pH of the repository.
In Table 3, predicted values of fCO2

buffered by the
assemblage of brucite and various Mg carbonates
are listed. In the design, the engineered barrier is
in excess relative to CO2 to be sequestered. As the
rates of carbonation of brucite are orders of magni-
tude higher than the rates of the possible microbial
generation of CO2 (Xiong and Snider, 2003), meta-
stable hydromagnesite (5424) is the most likely
phase to be formed in the repository. Therefore,
the fCO2

will be buffered by the assemblage bru-
cite-hydromagnesite (5424). Although magnesite is
the thermodynamically stable phase and, in con-
junction with brucite, it would buffer fCO2

at the
lowest level among Mg carbonates, the formation
of magnesite at ambient temperature is not favored
kinetically. However, hydromagnesite (5424) is
expected be converted to magnesite (MgCO3) in
the 10-ka period during which the repository is reg-
ulated by the EPA.
In Table 3, most of the calculations are based on
the thermodynamic database of Königsberger et al.
(1999) along with data from Cox et al. (1989). The
fCO2

for the two hydromagnesite varieties has been
calculated by using the free energy of formation of
brucite from Königsberger et al. (1999) and from
Harvie et al. (1984). The fCO2

differs by one order
of magnitude when the different free energies of for-
mation for brucite from these two sources are used.
This indicates that there is a substantial discrepancy
among the thermodynamic properties of brucite.
Therefore, redetermination of its thermodynamic
properties is desirable and has been summarized
(Xiong, 2003); it will be published elsewhere.

3.5.4. Relative stability of hydromagnesite and

nesquehonite

It is clear from the preceding discussion of fCO2

that the relative stability of hydromagnesite (5424)
and nesquehonite (MgCO3�3H2O) at close to the
room temperature is an important issue for nuclear
waste isolation. In addition, during the weathering
of terrestrial ultramafic/mafic rocks in northern
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British Columbia and Yukon Territory, and the ter-
restrial weathering of meteorites in the Antarctic,
involving liquid water, the temperature could be as
low as 5 �C (see the paragraphs below for details).
Therefore, the relative stability between these two
phases at temperatures as low as 5 �C is also impor-
tant to our knowledge of weathering of ultramafic/
mafic rocks in cold regions, and could have poten-
tial applications in the sequestration of anthropo-
genic CO2.

The fugacity of CO2 buffered by brucite-hydro-
magnesite (5424) differs from that buffered by bru-
cite–nesquehonite by at least two orders of
magnitude. Hydromagnesite (5424) is the predicted
stable phase at ambient temperature and atmo-
spheric CO2 partial pressure (P CO2

¼� 10�3:5 atm),
and the predicted fCO2

for the boundary between
brucite and nesquehonite is 10�3.47 bars (Table 3),
which is very close to atmospheric CO2 partial
pressure.

Previous studies regarding the relative stability of
hydromagnesite and nesquehonite are not in total
agreement, and do not provide clear boundary con-
ditions for them. Lippmann (1973) stated that syn-
thetic hydromagnesite and nesquehonite are in
equilibrium, but the crystallization of the latter is
delayed relative to the former by kinetic inhibitions
because, if the hydromagnesite precipitate obtained
at room temperature was left in contact with its
mother liquid, nesquehonite was commonly found
to have crystallized after some days. Lippmann
(1973) synthesized hydromagnesite by mixing solu-
tions of Mg (e.g., Mg chloride or sulfate) and alkali
carbonates at concentrations such that precipitation
occurred instantaneously. The temperature of the
synthetic experiments was room temperature, but
the intrinsic P CO2

in the synthetic experiments is
not known. In experiments conducted previously
at Sandia National Laboratories at room tempera-
ture and P CO2

¼ 1 atm, nesquehonite was formed
(Zhang et al., 1999). Robie and Hemingway (1972)
stated that nesquehonite is apparently unstable at
room temperature and atmospheric CO2, and
nesquehonite starts to lose water and CO2 after 3
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weeks. In the tank experiments performed by
Davies et al. (1977), using nesquehonite as starting
material in the Port Alma brine from Queensland,
Australia, nesquehonite was partially altered to
hydromagnesite (variety unspecified) or protohyd-
romagnesite after 10 days. After 130 days, strong
XRD peaks of hydromagnesite developed, but
nesquehonite was still present, though its peaks
were weak.

The results from this study indicate that if the
reaction path starts from the dissolution of brucite
or periclase, or by extension, other Mg-bearing
phases such as forsterite, at room temperature and
atmospheric CO2, nesquehonite will never form.
This may be exemplified by the crystallization of
hydromagnesite from fresh water seeping from the
host rocks in basaltic caves in Kauai, Hawaii (Léve-
illé et al., 2000). This may also explain why hydro-
magnesite – not nesquehonite – exists in ore
deposits in the Neraida area, south of Kozani,
Greece (Arvanitidis, 1998), as this deposit is located
in a Neogene sedimentary basin bounded by ultra-
basic rocks (Arvanitidis, 1998). It can be envisioned
that this hydromagnesite deposit was formed by
solutions that were weathering ultrabasic rocks.
As an analog, it is worth mentioning that hydro-
magnesite is observed in the Salt Lake (Tuz Golu)
basin in central Anatolia, Turkey (Braithwaite and
Zedef, 1994; Camur and Mutlu, 1996; Zedef et al.,
2000). This basin is largely surrounded by mafic
and ultramafic rocks (Camur and Mutlu, 1996;
Zedef et al., 2000). In the Sabzevar ophiolite, the
serpentine and the serpentinized harzburgite and
dunite have been altered surficially to hydromagne-
site (Shojaat et al., 2003).

At higher partial pressure of CO2, i.e.,
P CO2

¼ 5� 10�2 atm in the present experiments,
nesquehonite can be formed. This explains that suc-
cessful synthesis of stable nesquehonite can take
place only at P CO2

higher than that of atmospheric
CO2 at room temperature, and usually at
P CO2

¼ 1 atm (Langmuir, 1965), well into its stabil-
ity field. Therefore, the presence of nesquehonite at
the Earth’s surface should indicate high local partial
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pressure of CO2 or temperatures (e.g., 5 �C) signifi-
cantly lower than room temperature (see below for
detailed explanations). For example, lichen weather-
ing can create high local P CO2

and nesquehonite has
been observed to be associated with such lichen
weathering (Gehrmann and Krumbein, 1994).

The observation that nesquehonite first appeared
and then hydromagnesite (5424) subsequently
formed in the experiments with ERDA-6 at
P CO2

¼ 5� 10�2 atm might indicate that the condi-
tions may be close to the boundary between hydro-
magnesite (5424) and nesquehonite. This could
have important ramifications. The equilibrium
between hydromagnesite (5424) and nesquehonite
can be expressed as:

Mg5ðCO3Þ4ðOHÞ2 � 4H2Oþ CO2ðgÞ þ 10H2O

¼ 5MgCO3 � 3H2O ð8Þ

The equilibrium constant (logK8) at 25 �C for
Reaction (8) calculated from the databases of Robie
and Hemingway (1995) and Königsberger et al.
(1999) are �2.05 and �2.01, respectively. The
enthalpy change for Reaction (8) is �120 kJ mol�1

or �124 kJ mol�1 based on the data of Robie and
Hemingway (1995) or Königsberger et al. (1999),
respectively. The logK8 at 5 �C is calculated to be
�0.55 or �0.44, respectively, by using the Van’t
Hoff equation. Accordingly, the relationship
between the required activity of water and logfCO2

can be expressed as:

log aH2O ¼ �
log K8 þ log f CO2

10
ð9Þ

In Table 4, the predicted log aH2O as a function
of fCO2

in a range from 10�3.5 to 10 bars are listed.
From Table 4, it seems that both databases predict
an unrealistic, minimum aH2O (higher than 1.00) for
the equilibrium between nesquehonite and hydro-
magnesite (5424) at 25 �C and 5 �C at fCO2

up to
1.0 bars, implying that nesquehonite would never
form at these temperatures even at fCO2

= 1.0 bar.
Apparently, neither database accommodates the
co-existence of nesquehonite with hydromagnesite
(5424) at atmospheric P CO2

at ambient tempera-
tures. Also these databases cannot explain the
successful synthesis of nesquehonite in many exper-
iments at room temperature and P CO2

¼ 1 atm.
It should be mentioned that the above logK at

5 �C (278.15 K) calculated by using the Van’t Hoff
equation is satisfactory in comparison with the cal-
culations using the following equation:

DrG
o
278:15 K ¼ DrH

o
278:15 K � TDrS

o
278:15 K ð10Þ

Assuming that the heat capacity change for
Reaction (8) is constant over the temperature range
from 25 �C to 5 �C, DrH

o
278:15 K and DrS

o
278:15 K are cal-

culated from the following respective equations in
their integrated forms:

ð@DrH
o=@T Þp ¼ DrC

o
p ð11Þ

ð@DrS�=@T Þp ¼ DrC
o
p=T ð12Þ

In the calculations, the heat capacities of nesqueh-
onite and hydromagnesite (5424) are from Robie and
Hemingway (1972). In the database of Königsberger
et al. (1999) these heat capacities are also from Robie
and Hemingway (1972). The logK8 at 5 �C calculated
from Eq. (10) are �0.45 and �0.47 for the databases
of Robie and Hemingway (1995) and Königsberger
et al. (1999), respectively. Therefore, the extrapola-
tions by using the Van’t Hoff equation differ from
those calculated using Eq. (10) by only 0.1 log units
at most in this temperature range.

In nature, both nesquehonite and hydromagne-
site (5424) formed by terrestrial weathering have
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Y. Xiong, A.S. Lord / Applied Geochemistry 23 (2008) 1634–1659 1653
been observed on the ordinary chondrite LEW
85320 from the Antarctic (Gooding et al., 1988;
Velbel et al., 1991). In addition, either nesquehonite
or hydromagnesite, has also been observed in
other meteorites from the Antarctic, including
Yamato 74371, ALHA77231, ALHA77257 and
ALHA77262 (Yabuki et al., 1976; Marvin, 1980;
cited in Velbel et al., 1991). In serpentine-rich mine
tailings, both nesquehonite and hydromagnesite
(5424) have been observed at the surface of the
tailings piles at the historical mine sites in Yukon
Territory and northern British Columbia (Wilson
et al., 2006). The temperature for terrestrial weath-
ering of LEW 85320 involving liquid water is
believed to have been around 5 �C (Velbel et al.,
1991). The average temperature in Yukon Territory
and northern British Columbia is certainly less than
25 �C. For instance, the average temperature in July
is 14 �C and the temperature in winter ranges from
4 �C to �50 �C in Yukon Territory (Education
Canada Network, 2007). The observation of both
hydromagnesite (5424) and nesquehonite in these
samples may indicate that the conditions (i.e.,
P CO2

¼� 10�3:5 atm, and 25 �C < T 6 5 �C) respon-
sible for the weathering of ultramafic/mafic rocks
involving liquid water may be close to the boundary
between hydrogmagnesite (5424) and nesquehonite.
However, according to the database of either Robie
and Hemingway (1995) or Königsberger et al.
(1999), at such P CO2

and temperatures, the minimum
activity of water required to stabilize nesquehonite
is much higher than 1.00 (Table 4), which is
unrealistic.

Based on the observation of nesquehonite and
the subsequent appearance of hydromagnesite
(5424) in the experiments with ERDA-6 at the lab-
oratory room temperature and at P CO2

¼ 5�
10�2 atm, logK8 is estimated to be �2.5 at 25 �C
in this study. In this estimation, logK8 at 25 �C is
constrained by logaH2O ¼ 0:748� 0:001ð2rÞ calcu-
lated for ERDA-6 at that temperature (US DOE,
2004) and fCO2

¼ 5:07� 10�2 bars. In the estima-
tion, logaH2O is rounded as 0.75. The logK8 at
5 �C is calculated to be �4.0 by using the Van’t Hoff
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equation with the enthalpy change from the data-
base of Robie and Hemingway (1995).

Using the above logK8 estimated in this study,
the predicted activity of water (Table 4) can ade-
quately explain the above natural occurrences of
hydromagnesite (5424) with nesquehonite, and the
successful synthesis of nesquehonite at room tem-
perature and P CO2

¼ 1 atm in many studies. In addi-
Table 2
Calculated concentrations (in molality) of Mg2+, OH�, CO2(aq)

and acti
ionic-strength

Experiment Ionic-strength, m Experimental time, d mMg

PMgO–0.01Cl 0.010 404 5.23
PMgO–0.1Cl 0.10 404 6.46
PMgO–1.0Cl 1.0 404 1.12
PMgO–4.0Cl 4.4 426 5.99
FMgO–0Cl 0.0090 426 2.61
FMgO–4.0Cl 4.4 426 6.34
FMg(OH)2–0Cl 0.010 426 3.12
FMg(OH)2–4.0Cl 4.4 426 5.77
tion, in the tank experiments of Davies et al. (1977),
co-existence of hydromagnesite with nesquehonite is
also observed. The intrinsic logfCO2

and activity of
water for the supernatant brine at 7.5 months of
the tank experiments of Davies et al. (1977) is calcu-
lated to be �2.25 and 0.82, respectively, by using
EQ3NR. As the temperatures of their experiments
fluctuated between 10 �C and 28 �C, the above cal-
culated intrinsic logfCO2

and activity of water are
in reasonable agreement with those values which
predict the equilibrium between hydromagnesite
(5424) and nesquehonite based on logK8 estimated
by this study (Fig. 20).

In addition, the results from the experiments with
GWB at room temperature and P CO2

¼ 5�
10�2 atm also support the estimated logK8 at
25 �C based on the experiments with ERDA-6. In
the experiments with GWB at P CO2

¼ 5� 10�2 atm,
nesquehonite is never observed. The activity of
water for GWB at 25 �C is calculated to be
0.733 ± 0.001(2r) (US DOE, 2004). The minimum
activity of water at 25 �C and fCO2

¼ 5:07� 10�2

bars (5 � 1.01325 � 10�2 bars) for nesquehonite to
be stable is calculated to be 0.76 (rounded from
0.7578) based on the logK8 at 25 �C. The fact that
the calculated activity of water for GWB at 25 �C
is lower than the required minimum activity of
water for nesquehonite may well explain why
nesquehonite is never observed in the experiments
with GWB at P CO2

¼ 5� 10�2 atm (Fig. 20; also
see XRD patterns in Figs. 14 and 16).

Mafic and ultramafic rocks have potential for
sequestration of substantial amounts of anthropo-
genic CO2 (e.g., McGrail et al., 2006). The atomic
ratio of Mg to C is 1.25:1 and 1:1 in hydromagnesite
(5424) and nesquehonite, respectively. Therefore, in
order to be more efficient, sequestration of anthro-
pogenic CO2 is preferred under the conditions in
the stability field of nesquehonite mentioned above.
vity of H2O, and measured concentration of H+ as a function of

2þ mHþ mOH� mCO2
(aq) aH2O

� 10�3 7.31 � 10�10 1.94 � 10�5 1.10 � 10�5 0.9994
� 10�3 5.13 � 10�10 3.38 � 10�5 6.67 � 10�6 0.9963
� 10�2 4.02 � 10�10 4.78 � 10�5 4.10 � 10�6 0.9657
� 10�3 2.43 � 10�10 2.55 � 10�5 1.69 � 10�6 0.8343
� 10�3 4.14 � 10�10 3.01 � 10�5 3.29 � 10�6 0.9998
� 10�3 1.28 � 10�10 4.87 � 10�5 6.19 � 10�7 0.8342
� 10�3 5.51 � 10�10 2.30 � 10�5 5.40 � 10�6 0.9998
� 10�3 1.43 � 10�10 4.34 � 10�5 6.81 � 10�7 0.8342



Table 3
Fugacity of CO2 gas buffered by the assemblage of brucite and various magnesium carbonates at 25 �C

Buffer assemblage Buffer reaction logfCO2
Sources of
thermodynamic dataa

Brucite–magnesite Mg(OH)2(s) + CO2(g) = MgCO3(s, synthetic) + H2O(l) �6.46 Df G
o
brucite

b; Df G
o
magnesite

b

Mg(OH)2(s) + CO2(g) = MgCO3(s, natural) + H2O(l) �7.09 Df G
o
brucite

b; Df G
o
magnesite

b

Brucite–hydromagnesite
(5424)

5Mg(OH)2(s) + 4CO2(g) = Mg5(CO3)4(OH)2 � 4H2O(s) �4.84 Df G
o
brucite

b;
Df G

o
hydromagnesiteð5424Þ

b

Brucite–hydromagnesite
(5424)

5Mg(OH)2(s) + 4CO2(g) = Mg5(CO3)4(OH)2 � 4H2O(s) �5.96 Df G
o
brucite

c;
Df G

o
hydromagnesiteð5424Þ

b

Brucite–hydromagnesite
(4323)

4Mg(OH)2(s) + 3CO2(g) = Mg4(CO3)3(OH)2 � 3H2O(s) �4.33 Df G
o
brucite

b;
Df G

o
hydromagnesiteð4323Þ

d

Brucite–hydromagnesite
(4323)

4Mg(OH)2(s) + 3CO2(g) = Mg4(CO3)3(OH)2 � 3H2O(s) �5.38 Df G
o
brucite

c;
Df G

o
hydromagnesiteð4323Þ

d

Brucite–nesquehonite Mg(OH)2(s) + CO2(g) + 2H2O(l) = MgCO3 � 3H2O(s) �3.47 Df G
o
brucite

b; Df G
o
nesquehonite

b

Brucite–artinite 2Mg(OH)2(s) + CO2(g) + 2H2O(l) = Mg2(OH)2CO3 � 3H2O(s) �4.69 Df G
o
brucite2 ; Df G

o
artinite

b

Brucite–lansfordite Mg(OH)2(s) + CO2 (g) + 4H2O(l) = MgCO3 � 5H2O(s) �3.22 Df G
o
brucite

b; Df G
o
lansfordite

b

a Note: In all calculations, thermodynamic data of CO2(gas) and H2O(l) are from CODATA (Cox et al., 1989) as this database is
consistent with Königsberger et al. (1999), and the activity of water is assumed to be unity for reactions involving water.

b Königsberger et al. (1999).
c Harvie et al. (1984).
d Langmuir (1965).

Table 4
Predicted activity of water regarding equilibrium between hydromagnesite (5424) and nesquehonite represented by Reaction (8) as a
function of logfCO2

at 5 �C and 25 �C

25 �C 5 �C Remarks

logfCO2
logaH2O aH2O logaH2O aH2O logK8 calculated from the database of

Robie and Hemingway (1995)�3.5 (5.55 � 10�1)a (3.59) (4.05 � 10�1) (2.54)
�3.0 (5.05 � 10�1) (3.20) (3.55 � 10�1) (2.26)
�2.5 (4.55 � 10�1) (2.85) (3.05 � 10�1) (2.02)
�2.0 (4.05 � 10�1) (2.54) (2.55 � 10�1) (1.80)
�1.5 (3.55 � 10�1) (2.27) (2.05 � 10�1) (1.60)
�1.0 (3.05 � 10�1) (2.02) (1.55 � 10�1) (1.43)
�0.5 (2.55 � 10�1) (1.80) (1.05 � 10�1) (1.27)
0 (2.05 � 10�1) (1.60) (5.46 � 10�2) (1.13)
0.5 (1.55 � 10�1) (1.42) 4.60 � 10�3 1.01
1.0 (1.05 � 10�1) (1.27) �4.54 � 10�2 0.901
�3.5 (5.51 � 10�1) (3.55) (3.94 � 10�1) (2.48) logK8 calculated from the database of

Königsberger et al. (1999)�3.0 (5.01 � 10�1) (3.16) (3.44 � 10�1) (2.21)
�2.5 (4.51 � 10�1) (2.82) (2.94 � 10�1) (1.97)
�2.0 (4.01 � 10�1) (2.52) (2.44 � 10�1) (1.76)
�1.5 (3.51 � 10�1) (2.24) (1.94 � 10�1) (1.56)
�1.0 (3.01 � 10�1) (2.00) (1.44 � 10�1) (1.39)
�0.5 (2.51 � 10�1) (1.78) (9.44 � 10�2) (1.24)
0 (2.01 � 10�1) (1.59) (4.44 � 10�2) (1.11)
0.5 (1.51 � 10�1) (1.41) �5.58 � 10�3 0.987
1.0 (1.01 � 10�1) (1.26) �5.56 � 10�2 0.880
�3.5 (1.0 � 10�1) (1.3) �5.1 � 10�2 0.89 logK8 estimated in this study. See text for

details�3.0 (5.0 � 10�2) (1.1) �1.0 � 10�1 0.79
�2.5 0 1.0 �1.5 � 10�1 0.71
�2.0 �5.0 � 10�2 0.89 �2.0 � 10�1 0.63
�1.5 �1.0 � 10�1 0.79 �2.5 � 10�1 0.56
�1.0 �1.5 � 10�1 0.71 �3.0 � 10�1 0.50
�0.5 �2.0 � 10�1 0.63 �3.5 � 10�1 0.45
0 �2.5 � 10�1 0.56 �4.0 � 10�1 0.40
0.5 �3.0 � 10�1 0.50 �4.5 � 10�1 0.35
1.0 �3.5 � 10�1 0.45 �5.0 � 10�1 0.32

a Numbers in parentheses are unrealistic activity of water in logarithmic or linear scale.
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For example, the carbonation of forsterite
(Mg2SiO4) as hydromagnesite (5424) and nesqueho-
nite can be expressed as:

5Mg2SiO4 þ 8CO2ðgÞ þ 10H2OðlÞ
¼ 2Mg5ðCO3Þ4ðOHÞ2 � 4H2Oþ 5SiO2ðamÞ ð13Þ

Mg2SiO4 þ 2CO2ðgÞ þ 6H2OðlÞ
¼ 2MgCO3 � 3H2Oþ SiO2ðamÞ ð14Þ

Accordingly, if anthropogenic CO2 is seques-
tered as nesquehonite, 0.5 mol of forsterite can
consume one mole of CO2. In contrast, if CO2 is
sequestered as hydromagnesite (5424), 0.625 mol
of forsterite are needed to consume 1 mol of
CO2. Therefore, the sequestration of anthropo-
genic CO2 is optimal if the conditions of seques-
tration are maintained in the stability field of
nesquehonite instead of that of hydromagnesite
(5424).

Although the logK8 estimated in this study can
adequately explain the co-existence of hydromagne-
site (5424) and nesquehonite, it should be men-
tioned with a caveat that the logK8 proposed in
this study is estimated from the experiments not spe-
cifically designed to explore the boundary between
hydromagnesite (5424) and nesquehonite. There-
fore, it is desirable to design experiments specifically
for exploration of that boundary in future studies to
confirm the present values.
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3.5.5. Hydromagnesite(5424) versus nesquehonite as

a precursor for dolomite

It has been suggested that hydromagnesite/
nesquehonite and aragonite/calcite are likely to be
the precursors for dolomite (CaMg(CO3)2) (Lipp-
mann, 1973). Using aragonite as an example, the
formation of dolomite can be expressed as:

Mg5ðCO3Þ4ðOHÞ2 � 4H2O

þ 5CaCO3ðaragoniteÞ þ CO2ðgÞ
¼ 5CaMgðCO3Þ2ðdolomiteÞ þ 5H2O ð15Þ

MgCO3 � 3H2Oþ CaCO3ðaragoniteÞ
¼ CaMgðCO3Þ2ðdolomiteÞ þ 3H2O ð16Þ

As this study demonstrates that nesquehonite
does not form at the partial pressure of the atmo-
spheric CO2 and at room temperature, hydromag-
nesite (5424) should be the more likely precursor
for dolomite. In addition, the preceding calculations
indicate that hydromagnesite (5424) is more stable
at higher temperatures, whereas nesquehonite is
more stable at lower temperatures. When sediments
are buried and are subject to diagenesis, tempera-
tures are expected to increase. Therefore, nesqueho-
nite would be further destabilized during diagenetic
processes. Consequently, Reaction (15) would be
more likely.

3.5.6. Possible martian metastable magnesium

carbonates

It is also of interest to note that hydrous Mg car-
bonates such as hydromagnesite and artinite have
been inferred to be present at the martian surface
based upon the Mariner 6 and 7 infrared spectra
and terrestrial telescopic spectra (Calvin et al.,
1994; Bibring and Erard, 2001). Although the cur-
rent P CO2

at the surface of the Mars is about
6 � 10�3 atm (Bridges et al., 2001), it is inferred that
the P CO2

associated with the formation of secondary
mineral assemblages in the Martian meteorite ALH
84001 was close to 5 � 10�2 atm (Bridges et al.,
2001). Therefore, the experimental results at
P CO2

¼ 5� 10�2 atm seem to support the interpreta-
tion of the existence of hydrous Mg carbonates
(Calvin et al., 1994; Valley et al., 2007).

4. Summary

Based upon experimental results obtained from
this study, the reaction path in the system of
MgO–CO2–H2O at ambient temperature in solu-
tions with ionic-strength up to 7.1 M (8.3 m) can
be summarized as follows.

At atmospheric CO2, the reaction path in Na–Cl-
dominated solutions with ionic strengths up to
5.8 m (including the experiments ranging from those
started with DI water to those started in ERDA-6)
is:

Periclase! brucite! hydromagnesiteð5424Þ
At atmospheric CO2, the reaction path in Mg–

Na–Cl-dominated solutions such as GWB with an
ionic-strength of 8.3 m is:
The dashed arrows above indicate that the addi-
tion of periclase or brucite to Mg–Na–Cl brines can
result in the formation of Mg3(OH)5Cl � 4H2O by
raising the pH.

At P CO2
¼ 5� 10�2 atm, the reaction path in Na–

Cl-dominated solutions (e.g., ERDA-6) is:

�2
At P CO2
¼ 5� 10 atm, the reaction path in

Mg–Na–Cl-dominated solutions (GWB) is

Periclase! brucite! hydromagnesiteð5424Þ
As periclase or brucite is in excess relative to CO2

produced by possible microbial activity in the
WIPP, fCO2

would be buffered by brucite and hydro-
magnesite (5424) according to the reaction paths
demonstrated in this study.
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