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ABSTRACT

Long-term storage of CO2 in nesquehonite (MgCO3·3H2O) relies on its transformation to highly
stable magnesite (MgCO3) in a naturally occurring, centuries-long process. Here, we pair in situ
X-ray diffraction (XRD) and thermogravimetric analysis to investigate the thermal transformation
(30–650 °C, 5 °C/min) of nesquehonite tomagnesite, under both open and closed experimental conditions
in a supplied atmosphere of CO2 or N2, and the presence or absence of self-generated gases (i.e., CO2,
water vapor).We found that following the structural collapse of nesquehonite,magnesite only forms in the
presence of gaseous CO2, whether that be externally supplied or self-generated. This is consistent with a
dehydration-crystallization mechanism, with increased local accumulation of CO2 (and in a closed
system, H2O vapor) shifting thermal events to higher temperatures, allowing for the crystallization of
magnesite. Approximately 20 wt% more magnesite formed when nesquehonite was flushed with CO2
gas during heating in an open system, rather than heldwithin a closed, static CO2 atmosphere.We hypoth-
esize that this difference is due to complete dehydration beingmore difficult to achieve in a closed system,
delaying the crystallization of magnesite. Additionally, the distribution of passivating reaction products
on unreactedmineral coresmay occur in closed systems,where self-generated humidity is retained and the
dissolution-precipitation of reaction products may occur at mineral surfaces. We also found that amor-
phousmaterials are dominant intermediate stores for CO2, which is significant given they are not typically
considered during carbon accounting in natural landscapes or engineered settings. We proposed a novel
method to accurately quantify amorphous solids from XRD data during in situ studies where significant
gas loss occurs. Our findings further our mechanistic understanding of how magnesite forms from crys-
talline and amorphous precursors under a range of environmental and industrial conditions, which is key
to optimizing stable CO2 storage in Mg-carbonate minerals. In particular, it highlights the importance of
considering the role of amorphous phases, atmospheric composition, and self-generated gas retention
during magnesite formation.
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INTRODUCTION

Anthropogenic climate change has widespread implications
for our society, the environment, and the economy. Addressing
the issue of atmospheric CO2 pollution requires urgent global
attention, with the magnitude of the challenge necessitating a
range of management strategies and technologies (Masson-
Delmotte et al. 2018; Core Writing Team et al. 2023) that not
only limit future CO2 emissions, but also capture CO2 from the

atmosphere and securely store it for the millennial timescales rel-
evant to mitigating the impacts of global warming. Stabilizing
atmospheric CO2 to maintain global temperatures at<2 °C above
pre-industrial levels will not be possible by 2050 if carbon cap-
ture, utilization, and storage (CCUS) technologies, such as carbon
mineralization, are not available (Core Writing Team et al. 2023).

Carbon mineralization enhances the natural weathering of
Mg-rich silicate and hydroxide minerals to promote the forma-
tion of stable carbonate phases that host CO2 within their struc-
tures (Lackner et al. 1995). For example, atmospheric CO2 is
permanently immobilized in the crystal structure of magnesite
(MgCO3), an environmentally benign carbonate phase that
forms during natural hydrothermal alteration of Mg-rich silicate
minerals (Oelkers and Cole 2008). Althoughmagnesite provides
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