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Sulfate is abundant in the environment and, as a result, sulfate-containing minerals
constitute a large and important focus of research [1-3]. These minerals play an important
role in many geochemical and industrial processes, including the sulfur cycle, the con-
struction industry (e.g., plaster of Paris), fault tectonics, acid mine drainage, and even rare
biominerals [4]. Important to note are the abundant amounts of sulfate (minerals) located
on the surface of Mars [5], and in meteorites [6], extending the relevance of this mineral
group beyond the realm of our planet. In geological systems, sulfate minerals such as
barite are also important for indicating certain sedimentation environments. In this regard,
sulfate deposits can be used to evaluate the redox state of ancient oceans during early Earth
time periods [7].

This Special Issue gathers a collection of studies that represent the broad spectrum of

ek instances where different types of sulfate minerals play a key role in scientific processes.
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In particular, calcium sulfate phases (e.g., gypsum, bassanite, and anhydrite) are the most
widespread in the considered group [3], acting as important sulfur sinks and serving as
indicators of past environmental conditions on Earth and beyond. Various products relying
on the crystallization of calcium sulfate minerals have been employed since antiquity, and
today they are an essential part of a wide array of industrial (such as plaster, grout, mortar,
and cement production) and cultural applications. Gypsum is also famous for growing into
giant crystals that are many meters in length, captivating the imagination of scientists and
enthusiasts alike. Importantly, these giant crystals constitute a unique “natural laboratory”

for studying crystallization processes spanning many length and time scales. A detailed
review on the giant crystals from Naica is presented in this volume by Carrefio-Marquez
and coworkers [8]. In this contribution, the authors present a description of the Naica
Mine setting, where these crystals were discovered, and a state-of-the-art summary on the
thermodynamic conditions favoring the crystals” growth, and the associated kinetic aspects.
In addition, they also explore the scenarios for possible deterioration. Giant crystals are
a stark example of how atomic-scale mechanisms manifest themselves at macroscopic
lengths. This nano-to-macro aspect, related to CaSQOy, is further explored by Reiss at al.
in [9], where a thermodynamic modelling approach to calcium sulfate crystallization is
explored in addition to current experimental observations. This is undertaken with an
emphasis on high-salinity environments, i.e., brines, and is thus relevant for industrial
and geological settings on Earth (e.g., the Dead Sea), and other planets such as Mars.
Consequently, this comprehensive review synergizes the interplay of physicochemical
conditions (ionic strength, brine composition, etc.), nucleation and growth mechanisms, and
the resulting calcium sulfate crystal morphologies and size distributions. The nucleation
Attribution (CC BY) license (https://  and growth processes from solutions of calcium sulfate are also experimentally studied
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and whose presence is rarely, if ever, considered. This paper highlights the complexity of
solution-based growth phenomena in sulfates, and clearly links to [8,9].

Calcium sulfate, as well as other sulfate minerals, are ubiquitous in anthropogenic
environments in which they constitute useful resources, general waste, or disadvanta-
geous residues such as scale. In all cases, interactions with the environment need to be
investigated and often mitigated. These aspects again clearly link to the fundamental
nucleation and growth processes, but also contain a socioeconomic perspective. This in-
terplay is well illustrated by Gazquez et al. in [11]; the authors reviewed the evolution of
waste management policies related to TiO, production, in which gypsum and several iron
sulfate minerals are formed as useful byproducts. This shows how those minerals have
become recyclable and are used in cement production and agriculture while complying
with ever stricter environmental policies. Commercial use was developed based on the
physicochemical and mineralogical characterization of precipitated sulfates. This high-
lights how fundamental aspects of mineral research are essential for an effective circular
economy. In a similar context, Weimann et al. in [12] assessed the relevance of recycling
gypsum from construction waste. The evaluation was based on data provided by the
industry, and considered the transportation distance and associated carbon emissions as
the major factors for determining the feasibility of recycling. The authors concluded that
construction gypsum recycling is environmentally beneficial in comparison with natural
and coal-fired power plant gypsum, especially in connection with land transformation and
resource consumption.

Considering the environment-industry interface regarding waste management, sul-
fates constitute important immobilization storage materials which can prevent the prolifer-
ation of harmful substances. This is studied in [13], in which the authors model a reactive
transport system associated with the immobilization of uranium by gypsum, jarosite and
other sulfate minerals in mill tailings from the Cominak mine (Nigeria). The model indi-
cated that immobilization is likely due to a high solubility uranyl-sulfate which transforms
into more stable uranyl-phosphate phases. Another example of how sulfates can immobi-
lize potentially dangerous elements is discussed by Brandt and colleagues [14]. This article
considers the uptake of ?°Ra in (Ba,Sr) sulfate solid solutions, combining experiments with
thermodynamic simulations. This study was motivated by the fact that this solid solution
often occurs in natural systems. The authors discovered a complex immobilization pathway
involving the dissolution of (Ba,Sr)SO, and the formation of metastable phases. As such,
this study links nano-scale aspects of sulfate geochemistry with their potential application
for waste management. In many human activities, the formation of sulfate minerals is
a common nuisance; in engineered environments they form difficult-to-remove scales,
thereby decreasing efficiency and increasing operational costs. This includes desalination
units, oil production, and hydrothermal systems. This is discussed by Tranter et al. [15],
who assessed the scaling potential of barite (BaSOy,) in fractured—porous reservoir rocks
located in the Upper Rhine Graben, using a numerical model. They observed in silico
that fractures significantly reduced the negative impact of the scale formation. This article
highlights the interactions of sulfate minerals with the geological environment at truly
large length scales.

Although the mineralogy of sulfates has been extensively studied, not all phases are
known or understood in detail, and therefore further research efforts are still required. This
is especially true for conditions related to human activities and so-called anthropogenic
minerals [16]. Complex mixtures of anhydrous sulfates can crystallize, for instance, in
coal-burning heaps such as those found in Silesia, Poland. Such hostile environments are
poorly understood and, to a certain extent, resemble volcanic conditions. However, some
of the formed compounds do not have purely geological equivalents. Interestingly, such
sulfates form without any presence of water; however, one may assume that, as the heaps
cool down, the interactions at the water—solid interface could lead to new and potentially
complex processes.
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In summary, the present collection of articles gives a comprehensive overview of the
wide range of natural and engineered processes in which sulfate minerals play a decisive
role. Given the abundance of sulfate minerals on Earth and beyond, understanding the
formation and interaction of these minerals with their surroundings is of utmost importance
to better comprehend the past, present, and future evolution of our environment. As such,
this Special Issue has contributed to advancements in the field.
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