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Pseudomorphism, a prominent feature of many fluid-driven mineral transforma-
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tions, happens when a secondary phase inherits the morphology of the primary
one due to a tight coupling between primary phase dissolution and secondary phase
ca ; precipitation. Pseudomorphic transformations are common in nature, yet the fate

% of pseudomorphs, once formed, has been largely overlooked. Here, we assess the
double pseudomorphic transformation of i) gypsum (CaSO,;2H,0) to celestine
(SrSO,), and ii) of the so-formed celestine to strontianite (SrCO3). Through detailed
mineralogical and geochemical analyses we document two successive pseudomor-

phic mineral replacement transformations. Both replacements occur through a
coupled mechanism of dissolution-crystallisation, are complete, fast, and occur while preserving the external morphology of
the gypsum precursor. The two transformations lead to the development of two generations of pores within the replaced
phase(s), caused by the decrease in molar volume associated with both transformations. Interestingly, the final strontianite pseu-
domorphs inherit not just the texture but also chemical features of both the gypsum precursor and the intermediate celestine. Our
findings highlight the ability of pseudomorphs to record and preserve chemical and textural information in successive transfor-
mations, underlying their relevance as resilient geological proxies.
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¥ Introduction

Minerals undergo phase transformation reactions in response
to changing environmental conditions (Putnis, 2002, 2009;
Ruiz-Agudo et al., 2014). At Earth (sub)surface conditions, these
mineral transformations are usually driven by fluids. Typically,
such fluid-driven reactions proceed through the dissolution of
a primary phase and the subsequent precipitation of a secondary
one. These two steps are often coupled in space and time, often
resulting in pseudomorphic mineral products (Putnis, 2002,
2009). The degree of coupling between dissolution and crystal-
lisation determines the fidelity with which the secondary phase
replicates the micro- and nano-textural features of the parent
mineral phase (Xia et al., 2009). Unsurprisingly, pseudomor-
phism has been a subject of scientific interest for over two cen-
turies as pseudomorphs constitute crucial geological proxies
recording fluid-driven mineral processes in sedimentary (Leitner
etal., 2013), igneous (Nozaka and Fryer, 2011) and metamorphic
settings (Centrella ef al., 2015).

Once the dissolving primary phase is fully carpeted by
crystals of the precipitating secondary phase, the replacement
typically progresses inwards through the formation of a network
of pores. Porosity arises from the difference in molar volume and
solubility between the initial and final phases. Furthermore, this
porosity plays a key role in allowing the reaction to proceed from
the outside to the inside, facilitating fluids to penetrate towards
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the reaction front (Putnis, 2002, 2009; Ruiz-Agudo et al., 2014;
Altree-Williams et al., 2015). Even though many pseudomorphic
mineral replacement reaction systems have been studied over
the last decades, the long term fate of such pseudomorphs
has barely received attention. The porosity formed during these
transformations usually has a transient nature and tends to reor-
ganise and close (Jonas et al., 2014; Putnis, 2015; Beaudoin et al.,
2018). Additionally, the consequences of the interaction between
freshly formed pseudomorphs and new solutions of different
composition, is unknown. This is striking, considering that
numerous naturally occurring pseudomorphs, which host differ-
ent mineral phases, have been reported in nature (Dempster and
Jess, 2015). Addressing this latter issue is the aim of this study.
Here, we seek to understand how a double pseudomorphic
replacement operates, and if any textural and/or chemical features
useful to trace the history of the pseudomorphs are preserved dur-
ing the successive transformations. To do so, we have studied the
transformation of gypsum (CaSO,-2H,0) into celestine (SrSOy),
followed by their subsequent transformation into strontianite
(SrCO3). Individually, both replacement reactions proceed rapidly
(gypsum-celestine, Forjanes et al., 2020a; and celestine-strontian-
ite, Pina et al., 2019) and are therefore an ideal model system. Yet,
the parameters controlling the evolution of the mineralogy,
chemical composition and texture (i.e. porosity, organisation of
secondary crystals, efc.) of a pseudomorph when it itself under-
goes a second transformation are unknown.
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! Materials and Methods

We followed the consecutive conversion: (i) of gypsum single
crystals to celestine, and (ii) of the so-formed celestine to stron-
tianite. Small gypsum single crystals (Teruel, Spain) were first
reacted with 1 mL of a 0.5 M Sr-bearing solution, leading to their
complete replacement by celestine within one day. Following
this, half of the so-formed celestine crystals were reacted with
1 mL of a 0.5 M carbonate-rich solution to transform them into
strontianite. Initial, intermediate, and end products of the inter-
acted materials were analysed using powder X-ray diffraction
(pXRD), Fourier transform infrared (FTIR) spectroscopy, and
scanning electron microscopy (SEM). The porosity development,
indicated by changes in surface area, was followed with nitrogen
gas sorption analysis using the Brunauer-Emmett-Teller (BET)
model. Finally, the changes in chemical composition of the crys-
tals and of the reacting solutions were determined via inductively
coupled plasma optical emission spectrometry (ICP-OES). For
detailed information on all experimental procedures and charac-
terisation methods see Supplementary Information.

I Results and Discussion

The transformation of gypsum (CaSO42H,0) single crystals into
celestine (SrSOy4). The interaction between gypsum and the
Sr-rich solutions results in their full replacement by celestine
within one day, as evidenced by pXRD, FTIR and ICP-OES data
(Figs. 1a,b, S-3 and S-4, Table S-3). The replacement takes place
through a dissolution-crystallisation mechanism and begins as
soon as the gypsum crystal comes into contact with the Sr-rich
solution. Our solution data reveal that gypsum immediately
starts to dissolve, releasing calcium and sulfate ions into the
solution (Table S-3). The dissolution of gypsum should hypo-
thetically continue until the solution reaches equilibrium with
respect to this mineral (Ky,=10"*°%; PHREEQC database).
However, before this occurs, the fluid becomes saturated with
respect to celestine (Ky, =107, SI 3.03; Howell et al., 1992),
causing this mineral to precipitate on the surfaces of the gypsum
parent material, as observed in our results (Fig. 1c). The precipi-
tation of celestine depletes the sulfate released during the disso-
lution of gypsum, triggering further dissolution of the later
mineral. This establishes a gypsum dissolution—celestine crystal-
lisation loop, which operates until the complete replacement of
the parent crystal is achieved. This interpretation is supported by
the evolution of the ion concentrations in the solution (Fig. S-5)
that reveal that, upon reacting gypsum (~150 mg) with ~15 mL
of the Sr-bearing solution, the interacted fluid now contains
~54 mM of Ca®", corresponding to a release of ~99 % of the
Ca present in the precursor (Table S-3, Fig. S-5). Surprisingly,
dissolved sulfate concentrations remain low (<1 mM) through-
out the experiments, suggesting that all the sulfate released
during gypsum dissolution is rapidly captured to precipitate cel-
estine. The external morphology of the parent gypsum is pre-
served, resulting in celestine pseudomorphs after gypsum.
(Fig. S-6). In fact, this pseudomorphism is so perfect that even
pm-scale features of the original gypsum surface (e.g., exfoliation
steps) are preserved during its conversion into celestine. Xia et al.
(2009) defined the concept of length-scale of pseudomorphism,
stating that for a fluid-driven mineral transformation to achieve
perfect pseudomorphism, dissolution and precipitation have to
be strongly coupled. This condition is typically met when the
transformation kinetics are controlled by the dissolution of
the primary mineral. Our SEM observations, which evidence
pseudomorphism occurring even at the micro-scale, point to this
scenario. This is consistent with the results of ICP-OES data
showing a permanently low concentration of sulfate in the fluid.
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The early celestine crystals growing on the gypsum surfaces
exhibit distinct prismatic habits with flat and well developed
faces (Fig. 1c). Their growth is initially concentrated near the
exfoliation steps of the gypsum surfaces, which are the most
reactive areas (Fig. S-7). However, with time, the majority of
the crystals exhibit sheaf-like and spherulitic morphologies
(Fig. 1d). Such a morphological evolution is related to the incor-
poration of Ca coming from gypsum dissolution into the crystal
structure of the growing celestine, where it replaces Sr (Forjanes
etal., 2020a, 2020b), an observation supported by EDS and ICP-
OES analyses on the solids (Table S-3, Fig. 1b). This morphologi-
cal evolution of minerals due to incorporation of other ions into
their structures is a well documented phenomenon in the liter-
ature (Fernandez-Diaz et al., 2006; Shtukenberg et al., 2012).

The pseudomorphic replacement of gypsum by celestine
involves a significant difference in molar volume between pri-
mary gypsum, (74.31 cm®mol) and secondary celestine
(46.25 cm®/mol). When gypsum is transformed pseudomorphi-
cally into celestine, in order to compensate for this volume
decrease, a considerable volume of porosity is generated within
the newly formed phase (Fig. 1e,f), accompanied by an increase
in the BET surface area (<0.01 m%/g in gypsum vs. 0.54 m%/g in
celestine; Fig. S-8). This porosity plays a key role in facilitating
the rapid progression of the transformation, as it allows the sol-
ution to reach the reaction front, enabling the replacement reac-
tion to proceed easily (Fig. 1e,f). Based on the evaluation of SEM
images of polished sections, we determined the 2D porosity
reduction to be 38 %, a value close to the theoretical reduction
in molar volume between gypsum and celestine (—37.76 %).
The newly formed pore network is arranged in channels
perpendicular to the gypsum surfaces, and distributed between
elongated celestine crystals. This stockade-like distribution of
the celestine aggregates and the associated porosity can be
attributed to the competitive growth between celestine crystals
during the transformation. All celestine crystals in the replaced
layer appear with their c axis perpendicular to the gypsum sur-
face, as only crystals growing in this direction can grow without
interference. In contrast, crystals oriented differently cannot
grow due to the lack of available pore space. A similar phenome-
non has been observed in other fluid-driven mineral replace-
ment systems (Poml et al., 2007; Fernandez-Diaz et al., 2009;
Zhao et al., 2009).

The second pseudomorphic transformation: celestine
(5rSO,) to strontianite (SrCO3). In the second transformation,
the interaction between the celestine pseudomorphs and a
carbonate-rich solution leads to a second replacement of the
pseudomorphs by strontianite. This also occurs through a disso-
lution-precipitation reaction and happens within one day, as
confirmed by pXRD, ICP-OES and FTIR data (Figs. 2a,b, S-4
and S-9, Table S-3). The most interesting feature is that this sec-
ond replacement reaction is also pseudomorphic, and occurs
while (again) preserving the external morphology of the original
gypsum precursor. Thus, this second replacement results in the
formation of strontianite pseudomorphs after gypsum, produced
via intermediate celestine (Fig. S-10). This transformation again
proceeds via a coupled mechanism of celestine dissolution and
strontianite precipitation (K, =107"%, SI 1.94; De Villiers,
1971). ICP-OES analysis of the reacted fluids show that ~99
% of the total S from celestine is released into the fluid during
the transformation, while the aqueous Sr concentrations remain
low throughout the whole reaction (Table S-4 and Fig. S-11),
indicating that all the Sr released during the dissolution of cel-
estine is rapidly captured to form strontianite.

SEM images of the surfaces of the reacted celestine pseu-
domorphs after 10 min of reaction with the carbonate-rich
solution reveal that each celestine crystal is, in turn,
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Figure 1 (a) Selected pXRD data showing the full replacement of gypsum single crystals (Gp; red lines) by celestine (Cls; blue lines). (b)
Composition of the digested solids after increasing reaction times derived from ICP-OES data. (¢, d) Prismatic celestine crystals initially grow
on gypsum surfaces, and as the reaction progresses, spherulitic habits become dominant. (e, f) The interaction results in the full pseudomor-
phic replacement of gypsum by celestine. Images (c—f) were obtained in the SEM using SE (c, d) and BSE (e, f).

pseudomorphically replaced itself by tiny crystals of strontianite
(<0.5 um) (Fig. 2c,d) initially growing on the surfaces of the
celestine ones (Fig. 2e). Nevertheless, in each pseudomorphi-
cally replaced celestine crystal, the morphology of the celestine
precursor remains perfectly preserved (Fig. 2d) and even the cel-
estine spherulites appear pseudomorphically replaced by stron-
tianite (Fig. 2f). The preservation of the external morphology of
the initial gypsum precursor is possible because every individual
celestine crystal that formed in the first pseudomorphic transfor-
mation is itself pseudomorphically transformed into strontianite
in the 2" reaction. Consequently, the final outcome of the two
mineral replacements are pseudomorphs of strontianite after
gypsum comprised of thousands of pseudomorphs of strontian-
ite after the intermediate celestine. The ICP-OES analyses of the

Q) EAc

digested strontianite crystals evidence that they inherit not only
textural features of the two previous phases, but also part of
the chemical information. Despite being compositionally and
mineralogically a totally new phase, the final strontianite
(SrCO3) pseudomorphs still contain trace amounts of both Ca
(~0.59 wt. %), from the gypsum precursor, and S (~0.51 wt. %),
from the intermediate celestine (Table S-3).

The textural preservation after the second pseudomorphic
transformation, documented through SEM images of polished
sections (Fig. 3), reveals that the replaced crystals still display
the texture developed during the first gypsum to celestine replace-
ment reaction: long aggregates perpendicular to the gypsum origi-
nal surfaces with channel-arranged pores in between them. This
texture is perfectly preserved, without evidence of pore infilling,
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Figure2 (a)Selected pXRD data showing the full replacement of the celestine pseudomorphs (Cls; blue lines) by strontianite (Str; pink lines).
(b) Composition of the digested solids derived from ICP-OES data. (c-e) During the transformation, each celestine crystal that makes up the
first pseudomorph is itself pseudomorphically replaced by tiny crystals of strontianite with the characteristic pseudohexagonal morphology
of the aragonite group minerals (Deer et al., 2013). (f) Celestine spherulites are also pseudomorphically replaced by strontianite. Images (a—f)

were obtained in the SEM using SE.

during the second transformation of the aggregates into strontian-
ite (Fig. 3a). However, the second transformation of celestine
(46.25 cm®/mol) to strontianite (39.01 cm®mol) also involves a
decrease in molar volume (-15.6 %) which is, once again, com-
pensated by the generation of additional porosity. This additional
porosity forms within each transformed celestine crystal (Fig. 3b;
13.5 % according to measurements made on SEM images). After
the two consecutive mineral transformations, this produces two
generations of pores: (i) a first generation of channel-arranged
pores formed during the first gypsum to celestine transformation
that are dispersed in between the elongated celestine aggregates,
and (ii) a second generation of pores formed during the transfor-
mation of celestine into strontianite that forms within each of the
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transformed celestine aggregates. This second transformation and
pore generation also increased the BET specific surface area, from
0.54 m?/gin the celestine pseudomorphs to 3.75 m?/gin the stron-
tianite ones (Fig. S-8).

The progression of the second mineral transformation is
documented in the polished sections of celestine pseudomorphs
only partially replaced by strontianite after 3 hr of reaction,
where each celestine aggregate is surrounded by porous rims
of strontianite (Fig. 3c—e). This indicates that, similar to the gyp-
sum crystal replacement by celestine, the replacement of each
celestine aggregate by strontianite also occurs from the outside
to the inside due to the penetration of the carbonate-rich solu-
tion through the newly formed second generation porosity.
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Figure 3 Polished sections of celestine pseudomorphs obtained in the SEM using BSE after (a, b) 1 day and (c-e) 3 hr interaction with a
Na,COs solution. (a, b) The replacement of the celestine pseudomorphs by strontianite preserved the texture developed in the previous
transformation. (c-e) Images of partially replaced pseudomorphs after 3 hr of reaction.

After the first transformation of gypsum into celestine, the
celestine aggregates, exhibited a compact appearance and a
homogeneous surface (Fig. 4a). However, this changes signifi-
cantly after the second transformation of celestine into strontian-
ite (Fig. 4), where these transformed aggregates host a
considerable additional volume of porosity, resulting in a highly
fragmented appearance. In Figure 4, the two generations of
pores can be clearly distinguished: (i) the 1% generation of pores
between the celestine aggregates (yellow star), and (ii) the 2™
generation of pores formed after the transformation of the cel-
estine aggregates into strontianite (pink star).

Conclusions and Implications

We documented via mineralogical and geochemical data sets
two rapid and consecutive mineral pseudomorphic replacements
taking place through a coupled mechanism of primary phase
dissolution-secondary phase crystallisation: i) gypsum single
crystals to celestine, and ii) celestine to strontianite. The first
transformation occurs upon reaction of gypsum with a Sr solu-
tion and proceeds rapidly due to the formation of an extensive
network of porosity within the pseudomorph. This porosity
compensates the decrease in molar volume between gypsum

Figure 4 (a) After the transformation of the gypsum single crystals into celestine, the celestine aggregates appear distributed within elon-
gated pores (yellow star). The aggregates appear compact and homogeneous. (b) After the transformation of these aggregates into stron-
tianite, the compact aggregates became highly fragmented due to formation of additional porosity (pink star). Both images were obtained

in the SEM using BSE.
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and celestine. During the second transformation, the celestine
pseudomorphs react with a carbonate-rich solution and are
replaced by strontianite. The external morphology of the original
gypsum precursor remains preserved (again), resulting in stron-
tianite pseudomorphs after gypsum. The preservation of the
gypsum morphology occurs because each celestine crystal that
formed the first pseudomorph is pseudomorphically replaced
itself by smaller crystals of strontianite. Consequently, the out-
come of the two replacements are pseudomorphs of strontianite
after gypsum, formed by thousands of tiny strontianite pseudo-
morphs after celestine. During the second transformation, a sec-
ond generation of porosity within each celestine replaced crystal
is formed linked to a further decrease in molar volume.

We have documented, for the first time, that in a double
mineral replacement process, the morphology, microtexture
and, to some extent the chemistry, of the original precursor
can be preserved throughout the whole transformation. As long
as dissolution-crystallisation processes are coupled, pseudomor-
phism can survive successive transformations while retaining
textures developed during intermediate transformation stages.
These results are crucial for understanding natural mineral
replacement phenomena, where the transformations are usually
complex and where pseudomorphs can host different mineral
phases formed at different stages. Our data provide valuable
insights into the significance of pseudomorphs as geological
proxies, as this chemical and textural inheritance can be used
to reconstruct the geochemical history of the pseudomorph.
Furthermore, our data improve our understanding of the com-
plex pseudomorphs found in the geological record. A good
example are glendolites, pseudomorphs produced from ikaite
(CaCO3-6H,0O; e.g., Selleck et al., 2007; Sanchez-Pastor ef al.,
2016), a carbonate found in cold, polar waters. Ikaite can trans-
form pseudomorphically into calcite, aragonite and/or monohy-
drocalcite depending on the transformation conditions
(Stockmann et al., 2022). Another example is the complex pseu-
domorphs formed from the weathering of igneous feldspars
(Morad ef al., 1989). Our results provide useful data for under-
standing such complex, often consecutive, natural mineral
replacement reactions.
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