Nanoscopic Characteristics of Anhydrite (100) Growth
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ABSTRACT: The growth of anhydrite (100) surface in contact with supersaturated aqueous solutions (., = 1 —3.6) under
low hydrothermal conditions (T = 6 0 —120 °C) has been studied by use of a hydrothermal atomic force microscope (HAFM).
Our observations show that growth on this surface occurs by lateral spreading of monomolecular layers (3.5 A in height) and
is highly anisotropic, with [001] and [001] alternating as fast and slow directions in successive monolayers. This anisotropic
growth is evidence of strong structural control, which becomes less intense as temperature and/or supersaturation
increases. The growth anisotropy affects the development of spirals, determining the combination of fast-moving and
slow-moving steps to form bilayer steps around the emergence point of screw dislocations and leading to nonconstant

spread rates.

As a result, the overall efficiency of spiral growth mechanism is
highly dependent on the interaction between slow-moving
bilayers and fast-moving monolayers originating from difterent
dislocations.

Formation of two-dimensional nuclei occurs only at T > 80

°Cand ﬁaln}, > 2, two-dimensional nucleation density always
being very low

(Z1nucleus/um®) under the conditions explored. These
facts, together with the slow kinetics of anhydrite growth in
comparison to the much faster kinetics of gypsum growth,
might explain the frequent metastable formation of gypsum
crystals under temperatures corresponding to the stability field
of anhydrite.

INTRODUCTION

Gypsum (CaSO, - 2H,0), hemihydrate (CaSO, - 0.5H,0),
and anhydrite (CaSO,) are the only calcium sulfate phases that
can be found in natural environments. Gypsum is the most
abundant sulfate mineral and a major component of evaporites.
Hemihydrate is less common and its formation is limited to very
sEeciﬁc natural environmer'lts.l Anhydrite, though less abundant
than gypsum, is also a major component of evaporites in both
sediments and some hydrothermal systems. The origin of sedi-
mentary anhydrite is diverse, and evidence supporting a primary
origin and a secondary origin after gypsum has been reported.
The transformations between CaSO, minerals occurring in the
so-called “gypsum—anhydrite cycle” play a key role in the
genesis and evolution of evaporites.” Recently, an anhydrite
dissolution— gypsum crystallization process has been
considered to be in the origin of the formation of giant
gypsum crystals, for example in the Naica (Chihuahua,
Mexico) setting.>* Moreover, anhydrite is a widespread
mineral in modern submarine hydrothermal fields, where it

recipitates from mixing of hydrothermal fluids and seawater.®
t is well documented that cycles of anhydrite dissolution/
precipitation affect the permeability of hydrother-mal

structures, thereby influencing the circulation of fluids®’ and
the distribution ‘of trace elements (Sr, Y, REE) within

hydrothermal deposits.® Therefore, anhydrite formation is sig-

nificant to the geochemical cycling of sulfur, calcium, and a
number of trace elements.

A

In addition, CaSO4 has important industrial applications,
especially in the building and constructioni ndustries and in
the manufacturing of glasses, fertilizers, phar-maceutical
products, etc.” On the other hand, CaSO, minerals often appear
as components of undesirable scale in industrial processes like

water and wastewater treatment, gas/oil produc-tion, etc.!OM

The deposition of CaSO, scale reduces heat transfer coefficient

and, conseguently, the thermal efficiency of technological
processes. CaSO, scale mainly consists of gypsum, but both

hemihydrate and anhydrite also often occur.'* Anhy-drite scale
most commonly forms on hot metal surfaces, with gypsum
forming on top of the anhydrite."> Different researchers that
have studied the crystallization of CaSO, phases, at condi-tions
similar to those occurring in a range of technological processes,
found it striking that anhydrite failed to form from solutions
markedly supersaturated with respect to this phase at any
temperature.“’w

While the characteristics of gypsum dissolution and growth
are fairly well-known at both macro and molecular scale,”**~*®
much less attention has been paid to the formation of either
hemihydrate or anhydrite. Although the gypsum—anhydrite
equilibrium temperature in water is controversial (values ranging
from 42 £2°Ct 0 5 8 £ 2 °C'”* have been reported), there is
general agreement that anhydrite is metastable under room-
temperature conditions. In spite of this, all previous attempts to



study the molecular mechanisms of anhydrite dissolution and
growth have been conducted at 25 °C and 1 atm.' ™%

Anhydrite crystallizes in the orthorhombic system, space
group Amma, with lattice parameters ag = 6.993 A by = 6995 A,
and ¢y = 6.245 A. Its structure can be regarded as chains of
alternating edge-sharing SO, tetrahedra and CaOg dodecahedra
that extend along [001]. These chains are linked along [100] by
edge-sharing of the CaOg dodecahedra and corner-sharing SO,
tetrahedra and along [010] by corner-sharing between SO,
tetrahedra and CaOg dodecahedra.>®*! This structure allows
perfect to good cleavage parallel to (010), (100), and (001).
Atomistic simulations confirmed these surfaces as the most stable
ones and showed that on relaxation they are bulk-terminated.**
These surfaces can be classified as F-faces, according to the
Hartman —Perdock model.*”*373%

In this work, we apply hydrothermal atomic force microscopy
(HAFM) to study the growth of anhydrite (100) surfaces in
contact with aqueous solutions at different saturation states at
temperatures of 60—120 °C and pressure of 1 bar. We focus on
(100) surface because, together with (010) surfaces, these are the
most important ones for the morphology of natural anhydrite
crystals. Our aim is to study the molecular mechanisms that
control the growth of this surface under conditions within the
stability field of anhydrite. Understanding the nanoscale char-
acteristics of growth of anhydrite surface will allow us to draw
general conclusions regarding crystallization in the CaSO,—H,0
system.

EXPERIMENTAL METHODS

Experiments on anhydrite (100) surface were conducted at the
Department of Geo- and Environmental Sciences of the Ludwig-
Maximilians University of Munich (Germany), on a self-constructed
hydrothermal atomic force microscope (HAEM).*** This device allows
in situ investigations of processes that occur at the solid—liquid interface
at temperatures up to 170 °C and pressures up to 50 bar. The atomic
force microscope was operated in contact mode, using constant force
mode and uncoated Si cantilevers with integrated tips (spring constant =
0.2 N/m). All experiments were performed on natural slightly blue
anhydrite crystals from Naica, Chihuahua (Mexico). X-ray fluorescence
spectroscopic analysis of these crystals revealed that they contained less
than 0.4 wt % impurities, with Sr as the main impurity. Prior to the
experiments, the crystals were first oriented with respect to their main
crystallographic directions, which were located by observing the inter-
ference figures of different sections by means of a polarized optical
microscope. Then the crystals were cleaved with a knife edge parallel to
(100). The samples were placed within the HAFM fluid cell and
mechanically affixed by a passivated titanium wire. The fluid cell
(volume = 500 #L) was then filled with solution, sealed, pressurized to
~1 bar above ambient with N, to prevent the formation of bubbles, and
heated. N, had no contact with the solution in the fluid reservoirs and the
HAFM cell. A continuous gravitationally controlled flow of solution at a
constant rate (3—6 #L/s) was ensured by a mass flow controller. The
experiments were run at temperatures from 60 to 120 °C. The orientation
of the surface was confirmed on the basis of its dissolution features.

The solutions were prepared by adding CaCl,, Na,SO,, and NaCl
reagent-grade compounds to high-purity deionized water (resistivity =
18.2 MQ-cm). Specific solution compositions used are listed in the
Supporting Information, Table S1. In all cases the a(Ca**)/a(80,>7)
ratio was ~1.4. An approximately constant ionic strength was assured by
adjusting a 15 mM NaCl concentration. Aqueous solution supersatura-
tion was defined by B, = a(Ca**)a(S04> ) /Kanp- Bann > 1 values are
supersaturated, and f,,, < 1 values are undersaturated. Calcium and

Figure 1. Anhydrite (100) surface dissolving in water at 120 °C. Steps
at pits are oriented parallel to [001] and (011) directions. Most steps
consist of several monolayers. White arrows indicate monolayer step
(3.5 A in height). The scan direction was down.

Figure 2. AFM deflection images showing the orientation character-
istics of growth steps and dendritelike growth fronts spreading on a
(100) anhydrite surface. Growth occurs by lateral spreading of half unit
cell (3.5 A) monolayers. The scan direction was up.

sulfate concentrations were calculated by use of the numerical code
PHREEQC (database phreeqc).>”

Computer models of anhydrite structure were constructed by use of
CrystalMaker software.*®

RESULTS

Cleavage Step Growth. Freshly cleaved anhydrite
(100) surfaces typically consisted of atomically flat terraces
bounded by cleavage steps parallel to [010], [001], and, less
frequently, (011) directions. In contact with pure water,
shallow pencil-shaped and deep pseudohexagon-shaped etch
pits nucleated on this surface (Figure 1). Both types of etch
pits rapidly became elongated along [001]. Shallow etch pits
were 3.5 A in depth, which is consistent with a half unit cell in
the anhydrite lattice. The orientation of the etch pits
enabled defining the main crystallographic directions on
anhydrite (100) surface.”*



T=70°C B=16

Figure 4. AFM deflection images showing examples of different dendritelike fronts moving along (001). Different shapes (step orien-
tations) can be distinguished as a function of temperature and supersaturation. The scan direction was down in panels a, d, and f and up in panels

b, ¢, and e.

In contact with supersaturated solutions, growth was observed
to occur on (100) surface by lateral spreading of monomolecular
layers (3.5 A in height) that originated at the cleavage steps. The
advancement of these monomolecular layers was highly aniso-
tropic. Figure 2 illustrates the spreading behavior of the differ-
ently oriented steps. Steps parallel to [001] directions remained
straight during their lateral spreading and moved at moderate
rates (5 + 1.3nm/sat T =80 °C and 3., = 1.83; 40 = 6 nm/s at
T =110 °C and 3,1, = 2.81). Steps parallel to [010] were highly
unstable and behaved differently in the alternating monolayers.
While in one monolayer [010] steps moving along [001]
advanced at high speed, becoming strongly jagged and disappear-
ing into dendritelike fronts soon after growth started, [010] steps
moving along [001] remained straight and showed negligible

advancement. The situation was reversed in the subsequent
monolayer, where [010] steps advanced rapidly along [001]
and remained virtually static along [001]. The fast-moving
dendritelike fronts advanced at rates of 20 &= 3.2 nm/s at T =
80 °C and S, = 1.83. Under higher T and S, the very fast
advancement of these steps made it impossible to measure their
spreading rates. Finally, straight steps initially parallel to [011]
rapidly became curved, changing their orientation as soon as
growth started. This change in orientation was less evident when
growth occurred at higher temperatures and supersaturations.
Figure 3 schematizes the anisotropic behavior of growth along
(001) directions. In Figure 3b, a fast-moving dendritelike front
(denoted as 3) advances along the [001] direction to reach the
slow-moving [010] step (denoted as 2) of the monolayer
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Figure 5. Sequence of AFM deflection images of a spiral on a (100) anhydrite face taken at 3,,, = 2.12 and T = 90 °C. The sequence illustrates the
change in advancement rate as the orientation of the steps changes. Bilayer steps form where a fast-moving step catches up with a slow-moving step
(b, ¢, h—1). Spiral growth is reactivated as a result of interaction with fast-moving steps originating at cleavage steps or other screw dislocations (¢, d, k, 1).

White broken lines indicate the location of bilayer steps.

underneath in Figure 3c,d. At this point a bilayer [010] step
forms (Figure 3d—f). This bilayer step remains virtually static
until a fast-moving monolayer front (denoted as 4) advancing in
the [001] direction reaches it and coalesces with 2 (Figure 3e),
providing a surface on which monolayer 3 can spread. At this
point, monolayer 3 resumes its growth, fast-moving along [001]
on monolayer 4 (Figure 3f). Finally, a subsequent monolayer
(denoted as S) spread on monolayer 3, moving fast in the
opposite [001] direction and defining a dendritelike growth front.

Growth fronts moving fast along [001] and [001] in successive
monolayers consisted of dendritelike tips. The dendrites were
bounded by steps that defined an acute angle. The orientation of
the bounding steps and therefore the sharpness of the dendrite
tips varied as a function of both temperature and supersaturation.
When growth occurred at low temperatures and/or low super-
saturation conditions, the dendrites showed sharp tips and were
bounded by rough steps defining angles <10°. Increasing tem-
peratures and/or supersaturations caused the step angles to
evolve toward less acute. Whereas at a supersaturation [,,p,
~ 1.6 the measured angle was 8° £ 2° at 70 °C, it increased to
40° £ 8° at 95 °C. Similarly, at 90 °C we measured angles of
15° & 5° when the supersaturation was 3,1, = 1.7 and of 40° + 6°
when the supersaturation was f3,,1, = 3.6. Figure 4 depicts several
examples of differently sharp dendrites at different temperatures
and supersaturations.

Screw Dislocation Growth. Screw dislocation growth
was observed in a number of experiments. Figure S shows a
typical sequence of spiral growth. It is noteworthy that
the high anisotropy of growth observed in the advancement
of growth fronts parallel to (001) is clearly reflected by the
movement of the steps around the screw dislocation. In Figure
Sa, a curved step (denoted 2) with origin in the emergence
point of the screw dislocation can be observed. This step
consists of two mono-layers. The white broken lines in Figure
Sb mark the location of

T=90°C 'p=29

Figure 6. HAFM images showing the effect of temperature and super-
saturation on the shape of two-dimensional islands growing on anhydrite
(100) surface. The scan direction was down in both images.

bilayer steps along the growth sequence. Step 2 remains virtually
immobile (Figure Sb) because the fast-moving direction of its
upper monolayer coincides with the slow-moving direction of its
lower monolayer. When a half unit cell high growth front (denoted 1),
which moves rapidly upward the image, merges with the lower
monolayer of step 2 (Figure Sc), its upper monolayer can resume
its growth and rapidly advances downward the image as a dendritic
front (Figure Sc,d). Growth front 1 continues to advance toward
the right and subsequently upward in the image (Figure Sd—f).
Images in Figure 5f,g depict how, as growth fronts 1 and 2 turn
around the emergence point of the dislocation to advance along
their respective slow-moving directions, both become stabilized
as steps approximately parallel to (001) and advance at moderate
speed along [010] and [010], respectively (Figure Sfg). As time
progresses, a new fast-moving growth front (denoted 3) rapidly
advances downward (Figure Sh) to contact growth front 2 in
the down-right part of the image in Figure Skl. The part of this
front that reaches step 1 cannot progress advancing because its
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Figure 7. (a) Structure of one anhydrite half unit cell growth monolayer projected along [100] direction. (b) Equivalent projection of the previous and
next half unit cell growth monolayers. Both projections are related by a 180° rotation, corresponding to the existence of a 2, axis along [ 100] in anhydrite
structure. (c) Projection along [010] showing the opposite orientation of sulfate groups in successive monolayers. The different geometry of parallel
[010] steps that advance along [001] and [001] within the same monolayer is evidenced.

fast-moving direction coincides with the slow-moving direction
of the monolayer underneath. At this point, a new bilayer step
forms. This bilayer step (see broken line in Figure Sh—1) repro-
duces a topography similar to that of growth front 2 in Figure Sa,b.

Two-Dimensional Nucleus Formation. On a few occasions,
the formation of two-dimensional nuclei was observed. In all
these cases, the supersaturation with respect to anhydrite (1)
was =2 and the temperature was >80 °C. The nucleation density
always was very low, with a maximum of 1 nucleus/um”. Although in
most cases two-dimensional nuclei formed on clean areas of the
surface, some appeared related to defects or impurities. A clear
relationship between nucleation density, supersaturation, and tem-
perature could not be established. Examples of two-dimensional
islands growing on a (100) anhydrite surface in contact with a
supersaturated solution (3, ~ 3) at T =90 and 105 °C are depicted
in Figure 6.

Two-dimensional nuclei, as described above for growth steps,
always were a half unit cell in height (3.5 A) and showed strongly
anisotropic growth. Two-dimensional islands mainly grew along
(001), while their development along the perpendicular direction
[010] was much more limited. Furthermore, growth parallel to
(001) also was highly anisotropic, with one end advancing rapidly
and the opposite virtually immobile. The rates of advancement of
the fast- and slow-moving ends of two-dimensional islands could
be measured in several cases. The ratio between the two values
measured on islands growing at T = 80 °C from a solution with
supersaturation f,,, = 2.13 was ~38. This ratio decreased to
~29 in two-dimensional islands growing at T = 95 °C from a
solution with supersaturation f3,,, = 2.53. The marked aniso-
tropic growth determined that two-dimensional islands developed

an elongated pseudotriangular morphology, with a sharp pencil-
like fast-moving tip and a slow-moving base with a slightly
curved growth front. The angle measured in the sharp pencil-
like tip varied with temperature and supersaturation. This
change showed similar characteristics to that undergone by the
angle between steps in the dendritelike growth fronts advanc-
ing along (001) directions. Thus, the angle measured between
the steps bouncing the fast-moving tip in two-dimensional
islands became progressively less acute as supersaturation
and/or temperature were increased (compare two-dimensional
islands in Figure 6 panels a and b). Due to the low two-
dimensional nucleation density, island coalescence was not
observed in any of our experiments.

DISCUSSION

Monolayer Spread Characteristics. In the range of tempera-
tures and supersaturations considered in this study, anhydrite
growth occurs by a layer-by-layer mechanism, controlled by step
advancement along [010] and {001). The general characteristics
of monolayers spread are similar to those reported by Shindo
et al>** %" for the anhydrite (100) dissolution in contact with
undersaturated solutions of different composition and by Pina*’
for the growth of this surface from supersaturated solutions, in
both cases at 25 °C, which evidence that the strong structural
control of both anhydrite (100) dissolution and growth at room
temperature extends into higher temperature conditions. This
structural control determines a highly anisotropic growth, char-
acterized by very different monolayer spread speeds along [010]
and along {001). While straight [001] steps advance along [010]
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Figure 8. (a) Sketch showing low index directions on the (100) surface of anhydrite. As is apparent from Figures 4 and 6, the angle between steps vicinal
to [001] and [011] increases with temperature and supersaturation. Their orientation changes from roughly [0 1 11] (angle ~10°) to [012] (angle
~60°). (b) Structure of straight steps in the sharp tips in two-dimensional islands and fast moving growth fronts. Example I corresponds to lower

temperature and supersaturation conditions than example ii.

at slow speeds, growth fronts move very rapidly along (001), with
[001] and [001] alternating as fast-moving directions in succes-
sive monolayers. The ratio between measured fast spread speed
along (001) and along [010] (S¢001)/St0107) is >S when growth
occurs under low temperature and supersaturation. The large
difference in spread speeds can be related to the stability of
calcium sulfate chains in anhydrite structure. Calcium sulfate
chains parallel to [001] are strongly bonded and straight, and con-
sequently contain a low density of kink sites.>' >” These char-
acteristics explain the stability of [001] steps and their slow
movement along (010). Moreover, the advancement of these
steps occurs at the same speed along [010] and [010], in
agreement with the mirror plane parallel to (001) that runs
parallel to these calcium sulfate chains. On the other hand, the
development of fast-moving growth fronts along (010) is con-
sistent with the fact that calcium sulfate chains parallel to [010] in
anhydrite structure are very rough.

The strong growth anisotropy affecting anhydrite (100) sur-
face is also reflected by the movement of monolayers along [001]
and [001]. As explained above, these directions alternate as fast-
and slow-moving directions in successive monolayers. Shindo
et al.>' 7 pointed out that the calcium sulfate chains which
extend along (001) are strongly polar (Figure 7a,b), with this
polarity alternating in successive monolayers. As can be observed
in Figure 7c, S=O bonds of all the sulfate groups alternately tilt
to [001] and [001] in successive half unit cell high monolayers.
The direct consequence of this feature is that, in anhydrite
structure, half unit cell monolayers contain two different types
of (010) steps. In a given monolayer the geometry of the steps
that advance along [001] is nonequivalent to the geometry of the
steps that advance along [001] but equivalent to the steps that
advance along [001] in the monolayers immediately above and
underneath. The nonequivalence of parallel [010] steps in a
given monolayer is due to the absence of symmetry operators
that relate the two types of steps within that monolayer. How-
ever, the existence of a 2, axis along [100] relates [010] steps
advancing in one direction (either [001] or [001]) in one
monolayer to [010] steps advancing to the opposite direction

in the next monolayers. Nonequivalence of parallel steps has
been referred to as a main factor determining highly anisotropic
growth in a number of crystalline phases. The most widely
studied example is calcite (and other calcite-type carbonates), in
whose structure the existence of two types of nonequivalent
parallel (441) steps, one type containing open kink sites and the
other containing constrained, less accessible kink sites, deter-
mines significant differences in spreading rates. These differ-
ences have been widely discussed for the cases of calcite®®*>
and magnesite.*#**

Observed differences in the monolayer spread speed along
[001] and [001] on anhydrite (100) can thus be interpreted as
resulting from differences in kink site geometry in the two types
of parallel (010) steps (see Figure 7b), which in turn determine
different accessibility of the solution to the kink sites and different
unit growth incorporation kinetics.

Fast-moving (010) steps are very unstable and rapidly dis-
appear into dendritelike growth fronts. The rough steps that
bound dendrites in these growth fronts can be described as
vicinal to [001] and [011] steps, that is, they result from the
combination of small sectors of straight and more stable steps
parallel to [001] and [011]. Changes in the relative contribution
of these two types of straight steps to the construction of the
rough steps, that is, changes in the step vicinality of the rough
steps, lead to changes in the overall step orientation. Both [001]
and [011] directions coincide with the orientation of strongly
bonded calcium sulfate chains in anhydrite structure*"**, The
chains that extend along [001] are very straight, as explamed
above, while the chains that extend along [011] are rougher and
contain a higher kink density. In anhydrite (100) surface the
steps approach angles close to 60°, which roughly corresponds to
that between [012] and [012] directions, at high supersatura-
tions and temperatures, while step angle is ~10°, close to that
defined by [01 11] and [0 T 11] directions, at lower super-
saturations and temperatures (Figure 8a). The actual orientation
of the jagged steps bounding the dendrites is controlled by their
degree of vicinality (Figure 8b). A change in vicinality is followed
by a change in the angle defined by these steps. Our observations



show that step vicinality is less important as supersaturation and/
or temperature are higher. Jordan et al.** observed changed
vicinality of steps in magnesite (104) surface dissolving in contact
with acidic solutions and interpreted it as resulting from changes
in the proportion of different types of kinks in the steps. This
interpretation was supported by the results of a two-dimensional
kinetic Monte Carlo (KMC) simulation performed for calcite,*
which demonstrated that anisotropy in detachment rates of
different types of kinks causes step vicinality. According to the
kink dynamics approach, our observations seem to indicate that
the anisotropy in the attachment rates in different types of kinks
is maximum at low supersaturations and temperatures, progres-
sively decreasing as supersaturation and temperature increase.

Evolution of the two-dimensional island shape, characterized
by reduction of two-dimensional island elongation and increase
of the angle between steps bounding the islands, is also consistent
with less anisotropic growth as supersaturation and/or tempera-
ture increases.

Spiral Growth Mechanism. Spiral growth is also clear evi-
dence for the highly anisotropic behavior of anhydrite (100)
surface. Screw dislocations supply monolayers that alternately
move fast along [001] and [001] directions. Most noteworthy is
the formation of bilayer steps when a fast-moving monolayer
step catches up and combines with a slow-moving monolayer
step. Such bilayer steps advance slowly, are rough, and can be
described as vicinal to [001] and [011], in a similar way as steps
bounding dendrites in fast-moving growth fronts. The formation
of bilayer steps around the emergence point of screw dislocations
in anhydrite (100) surface has been previously observed during
dissolution of this face in contact with undersaturated solutions
containing NH,CL.*® Formation of bilayer steps is a well
referred phenomenon commonly observed during the dissolu-
tion and growth of crystal surfaces that contain asymmetric
directions and are perpendicular to a 2, screw axis. This is the
case, for example, of (001) surface in barite-type crystals, namely,
barite and celestite.”>*” During both the spread and the retreat of
steps in barite or celestite (001) surface, fast-moving steps catch
up to slow-moving steps, both of them half unit cell in height,
defining a one-unit cell layer that will move at the same speed as
the slow-moving step. The formation of bilayer slow-moving
steps in screw dislocations in barite (001) surface determines that
spirals increasingly become tightly wound around the core with
very little lateral growth, which has led to the conclusion that
spiral growth mechanism is kinetically irrelevant in the case of
barite-type crystals due to structure-induced self-inhibition.*’
Such a self-inhibition of spiral growth would be expected when-
ever a crystal surface contained highly anisotropic directions and
was perpendicular to a 2; screw axis that determined its growth to
occur by half unit cell monolayers, which is the case of anhydrite
(100) surface. However, no tightening of spirals around the core
of screw dislocations was observed in our experiments. The
spread rate of the monolayers originating in screw dislocations
strongly changed during their spread, depending on the orienta-
tion of the bounding steps. Spread rate is maximum for mono-
layer steps and becomes minimum when bilayer steps form. The
overall efficiency of spiral growth in anhydrite (100) surface is
controlled by the arrival of fast-moving half unit cell growth
fronts that connected with the lower slow-moving monolayer in
the bilayer steps, providing a surface for the upper monolayer to
resume its fast movement. In our experiments, growth fronts may
have originated either from cleavage steps or from the inter-
ference of spirals with other approaching steps, which may

provide a means for spiral growth to remain an active growth
mechanism in highly anisotropic surfaces that grow through half
unit cell monolayers.

Implications for Crystallization in the CaSO,;—H,O0 Sys-
tem. The growth mechanism of two-dimensional nucleation
does not seem to occur at T < 80 °C and S, < 2 and has a
limited contribution to the growth of anhydrite (100) surface at
higher temperatures and supersaturations. Therefore, under
these conditions, screw dislocations are a relevant source of
new steps, allowing growth on anhydrite (100) surface to pro-
ceed. However, the efficiency of the spiral growth mechanism on
this surface is highly dependent on the interaction between
monolayers originating from different dislocations. If the screw
dislocation density on anhydrite (100) is low, the efficiency of
spiral growth mechanism will also be low due to the reduced
probability of interaction between monolayers originating in
different dislocations to occur. General conclusions cannot be
drawn from growth characteristics of a single surface, even if this
surface is, together with (010), the most important one in the
habit of anhydrite natural crystals. However, the reported growth
behavior of anhydrite (100) at the nanoscale can help to explain
why most attempts to obtain anhydrite crystals in the laboratory
in the temperature range 60—100 °C have been unsuccessful."®
HAFM experiments showed that, in contact with supersaturated
solutions, gypsum (010) surface continued to grow at tempera-
tures well above 60 °C, with quickly increasing growth rates as
the temperature increased up to 120 °C.** Above this tempera-
ture, gypsum surface rapidly dissolved. Van Driessche et al.* in situ
measured spread speeds on gypsum (010) surface higher than
300 nm/s when this phase grows at 75.7 °C from an aqueous
solution with f3,,, = 1.4. Under similar temperature and super-
saturation conditions, measured spread speeds on anhydrite
(100) surface are remarkably slower, around 2 nm/s. If we assume
that subcritical nuclei of gypsum and anhydrite can coexist in an
aqueous solution that is supersaturated with respect to both
phases, the much slower kinetics of anhydrite growth together
with the peculiar characteristics of spiral growth and the high
supersaturation required for the formation of two-dimensional
nuclei on anhydrite (100) surface can explain the metastable
development of gypsum crystals under temperatures correspond-

ing to the stability field of anhydrite.
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