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Abstract. In this work, we investigated the M3(AsO4),- 8H>O end members annabergite (M is Ni), erythrite (M
is Co), and hornesite (M is Mg) and their solid solutions. Acid-solution calorimetry and relaxation calorime-
try were used to determine the solubility products (log Ky,) for annabergite (—33.7), erythrite (—32.1), and
hornesite (—22.3). Solubility products for other end members of this group were extracted from the literature
and critically evaluated. The enthalpies of mixing are complex, related to subsystems M(1)3(AsO4)z- 8H,O—
M(1)M(2)2(AsO4)2- 8H20 and M(1)M(2)2(AsO4)2- 8H20-M(2)3(AsO4)2- 8H20. They are small and positive
for the annabergite—erythrite solid solution and small and negative for the annabergite—hornesite solid solution.
Autocorrelation analysis of Fourier-transform infrared (FTIR) spectra shows correlation of strain decrease in the
structure with the negative enthalpies of mixing in the annabergite—hornesite solid solution. A set of more than
600 electron microprobe analyses of the M3(AsO4),- 8H>O minerals documents the variability and complexity
in this group. Most common compositions are those dominated by Ni, Co, or Ni-Co. The analytical results were
used to calculate the maximal configurational entropies which could be a factor that compensates for the small
enthalpies of mixing in the annabergite—erythrite solid solution. The data presented here can be used to model

sites polluted with metals and arsenic and to enhance our understanding of complex solid solutions.

1 Introduction

Most minerals, including secondary minerals in oxidation
zones of ore deposits, occur as solid solutions and not as
pure end members. Therefore, for modeling of the processes
operating in oxidation zones and in mining waste, the ther-
modynamic parameters describing such solid solutions are
necessary. New arsenate minerals are being described (e.g.,
Pekov et al., 2022; Karpenko et al., 2023), being defined as
potential end members of solid-solution series. Given that the
thermodynamics of many end-member compositions is still
not known or not known well, it is illusory to expect the data
for the many solid solutions to appear soon.

Glynn (2000) noted that “miscibility gaps, as determined
from mineral compositions observed in the field, can be used
to estimate thermodynamic mixing parameters in the absence
of more accurate laboratory data”. He also noted that “this
approach suffers from several problems” that could lead to
overestimation or underestimation of the excess free energy
(G®) of a solid solution. A more precise description of a
solid solution can be generated not only by calorimetric (e.g.,
Majzlan et al., 2023) or solubility investigations of the solu-
tions, but also by experimental determination of the miscibil-
ity gap or spinodal gap (Glynn, 2000). Once the mixing pa-
rameters are known, Lippmann diagrams (Lippmann, 1980)
can be constructed to graphically relate the activities of the
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aqueous ions and the coexisting composition of the solid so-
lution (e.g., Tommaseo and Kersten, 2002; Zhu et al., 2016;
Wang et al., 2017).

In this work, we investigated a large suite of natural and
synthetic samples of vivianite-group arsenates. Analogs of
the end members and of the solid solutions between the Ni,
Co, and Mg end members were synthesized. The products
were characterized by powder X-ray diffraction and Fourier-
transform infrared spectroscopy, followed by autocorrelation
analysis of the spectra. The enthalpies of dissolution in 5N
HCI were measured for all samples and used to calculate en-
thalpies of formation of the end members and the excess en-
thalpies in the solid-solution series. For the end members,
low-temperature heat capacity was measured by relaxation
calorimetry and used to determine their standard third-law
entropy. Thermodynamic properties of the end members are
summarized and presented graphically in phase diagrams,
showing the relationship between phases in the appropriate
systems. Furthermore, we present and discuss more than 600
electron microprobe analyses of natural vivianite-group ar-
senates, the population of the cationic sites with metals, and
the frequency of individual metals in these minerals. Maxi-
mal configurational entropy in these minerals was calculated
and considered one of the ways to stabilize some of the com-
positions.

1.1 Structure and crystal chemistry of the
vivianite-group minerals

The common vivianite-group arsenates, especially annaber-
gite and erythrite, were mentioned early in the mineralogical
compendia (after excellent summaries by Thomas Witzke,
http://tw.strahlen.org/typloc/annabergit.html and http://tw.
strahlen.org/typloc/erythrin.html, last access: 9 Novem-
ber 2022). Their relationship to vivianite was not obvious
in these early times. The crystal forms of erythrite had al-
ready been described by Romé de 1’Isle (1773), but its mon-
oclinic symmetry was first suspected by Breithaupt (1817)
and later confirmed by Mohs (1824). Kersten (1843) ana-
lyzed erythrite samples and concluded that their stoichiom-
etry is equivalent to that of Blaueisenerz, that is, vivianite.
Dana (1850) believed that annabergite is triclinic, but Brooke
and Miller (1852) assumed that the mineral is isotypic with
erythrite and vivianite and therefore monoclinic. The mono-
clinic symmetry and isotypism of annabergite with vivianite
were confirmed first by the measurement of crystal forms by
Sachs (1906) on material from Laurion in Greece.

The monoclinic crystal structure of vivianite, a mineral
with nominal composition Fe3(PO4),- 8H,0, was solved and
investigated by Mori and Ito (1950), Fejdi et al. (1980),
Bartl (1989), and Dormann et al. (1982). The structure of
vivianite consists of heteropolyhedral sheets that are built
by phosphate tetrahedra, FeO,(OH;)4 octahedral monomers,
and Fe,Og(OH3)4 octahedral dimers (Fig. 1). Hence, there
are two crystallographically distinct positions for the cations
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Figure 1. A fragment of the crystal structure of the vivianite-group
arsenates, projected onto 010.

Table 1. Arsenate members of the vivianite group. The composition
given relates to the formula M3(AsO4);- 8HO.

Mineral M3 Mineral Ms

: - : 24
Annabergite  Nig Parasymplesite Fe32
Erythrite Coz  Manganohdrnesite Mn3+
Kottigite Zn3  Babdnekite Cuz
Hornesite Mgz  Monteneroite CuMn%+

of divalent metals. Because of the different multiplicities of
the cation sites, the ratio between them is 2: 1, and a general
formula of the vivianite-group minerals is AB2(704),- 8H> O,
where A is the cation occupying the octahedral monomers
and B the cations in the octahedral dimers. T are the tetra-
hedral cations, either As>* or P>*. Crystal structures of the
arsenates of the vivianite group were studied by Koritnig
and Siisse (1966), Capitelli et al. (2007), and Yoshiasa et al.
(2016). They determined no deviation from the parent struc-
ture of vivianite.

A number of arsenates (Table 1) adopt the vivianite struc-
ture and thus are said to belong to the vivianite group.
There is evidence of a certain degree of cation ordering
over the two available metal sites in some other vivianite-
group minerals (Giuseppetti and Tadini, 1982; Rojo et al.,
1996; Wildner et al., 1996; Yakubovich et al., 2001). The
ordering means preferential assignment of a cation of an el-
ement to one of the structural sites and the assignment of
the other cation(s) to the other site. The first mineral of
this structure type with experimentally confirmed ordering
on the octahedral sites was the phosphate bariéite, nominally
F62+Mg2(PO4)2- 8H,0 (Yakubovich et al., 2001). Another,
recently described mineral with this type of ordering is mon-
teneroite, CuMn,(AsQO4)2- 8H,0O (Kampf et al., 2020). A
number of vivianite-group arsenate samples, mostly belong-
ing to annabergite and with possible cation ordering, were
recently described by Lecca et al. (2022). Such ordering is
missing, though, where it would be expected, for example in
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Cu-rich compositions (P1asil et al., 2017). The Cu-rich com-
positions, in particular, could be expected to order cations
because of the different bonding environments of Cu?t, ow-
ing to the Jahn—Teller distortion.

In monteneroite, CuMnj(AsO4),- 8H,O (Kampf et al.,
2020), the ordering is pronounced; Cu*t occupies the M(1)
site and M2 the M(2) site. In the natural babanekite (nomi-
nally Cu3(AsO4)>- 8H,0) samples (Plasil et al., 2017), Cu>*
dominates among the divalent cations and must be present on
both M(1) and M(2) sites. Plasil et al. (2017) hypothesized
that Cu?" in babénekite preferentially occupies the M(1) site
before entering the M(2) site.

The different cations able to enter the crystal structure
of the vivianite-group arsenates may have preference for a
type of the octahedral sites. It has previously been suggested
that the cations may partition between the M(1)O2(OH3)4
monomers and the M(2);0¢(OHy)4 dimers. Wildner et al.
(1996) used spectroscopic methods on natural samples to de-
termine that Mg?* and Fe?* prefer the M(2) sites. Preference
of Mg2+ for M(2) was found also by Rojo et al. (1996). Or-
dering between Ni** and Mg?* was suggested by Giusep-
petti and Tadini (1982), who studied natural samples of Mg-
rich annabergite. Martens et al. (2005) deduced that Ni**
prefers the M(1) sites, whereas Co>* prefers the M(2) site in
the synthetic Ni—Co solid-solution series. Antao and Dhali-
wal (2017) determined the preference of (Co,Ni,Zn) for M(1)
and the preference of Fe>t for M(2) in the samples they stud-
ied.

Besides the monoclinic members of the vivianite group,
there are triclinic polymorphs dominated by Zn (metakdttig-
ite) and Fe (symplesite). There is some confusion regarding
the names and symmetries of symplesite and parasymplesite.
In this work, we will use the mineral name parasymplesite
to denote the monoclinic Fe?* end member of the vivianite
group.

There is also some degree of variability at the tetrahe-
dral site. Natural arsenate members of the vivianite group
commonly contain a small amount of phosphate. The natu-
ral vivianite-group phosphates tend to be free of arsenic, but
this fact is likely caused by geochemical factors (e.g., lack
of arsenic in the uncontaminated sediments where vivianite
crystallizes) rather than the crystal chemical factors. A full
solid solution between the arsenate and phosphate end mem-
bers is not known, however. Equally, no vanadate members
of the vivianite group are known from nature, although Antao
and Dhaliwal (2017) assumed that they could be synthesized.

Thermodynamic measurements of the vivianite-group ar-
senates were made mostly by solubility determinations
(Chukhlantsev, 1956; Charykova et al., 2013; Wei et al,,
2013; Zhu et al., 2013). Many of these studies suffered
from incongruent dissolution of the studied solids. Wei et al.
(2013) wrote that “the release of cobalt or nickel into the bulk
solution was always less when compared with release of arse-
nate”. On the other hand, Charykova et al. (2013) wrote that
the “As content is systematically underestimated with regard
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to cobalt and nickel in all analyzed solutions”. Equilibration
times also vary. Charykova et al. (2013) took the aqueous
samples after 14d without analyses at intermediate times.
Wei et al. (2013) documented the evolution of the aqueous
phase for 125 d, but the arsenate concentrations did not sta-
bilize even after this time (see their Fig. 4). There were also
some attempts to estimate the thermodynamic properties of
these phases (Essington, 1988), but they are likely too im-
precise. The thermodynamic properties of the annabergite—
erythrite solid solution were investigated by Wei et al. (2013),
who determined that this solid solution deviates slightly from
ideality, with negative Gibbs free energies of mixing. The
minimum G determined in this study was —1.2kJmol~.
The existence of miscibility gaps in the binary Ni—-Co, Mg—
Co, and Ni-Mg solid solutions was postulated by Yakhon-
tova et al. (1981), but only on the basis of 45 analyses of
natural samples. Jambor and Dutrizac (1995), on the other
hand, determined by their syntheses that the solid solutions
show no miscibility gaps.

1.2 Terminology and sample labeling

The compositional variability of the natural or synthetic
samples can be expressed by a full formula, for example
(Nip.7C00.3)3(As04)2- 8H20 or (Niz.1C00.9)(AsO4)2- 8H;O.
A shorthand for this notation is the occupancy of the metal
sites, normalized to 100 at. %. For the example given in this
section, this notation would be NiygCosg. This notation is
used throughout this paper and always refers to atomic per-
cent. The same notation can be used to describe the atomic
ratios of the metals in the parental solutions used in the syn-
theses.

In this work, we may refer to synthetic samples with their
mineral names for simplicity. A synthetic sample Nijgg can
be referred to as annabergite or a synthetic sample CogoMgoo
as a member of the erythrite—hornesite solid solution.

2 Materials
2.1 Synthetic samples

The end members of annabergite and erythrite and their solid
solution were synthesized from aqueous solutions, closely
following the procedure of Jambor and Dutrizac (1995).
Two starting solutions were prepared separately. One solu-
tion consisted of Ni(NOj3), and Co(NO3),, mixed in the de-
sired ratio, so that the total Ni+Co concentration reached
0.014 M in total. The other solution was made by dissolv-
ing NapHAsO4- 7H,0O in deionized water to reach the con-
centration of 0.02M As. The pH of both solutions was ad-
justed to 6 with 0.1 M NaOH or HNOs. Both solutions were
heated on a heating plate to 80°C. The arsenate solution
(250 mL) was pumped into 750 mL of the Ni/Co solution at
2mL min~! under vigorous stirring with a magnetic Teflon-
coated bar. Once the mixing was completed, the suspensions
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were filtered, washed with deionized water, and resuspended
in 250 mL of deionized water. The suspensions were trans-
ferred into glass bottles, sealed tightly, and stored in a heat-
ing cabinet at 80 °C for 1 year. Thereafter, the products were
filtered, washed with deionized water, and dried at room tem-
perature. Additional later syntheses showed that the aging
time at 80 °C can be reduced to 1 month without much dif-
ference in the crystallinity of the samples.

The Ni-Mg and Mg—Co solid solutions were synthesized
with modifications of the procedure outlined by Martens et
al. (2005). In this case, 333 mL of 0.02M Na,HAsO, solu-
tion was slowly dripped into 666 mL of Ni-Co-Mg solution.
The latter solution was prepared from sulfates (NiSO4-6H, O,
CoS0O4- TH>0, MgS0O4- 7TH,0) with a total sulfate molarity
of 0.014 M. The metal sulfate solution was brought on a heat-
ing plate to 80 °C. The arsenate solution was filled into a bu-
rette and allowed to drip slowly into the hot metal sulfate
solution. The total amount (333 mL) was dripped over 2.5h
under vigorous stirring. Once the mixing was completed, the
precipitate was filtered, washed with deionized water, and
dried for 24h at room temperature. Afterwards, the solid
was resuspended in 80 mL deionized water, transferred into a
borosilicate bottle, and closed tightly. The bottles were stored
for 30d at 80°C in heating cabinets. The final product was
filtered, washed with deionized water, and dried at room tem-
perature.

During the syntheses, it turned out that an increasing
amount of Mg leads progressively to worse results, either no
precipitate or an amorphous product. Numerous trials indi-
cated that pH has to be controlled to obtain the desired pure
and crystalline products. During the syntheses with an Mg
molar fraction over 0.5, pH was continuously monitored, ad-
justed manually with dilute NaOH or H,SO4 solutions, and
kept at values between 5.5 and 6.0. Furthermore, for synthe-
ses with an Mg molar fraction over 0.5, the addition of the
arsenate solution was slower and took 3 h.

Attempts to prepare similar solid-solution series with mix-
ing of Ni—Cu and Ni-Zn failed. The products were al-
ways contaminated by olivenite (Cuy(AsO4)OH) or adamite
(Zny(AsO4)OH), respectively. The samples were always
fine-grained mixtures of the phases, and it was not possible
to separate the impurities mechanically from the rest of the
sample.

2.2 Natural samples

An extensive sample set was amassed by the authors over
years of sampling of oxidation zones, mostly at sites in the
Czech Republic and Slovakia (Fig. 2). Some observations,
related to specific localities or minerals, have been published
previously (Sejkora et al., 2014; Plasil et al., 2017; Vrtiska
et al., 2017). A few samples originated from localities in
Austria, and other sets of analyses were extracted from Pol-
ish localities from publications or kindly provided by col-
leagues (Ciesielczuk et al., 2018; Siuda and Macioch, 2018).
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Figure 2. Localities of vivianite-group arsenates in central Europe
whose analyses were acquired or used in this study: 1 — Michalovy
Hory; 2 — Plavno; 3 — PfiseCnice; 4 — Jachymov (multiple localities
in the Jichymov mining district); 5 — Rotgiilden; 6 — Béloves; 7
— Miedzianka (Ciesielczuk et al., 2018); 8 — Ztoty Stok (Siuda and
Macioch, 2018); 9 — Zalesi; 10 — Cierna Lehota; 11 — Spania Dolina,
Ludovika shaft; 12 — Drienok, Poniky; 13 — Svitodus$nd, L ubietov;
14 — Dubrava, Jozef vein; 15 — Herichovd, Chyzné; 16 — Zemberg,
Dobsina.

One data set refers to minerals from Bou Azzer in Morocco
(Dumanska-Stowik et al., 2018).

3 Methods

All synthetic samples were screened by powder X-ray
diffraction (pXRD). The data were collected with a Bruker
D8 ADVANCE with DAVINCI design, and with Cu K« ra-
diation, an Ni filter, and a Lynxeye 1D detector. The data
were collected in the angular range of 5-90° 26, with a step
size of 0.02° 20, and with a 0.25 s time per step. Lattice pa-
rameters were refined using the Jana2006 program (Petficek
etal., 2014).

The elemental composition of the synthetic samples
was analyzed with a simultaneous radial inductively cou-
pled plasma optical emission spectrometer (ICP-OES) 725-
ES (Agilent, Germany) with CCD detector and an ASX-
520 autosampler (Teledyne CETAC, Omaha, Nebraska,
USA). Each sample (& 10mg) was dissolved in 15 mL of
0.5 M HCL. Some of the samples, especially those rich in Ni,
had to be heated to 70 °C for 10 min to speed up the dissolu-
tion.

Fourier-transform infrared (FTIR) transmission spectra
were recorded using a Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Germany). The powdered samples (1-
2mg) were mixed with KBr (FTIR spectroscopy grade,
Merck), gently ground, and pressed to pellets. The pel-
lets were measured in the wavenumber range from 4000
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to 400cm™! with 64 scans per spectrum at a resolution of
4cm~!. The spectra were normalized to maximum intensity.

Thermogravimetric (TG) and differential thermal analy-
sis (DTA) were performed with a SETARAM TGA 92 in-
strument. The sample, loaded in an alumina crucible, was
heated from room temperature up to 900 °C with a rate of
10°C min~! in a flow of argon.

All natural samples were inspected visually and under a
binocular microscope for associated primary and secondary
minerals. Minerals of the vivianite group, when recognized,
were picked up from the specimens, embedded in epoxy, and
polished for further analyses.

The entire analytical work on the natural samples, either
in this study or in the studies cited, was done by an elec-
tron microprobe. In this work, a Cameca SX100 electron mi-
croprobe (Masaryk University in Brno, Czech Republic) was
used for most of the samples (WDS mode, 15kV, 5nA, and
10 um beam diameter), with the following standards and X-
ray lines: albite (Na K«), sanidine (K Ko, Al Ka, Si K«),
Mg,Si04 (Mg K @), fluorapatite (P Ko, Ca K«), vanadinite
(Pb Ma, Cl Ka), almandine (Fe K «), spessartine (Mn K ),
Ni»SiO4 (Ni K@), Co (Co Ka), lammerite (Cu La, As La),
gahnite (Zn K«), ScVO4 (V Ka), Sb (Sb LB), Bi (Bi Mp),
SrSO4 (S Ka), and topaz (F K«). For only the samples from
Rotgiilden, a JEOL JXA-8230 electron microprobe (Univer-
sity of Jena, Germany) was used (WDS mode, 15kV, 15nA,
and 10 um beam diameter), with the following standards and
X-ray lines: orthoclase (K K «), corundum (Al K «), wollas-
tonite (Ca Ko, Si K«), FeS (S Ka), apatite (P K«), InAs (As
L), galena (Pb Ma), periclase Mg K ), Cu (Cu La), V (V
Ka), hematite (Fe K«), rhodochrosite (Mn K «), sphalerite
(Zn Ka), Ni (Ni Ka), and Co (Co Ka).

Acid-solution calorimetry was performed with an IMC-
4400 (Calorimetry Sciences Corporation) (Majzlan, 2017).
A water reservoir with a constant temperature of 298.15K
maintained the temperature of the isothermal block with
sample and reference wells. After stabilization of the
calorimeter overnight, the sample pellet with &~ 10 mg weight
was dropped into the solvent (25g of SN HCI) held in
a polyetheretherketone container. The samples dissolved
rapidly in the acid solution, and the heat flow was measured
to calculate the enthalpies of dissolution.

Heat capacity (Cj) was measured by relaxation calorime-
try using the commercial Physical Property Measurement
System (PPMS, from Quantum Design, San Diego, Califor-
nia, USA). With due care, the accuracy can be within 1 %
from 5 to 300K, and 5 % from 0.7 to 5 K. Powdered samples
were wrapped in thin Al foil and compressed to produce a
~ 0.5 mm thick pellet which was then placed onto the sam-
ple platform of the calorimeter for measurement. The heat
capacity was measured in the PPMS in a 2-t0-300 K temper-
ature interval at 60 logarithmically spaced temperature set
points, repeating each measurement three times.
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4 Results

4.1 Properties, chemical composition, and crystal
structures of the synthetic samples

All synthetic samples used in this study are powdery, with
variable colors (Fig. 3). Cobalt imparts a distinct pink color,
present throughout the Mg—Co solid solution. In the Ni—-Co
solid solution, only Nijgo (analog of annabergite) has the typ-
ical apple-green color. Even small amounts of cobalt change
the color of the product; Nigz 7Co¢ 3 is already yellowish-
pink. Hence, the visual distinction between annabergite and
erythrite in the field is misleading. The apple-green color in
the Ni-Mg solid solution persists for all intermediate com-
positions. Only Mgigp (analog of hornesite) is white, thus
making the field distinction between annabergite and horne-
site very difficult.

The members of the Ni-Co, Ni-Mg, and Mg—Co solid-
solution series, including the end members, were analyzed
for their chemical composition. In the Ni—Co series, the prod-
ucts are slightly, but consistently, enriched in Co relative to
the starting composition of the parental solutions (Table 2,
Fig. 4). In the Ni-Mg and Mg—Co solid solutions, the de-
pletion in Mg is substantial (Fig. 4). This effect is partic-
ularly strong in the Mg—Co series, where the Mg-richest
parental solution MggpCo1 produced a solid with compo-
sition Mg33.9Cog6.1-

The members of the Ni—-Co, Ni-Mg, and Mg—Co solid-
solution series, including the end members, were crystalline
and phase pure. No indications that their structures deviate
from that of vivianite were found. The lattice parameters,
obtained by full-profile fits of the powder X-ray diffraction
patterns, are listed in Table 2. Variations in all lattice param-
eters, unit-cell volume, and excess volume (V*) for all three
solid-solution series are shown graphically in Figs. S1-S3
in the Supplement. In all three series, V* values are essen-
tially zero, with the data scattering in positive and negative
directions. Very slight positive V& values can be discerned
only for two Co-rich samples in the Mg—Co series. There are
some variations in the lattice parameters a, b, ¢, and §, but
they seem to compensate for each other to produce zero V.

In general, the changes in the unit cell take place within
the heteropolyhedral sheets, i.e., in the lattice parameters a,
B, and to a lesser extent ¢. The distance between the sheets
is affected much less. The solid solutions accommodate the
substitutions mostly by changes in the tilt of the polyhedra in
the sheets and associated changes in the 8 parameter. In the
Ni—Co series, B deviates negatively from the ideal behavior
(Vegard’s law). The deviation is positive in the Ni-Mg series
and positive and very pronounced in the Mg—Co series. In
the Ni—Co series, the deviations of both a and g are negative;
in the Mg—Co series, they are both positive. In the Ni-Mg
series, though, a deviates negatively but 8 positively. Precise
understanding of the structural modifications of the sheets
would require a refinement of a complete structure model,
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Figure 4. Partitioning of the metals during crystallization of the arsenates from the parental solutions. All data shown are molar ratios. Data
from this work are compared to those of Martens et al. (2005) for the Ni—Co series and to those of Jambor and Dutrizac (1995) for the Ni-Mg

series.

including atomic positions and occupancies. Such refinement
is, however, not possible from the available powder X-ray
diffraction data and must await further measurements.

The Fourier-transform infrared (FTIR) spectra for all syn-
thetic samples are shown in Figs. S4-S6. The absorption
bands visible in these spectra correspond to those described
by Martens et al. (2005). The spectra show that the samples
belong to the vivianite-group arsenates and they contain no
impurities. Fitting of the positions of the bands was not the
focus of this paper. We performed this fitting for the Co-
Ni (erythrite—annabergite) series in the spectral region 780 to
950 cm™!, and the results are shown in Fig. S7. It can be seen
that the band positions vary approximately in a linear fashion
between the end members, similarly to the lattice parameters
or thermodynamic properties.

In the OH stretching region, Martens et al. (2005) recog-
nized vibrations at 3020, 3175, and 3429 cm™! for the end
member erythrite. They correspond to vibrations of hydrogen
bonds and shift slightly with Co/Ni substitution. The bands
at 777 and 810cm™! (for erythrite) correspond to the v3
stretching vibrations of the arsenate groups and the remain-
ing bands (560, 692, 879 cm’l) to librational HoO modes
(Martens et al., 2005). The v vibration of the arsenate groups
is not visible. The spectrum region between 500—1200 cm™!
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is complex, with numerous overlaps of the bands. For this re-
gion, instead of fitting individual functions to each band, an
autocorrelation function was used to discern variations in the
spectra. These variations can be then assigned to strain at a
certain length scale in the solid-solution series.

The autocorrelation function was defined by Salje et al.
(2000). A selected region of the experimental spectrum is
offset by @’ (as defined by Eq. 41 in Salje et al., 2000).
In this way, an autocorrelation function was calculated for
each FTIR spectrum between the wavenumbers of 650 and
1200cm~!. This region was selected because it represents
length scales of 5-15A (Boffa-Ballaran et al., 1999). The
calculated autocorrelation functions are then fit with Gaus-
sian functions (Eq. 42 in Salje et al., 2000) with a progres-
sively narrower data range of +«’. The width of the central
peak of the autocorrelation spectrum, k>, is obtained by ex-
trapolation of the Gaussian parameters toward £’ — 0. In
agreement with Salje et al. (2000, their Fig. 3), we found
that at very small ranges of +a/, the fit results (width of the
Gaussian function) behave anomalously. If left unattended,
they would lead to false extrapolation. Therefore, each fit
was checked manually. To treat the data uniformly, the same
range of +o’ (0’ = £5) was excluded from the final extrap-
olation. The results of these fits are shown in Fig. 5.
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Table 2. Metal fractions in the parental solution (labeled composition solution) and metal fractions in the resulting crystalline vivianite-group
arsenates (labeled composition solid), together with the lattice parameters for all solids. Space group C2/m, starting model for the full-profile

fit from Wildner et al. (1996).

Composition  Composition a b c B Volume
solution solid

Nijgo Nijgo 10.1633(8) 13.2896(12) 4.7127(4) 104.887(6) 615.16(9)
NiggCoqg Nig3 7Co16.3 10.1743(8) 13.3158(13) 4.7202(4) 104.895(6) 617.99(10)
NignCon Nigg 0C032.0 10.1824(17)  13.3351(25) 4.7256(8) 104.902(12) 620.08(19)
NiynCo3g Nis3.6Co46.4 10.1960(13)  13.3579(19) 4.7337(6) 104.921(9) 622.97(14)
NiggCoyg Nisg 5Co045.5 10.1901(20)  13.3507(30) 4.7299(9) 104.913(14) 621.80(22)
Ni50Cos Ni33.,Cog6.8 10.2130(14)  13.3852(21) 4.7427(6) 104.973(10) 626.33(16)
NigoCogo Nip4.9Co75.1 10.2181(12)  13.3933(18) 4.7447(6) 104.988(9) 627.24(14)
NiznCo7g Nij7.6Cog.4 10.2224(11)  13.3988(17) 4.7459(5) 105.005(8) 627.87(13)
NiynCog Nij;.5Cos8g 5 10.2308(30) 13.422(5) 4.7561(14) 105.046(20) 630.69(34)
NijoCogg Nis 6Cog4.4 10.2406(12)  13.4147(18) 4.7547(5) 105.062(8)  630.74(13)
Co100 Co100 10.2454(10)  13.4212(14) 4.7563(4) 105.057(6) 631.56(11)
NiggMgio Nigs sMgy 5 10.1626(8)  13.2950(12) 4.7126(4) 104.894(6) 615.33(9)
NigoMgyo Nig5 §Mg4 » 10.1655(8)  13.2979(12) 4.7145(4) 104.896(6) 615.89(9)
Ni7oMg3g Nig;.1Mgg o 10.1700(7) 13.3071(11) 4.7169(3) 104.909(5) 616.87(8)
NigoMg4o Nigg oMgi2.0 10.1709(8)  13.3094(12) 4.7176(4) 104.920(6) 617.09(9)
NisoMgso Niyg 3Mgp1.7 10.1842(7)  13.3389(10) 4.7260(3) 104.940(5) 620.31(8)
NigoMgeo Ni79.9Mgog 1 10.1869(8) 13.3412(12) 4.7264(4) 104.965(6) 620.56(9)
NizoMg7o Nig3 sMg3g.5 10.1889(10)  13.3511(14) 4.7269(4) 104.977(7) 621.17(11)
NiyoMggo Nigg 3Mgs1.7 10.2096(12)  13.3815(17) 4.7336(5) 105.005(9) 624.65(13)
NijoMggg Niz4 9Mggs.1 10.2264(14)  13.4039(20) 4.7378(6) 105.025(9) 627.23(15)
Mgioo Mgioo 10.2742(16)  13.4470(23) 4.7474(7)  105.079(10)  633.31(18)
MgggCojg Mg33.9Co66.1 10.2569(14)  13.4262(21) 4.7545(7) 105.144(8) 632.00(16)
MggoCong Mgr4.3Co757 10.2539(13)  13.4249(19) 4.7549(6) 105.132(8) 631.86(15)
Mg79Co3z Mg4.8Cogs.2 10.2515(11)  13.4223(16) 4.7566(5) 105.119(7) 631.85(12)
MggoCosg Mgi1.5Co88 5 10.2521(10)  13.4257(15) 4.7581(5) 105.111(6) 632.26(12)
MgsoCosp Mgs 1Coogs.0 10.2496(14)  13.4213(20) 4.7581(7) 105.097(9) 631.95(16)
Mg40Cogo Mg 43Cog9g.57  10.2483(24) 13.420(4) 4.7579(11) 105.114(14) 631.73(27)
Mg3pCo7go Mg 48Cog9g.50  10.2465(23)  13.4204(35) 4.7561(11) 105.103(14)  631.43(27)
Mgy Cogo Mgy 54Cog9 46  10.2480(32) 13.421(5) 4.7574(15) 105.118(19) 631.7(4)
Mg 9Cogg Mgy 27Cog99 73 10.2454(17)  13.4205(26) 4.7571(8) 105.080(11) 631.57(19)

The results of the TG analysis and DTA of the synthetic
end members are presented in Figs. S8 and S9, respectively.
The curves show mass loss between 200 and 300 °C due to
dehydration of the samples. Constant mass was achieved at
~ 600 °C, and the mass loss corresponds well to the theoret-
ical H,O content of the samples. For annabergite and horne-
site, the mass loss occurred in a single event, as seen in both
TG and DTA curves. For erythrite, mass loss occurred in two
separate temperature intervals, resulting in a distinct splitting
of the peaks in the DTA curve. There are additional exother-
mic signals for erythrite (at 650 °C) and hornesite (at 740 °C)
but no such feature in the data set for annabergite. The nature
of this thermal event is not clear.

4.2 Acid-solution calorimetry — enthalpies
All samples dissolved rapidly and reproducibly in the calori-

metric solvent, 5 N HCI. The measured dissolution enthalpies
are reported in Table 3. They can be used to calculate the en-
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thalpies of mixing, Anix H, that relate to the reactions

xNi3(AsOy4)2 - 8H,0 + (1 — x)Co3(AsOy), - SH,O

— (NixCo1—)3(AsO4)s - 8H0, (R1)
xNiz(AsOy4)2 - 8H20 + (1 — x)Mg3(AsOy4)2 - 8H20

— (NiyMg;_,)3(As04), - 8H;0, (R2)
xMg3(AsO4)2 - 8HO0 + (1 — x)Co3(AsO4)2 - 8H,0

— (Mg, Co1—_x)3(As04)7 - 8H;0. R3)

The enthalpies of mixing for all three solid-solution series
are shown in Fig. 5. They are related to excess enthalpies,
H, as ApixH = H'Y9 + H®™, where HY denotes the en-
thalpies of mixing in an ideal solid solution. H'¢ values are
always equal to 0kJ mol~!. The distinction is useful, how-
ever, for discussion of G** values, presented below and also
shown in Fig. 5.
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Table 3. Dissolution enthalpies for all end members and solid-solution members synthesized in this work. The experimental solvent was 5 N

HCl at 25 °C. All enthalpy data are in kJ mol L.

Composition AgissH  Composition AgissH  Composition Agiss H
Nijgo —23.042 +0.38°(2)° Nijoo —23.04+0.38(2) Cojqo —10.27 £ 0.32(2)
Nig3 7Co16.3 —21.40+0.11(2) Nig5.5Mgy 5 —23.024+0.17(2) Mgp27Co9973 —11.51+£0.12(2)
Nigg.0C032.0 —19.48+0.29(2) Nig5.8Mgy 2 —21.15+0.01(2) Mgps54Co9946 —11.201+0.14(2)
Nis3 6Co46.4 —17.63+0.45(4) Nig;.1Mggo —24.204+0.28(2) Mgq48Co9g50 —11.54+0.08(2)
Nisq 5C045.5 —17.994+0.41(4) NiggoMgioog —25.601+0.25(2) Mgj43Co9g57 —11.64+0.20(2)

—15.76 £0.05(2)
—14.57+0.38(4)
—16.56 +0.38(4)
—14.10£0.27(4)
—11.894+0.18(2)
—10.27 £0.32(2)

Nizg 3Mga1 .7
Ni0.9Mg29.|
Nig3.5Mg36.5
Nigg 3Mgs1 .7
Niz4 9Mges. |
Mgi100

Ni33.2Co¢6.8

Nip4.9Co75.
Nij7,6Cog2.4

Nij.5Cogs.5
Nis5 6Co94 4
Coj00

—34.264+0.17(2)
—36.75+0.12(2)
—40.40 £ 0.20(2)
—47.714£0.45(2)
—55.894+0.01(2)
—77.3240.18(2)

—13.59+0.42(2)
—18.49 +0.34(2)
—21.17 £0.24(2)
—26.78 £0.01(2)
—33.2740.11(2)
—77.32+0.18(2)

Mgs 0Cogs o
Mg;1.5Cos3.5
Mgi4.8Cogs.2
Mgp4.3Co75.7
Mg33.9Cog6.1
Mgi00

2 Mean. P 2 standard deviations of the mean. © Number of measurements.
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Figure 5. Excess enthalpies (circles) and width of the central peak of the autocorrelation function (ko at w — 0, stars) in all three solid
solutions studied in this work. All elemental ratios in this figure are molar ratios. The dashed curves marked as H®* fit show the fits with the
Redlich—Kister formalism (see main text). The free energy (G) curves in (a) are explained in the text. For easier comparison, all figures are
plotted on the same scale, despite leaving empty space in some of the figures. The error bars are always 2 standard deviations of the mean.

The H®* values are positive for the Ni-Co and Mg—Co se-
ries and negative for the Ni-Mg series. All enthalpies of mix-
ing are less than SkJmol~! in their magnitude for the com-
position (Ni,Co,Mg)3(AsO4)>- 8H,O or less than 2kJ mol ™!
in their magnitude when the composition is normalized to
one metal cation.

Using appropriate thermochemical cycles and enthalpies
of dissolution for reference compounds, the enthalpies of for-
mation of the end members were calculated (Table 4). For
consistency, we adopted the A y H? values for NiSO4- 7TH,O
and CoSO4-7H>0 from Grevel and Majzlan (2011). The
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selected value of (ArH?, NiSO4-7H>0) from the criti-
cal NEA review (Gamsjidger et al., 2005) is —2977.3 &+
1.0kJmol~! and compares well to our value of —2976.8 +
1.5kImol~!. DeKock (1982) adopted —2976.5kJ mol~!
as her selection for AyH? (NiSO4-7H>0O). The critical
NEA series has not yet covered cobalt substances, and
there is no such selection available for CoSOj4-7H,O.
DeKock (1982) adopted —2979.4kJ mol~! as her selec-
tion for Ay H? (CoSOy4- 7H20), compared to our value of
—2979.3 4+ 1.5kI mol~!. Attempts to close the cycle with
Adgiss H for NiO and CoO failed because these oxides dis-
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Table 4. Thermochemical cycle for the calculation of the enthalpies of formation of the end members annabergite, erythrite, and hornesite.
All enthalpy data are in kJ mol L.

Reaction Reaction number
MgO (er) +2H (ag) - Mg?* (ag) + H20 (aq) R4
KHyAsOy (cr) - K+ (ag) +2H (aq) + AsO] ™ (aq) R5
HCI-9.96H,0 (1) - H* (aq) + Cl~ (aq) + 9.96H,0 (aq) R6
H,0 (1) > H,0 (aq) R7
KCI (cr) - Kt (aq) 4+ Cl1™ (aq) RS
NiSOy4- 7TH7O (cr) — Ni2t (aq) + SO}[ (aq) +7H,0 (aq) R9
MgSOy (cr) = Mgt (ag) + SO?~ (aq) R10
CoS0Oy4- 7H, 0 (cr) — Co* (aq) + SOZ_ (aq) +7H,0 (aq) R11
Mg (cr) +0.50, (g) = MgO (cr) R12
K (cr) + As (cr) + Hp (g) + 207 (g) — KHp AsOy4 (cr) R13
10.46H; (g) +4.980; (g) + 0.5Cl, (g) — HCI-9.96H,0 (1) R14
H; (g) +0.50, (g) = Hy0 (1) R15
K (cr) +0.5Cl, (g) — KCl (cr) R16
Ni (cr) + S (cr) 4+ 5.50; (g) + 7H, (g) — NiSOy4- 7H5O (cr) R17
Mg (cr) + S (cr) + 205 (g) — MgSOy4 (cr) R18
Co (cr)+ S (cr)+5.507 (g) + 7H, (g) - CoSOy4- TH, O (cr) R19
3Ni (cr) + 2As (cr) + 803 (g) + 8H; (g) — Ni3z(AsOy),- 8H, O (cr) R20
3Co (cr) + 2As (cr) + 807 (g) + 8H» (g) — Co3(AsO4),- 8H7O (cr) R21
3Mg (cr) 4+ 2As (cr) + 80, (g) + 8Hy (g) = Mg3(AsOy);- 8H7O (cr) R22
Phase Adiss H ApH®

MgO AHy=—-149.68 £ 0.60 AHjp =—601.6 £ 0.3(Robie and Hemingway, 1995)

KH)AsOq4 AHs=2475+0.18 AHy3=—1181.2 £2.0(Majzlan, 2017)

HCl1-9.96H,0 AHg=0 AHy4=-3007.9 &+ 1.0(Majzlan, 2017)

H,O AH7=-0.54 AHy5=-285.8£0.1(Robie and Hemingway, 1995)

KCl1 AHg=17.69 £0.06 AHjg=—436.5+£0.2(Robie and Hemingway, 1995)

NiSOy4- 7TH,O AHg=41264+0.58 AHy7 =-2976.8 + 1.5(Grevel and Majzlan, 2011)

MgSOy AHjg=-53.50£0.48 AH;g=—1288.64 + 1.28(DeKock, 1986; Lemire et al., 2019)
CoSOy4-7H,O AH|| =44.66£0.31 AHjg=—2979.3 &+ 1.5(Grevel and Majzlan, 2011)

Ni3(AsOy4);- 8H0 Agiss H(Nijgg) =—23.04 £0.38 AHyy=3AHg+2AHs+2AHq+3AHy — AgissH(Nijgg)—
3AH)g—2AHg —3592AH7 +3AH7+2AH13+2AHj4+
3AH|p —3AH1g—2AH16—3592AH5

Co3(AsO4)7-8HO  Agiss H(Co1g0)=—10.274+0.32 AHy;=3AH |1 +2AHs+2AHg+3AHy — Agiss H(Cop00)—
3AH)g—2AHg —35.92AH7 +3AH 19 +2AH13+2AHyj4+
3AH|p —3AH13—2AH16—3592AH;5

Mg3(AsO4)2- 8HyO  Agiss HMg100) =—77.32£0.18 AHyy =3AH4+2AHs+2AHg — Agiss HMgog) —2AHg—
14.92AH7+3AH|p +2AH|3+2AH14 —2AH|6—
14.92AH5

Table 5. Summary of the thermodynamic data obtained in this work for synthetic annabergite, erythrite, and hornesite.

AfH® N AyrsSe ArG®  logKgp*

kKImol=!  Jmol=1K~! Jmol~1 K1 kJ mol~1
Annabergite (Nijgo) —4216.7+£8.8  5159+62 —2331.7+64 —3521.4+9.0 —-33.7
Erythrite (Cojgg) —422694+87  540.6+65 —2307.5+6.8 —3538.9+8.9 -32.1
Hornesite (Mg go) ~ —5395.4+52  4758+5.7 —23802+60 —4685.7+5.5 -22.3

* These log K values refer to the reaction M3(AsO4),- 8H,O0 — 3M2t 4 2AsOi_ +8H,0.
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solve too slowly in our calorimetric solvent. The calculated
enthalpies of formation are summarized in Table 5.

4.3 Relaxation calorimetry — heat capacities and
entropies

Heat capacity of the synthetic end members was measured
in the range 2-310 K by relaxation calorimetry. The data are
shown in Fig. 6 and listed in Tables S1-S3.

The data for the Mgjo (hornesite) sample show no anoma-
lies in the measured temperature range. The data for the
Nijgp (annabergite) and Copgp (erythrite) samples include
low-temperature anomalies, with maxima at 7 =8.0K and
T =7.0K, respectively. These anomalies are related to the
magnetic properties of the Ni>* and Co?* ions. A separation
of low-temperature C,, into magnetic and lattice contribu-
tions is, however, beyond the scope of this work and was not
attempted.

The C,/T functions were integrated between 0 and
298.15 K to obtain the third-law entropies of the end-member
arsenates. The results are listed in Table 5.

4.4 Macroscopic properties and associations of
minerals

The natural vivianite-group arsenates occur most commonly
as acicular or tabular crystals, dominated by the {010} pina-
coidal faces (Fig. 7). In some old mines, the initial stages
of formation of these minerals can be directly observed. The
primary minerals are covered by a wet paste made of fine-
grained crystallites of these minerals. There is no flowing
water there, the moisture seems to come exclusively from the
humid air inside the mine. The paste can be easily removed
with a finger and seems to ripen over time very slowly into
larger well-developed crystals.

The color of the vivianite-group arsenates is determined by
the presence and abundance of the various transition metals
but cannot be fully correlated with the concentrations of met-
als. Near-end-member annabergite has its typical pale-green
(apple green, Fig. 7a) color but only a few weight percent
of Co changes the color to pinkish (see Fig. 3). Hence, many
specimens visually identified as erythrite in the past could ac-
tually belong to annabergite. Members dominated by cobalt
are pink to purple-red (Fig. 7b). The crystals of babanekite
from Jachymov were reported as pinkish to peach-colored
(Fig. 7c; Plasil et al., 2017), a color unusual for a copper
arsenate. Yet these crystals contain an appreciable amount
of Co, Ni, and Zn, and the former element seems to impose
its coloration effect. The babanekite—erythrite solid solution
from Lubietova (Fig. 7d) is light pinkish, and the erythrite—
kottigite solid solution from Bou Azzer is purple (Dumariska-
Stowik et al., 2018). Kéttigite from Jachymov (Fig. 7g; Se-
jkora et al., 2014) is also pink to purple and contains appre-
ciable amount of Mn, Mg, and Co. Kéttigite from Drienok is
pink and contains an appreciable amount of Co and Cu. The
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pink color can be related to Co. Pure hornesite from Jachy-
mov (Fig. 7f), Rotgiilden, and Zloty Stok (Siuda and Ma-
cioch, 2018) is off-white, as expected. A mineral identified as
kottigite from Sterling Hill and from Mapimf is blue to dark
blue (Fig. 7h). On samples from Mapimi, Sturman (1976)
showed that they belong to the parasymplesite—kottigite solid
solution, and their color saturation could be perhaps corre-
lated with their Fe content. The samples available to Sturman
(1976) contained more Fe than Zn and belonged to parasym-
plesite. A few similar samples available to us were analyzed
by an energy-dispersive system and were found to contain
more Zn than Fe, hence belonging to kottigite.

4.5 Chemical composition of the natural samples

The data set considered in this study contains 615 spot analy-
ses of vivianite-group arsenates from geochemically variable
occurrences. We believe that this set represents, to a large
extent, the variability in the vivianite-group arsenates in na-
ture. When doing analytical work, more attention is usually
given to regions that are zoned or heterogeneous (Fig. 8a,
b, d—f), rather than those that appear chemically monotonous
(Fig. 8c). This tendency is helpful when describing the chem-
ical variability in a mineral group, as in this work. This work
is not, on the other hand, an assessment of the volumetric
proportions of monotonous and heterogeneous crystals. The
material considered here is mostly heterogeneous on a scale
of micrometers or tens of micrometers, with the consequence
that the determination of lattice parameters or other structural
properties is very difficult or impossible. Therefore, no struc-
tural data for the natural samples are presented in this work.

The number of atoms per formula unit (apfu) for the dif-
ferent divalent cations varies considerably (Fig. 9). For Ni
and Co, the distribution spans almost the entire range from
0 to 3 apfu. For Zn, the distribution also extends essentially
across the entire compositional range, but the compositions
with > 1.5 Zn apfu are rare. The distributions for Mg and Cu
reach up to & 2 apfu. For Mg, however, there are several anal-
yses of almost pure end members, whereas no end-member
compositions are observed for Cu.

For the elements Fe and Mn, the distribution is signifi-
cantly skewed toward compositions that are almost devoid
of these elements. The compositions with &~ 1.5 Mn apfu and
~ 1.5 Fe apfu were found at Herichovd, Chyzné, a locality
with abundant primary rhodochrosite, hiibnerite, pyrite, ar-
senopyrite, and pyrrhotite. The Fe-richest compositions, with
up to 2Feapfu, were found at PiiseCnice (Sejkora et al.,
2019) in association with Fe arsenates (scorodite, bariophar-
macosiderite).

Calcium enters the structure of the vivianite-group arse-
nates only rarely and in small amounts. The only apprecia-
ble Ca concentrations were detected in hornesite from Rot-
giilden, where this mineral grows on the host dolomite mar-
bles together with gypsum.
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Figure 6. Heat capacity of the synthetic end members of the vivianite-type arsenates.

Figure 7. Photographs of the vivianite-group arsenates: (a) annabergite—hornesite, Svitodusnd, Lubietova (Slovakia); (b) erythrite, Dobsina
(Slovakia); (c) babanekite, Jichymov (Czech Republic); (d) erythrite—babdnekite (pinkish-white needles) with euchroite (green crystals);
Svitodusna, Lubietova (Slovakia); (e) erythrite—parasymplesite, Dobsina (Slovakia); (f) hornesite, Jichymov (Czech Republic); (g) kottigite,
Jachymov (Czech Republic); (h) kottigite, Ojuela Mine, Mapimi (Mexico); (i) kottigite, Drienok, Poniky (Slovakia).

4.6 Compositions dominated by one or two cations

Inspection of the data set showed that there is a pronounced
tendency of mixing at the cation sites, most likely con-
trolled primarily by mineralogical factors (composition of
the primary ore and gangue minerals). There are composi-
tions dominated by a single cation (Fig. 10a), where the dom-
inance is defined for the purposes of this work as > 75 %
of a single cation in the structure (i.e., 3 x 0.75 =2.25 apfu).
Most frequently, this dominance was found for Co and Ni;
a few such compositions exist also for Zn and Mg. No Cu-,
Fe-, or Mn-dominated compositions were found.

https://doi.org/10.5194/ejm-36-31-2024

The association of elements is also of interest. Figure 10b
shows the abundance of the compositions dominated by two
metals, such as their sum is > 2.25 apfu. Compositions dom-
inated by a single cation are excluded. The most common
association is Ni+Co, covering almost 20 % of our data set.
The pairs Co+Zn, Co+Mg, Ni+Mg, and Ni+Cu are also
fairly common. The pairs Cu+Mg, Cu+Fe, Cu+Mn, and
Fe+4-Mg do not occur at all as the dominating associated ele-
ments.

Eur. J. Mineral., 36, 31-54, 2024
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Figure 8. Back-scattered electron images of (a) chemically inhomogeneous aggregates of the babanekite—erythrite solid solution (Svito-
dus$nd, Lubietovd; lighter zones are richer in Cu), (b) chemically inhomogeneous aggregate of kottigite (Drienok, Poniky; lighter zones are
richer in Cu, and the white phase is olivenite), (c) homogeneous aggregates of annabergite (Dibrava-Predpekelnd), (d) chemically inhomoge-
neous (owing to variable Cu and Ni content) aggregates of erythrite (Jichymov-Rovnost), (e) chemically inhomogeneous (owing to variable
Co and Ni content) crystals of babdnekite (Jichymov-Rovnost) and (f) babédnekite crystals on chemically inhomogeneous (owing to variable

Cu and Ni content) aggregate of erythrite (Zalesi).
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Figure 9. Abundance of metal cations in the analyzed natural vivianite-group arsenates.

5 Discussion
5.1 Syntheses and characterization

The metal ratio in the synthetic products always deviated
from the metal ratio in the parental solutions. For the Ni—
Co solid solution, the products were slightly enriched in Co
(Fig. 4), consistently with the observations of Martens et al.
(2005). The results match very well, even though the sam-
ples in our work were synthesized with metal-nitrate so-
lutions, whereas those of Martens et al. (2005) were with
metal—sulfate solutions. Our results and those of Martens et
al. (2005), however, are not in agreement with the synthesis

Eur. J. Mineral., 36, 31-54, 2024

of Wei et al. (2013), who reported that the Ni / (Ni+Co) ra-
tios in the initial solutions and solid products were essentially
identical.

For the Ni-Mg solid solution, the solids have a strong
preference for Ni. Qualitatively, this conclusion is consis-
tent with the findings of Jambor and Dutrizac (1995). There
are differences, though, in the Ni/(Ni+Mg) ratios in the
solids among these two studies (Fig. 4). In our work, the
solid samples took up less Ni when compared to the samples
of Jambor and Dutrizac (1995). We used metal—sulfate solu-
tions, and Jambor and Dutrizac (1995) used metal-nitrate so-
lutions. Minor differences between the two types of solution

https://doi.org/10.5194/ejm-36-31-2024
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Co 10.2

Zn2.0 Mn 0

Figure 10. (a) Abundance of compositions among the vivianite-group arsenates dominated by a single cation. Dominance here is defined as
> 75 % (> 2.25 apfu) of a single metal in the structure. The numbers next to chemical symbols of elements are the percentages of the compo-
sitions dominated by that metal in our analytical data set. (b) Abundance of compositions among the vivianite-group arsenates dominated by
two cations. Dominance is defined as > 75 % (> 2.25 apfu) of these two cations in the structure. Compositions dominated by a single cation
are excluded. Thickness of the line segments shows relative abundance of compositions dominated by two cations connected by that line; the
numbers at those line segments are the percentages of such compositions in our analytical data set.

could be expected because of the complexation of Co and Ni
with the anions present in the solutions.

There are clear indications that the formation of the
vivianite-group arsenates in the syntheses described in the
literature is driven primarily by kinetic factors. Rapid mixing
of the solutions leads to a gelatinous substance (Jambor and
Dutrizac, 1995) that does not convert to a crystalline phase.
Not only is the structure not assembled, but also the gels
do not re-crystallize to a crystalline phase. The tendency to
form gels is also encountered in other metal-arsenate (e.g.,
Deiss, 1914; Buckley et al., 1990) or metal—sulfate systems
(e.g., Finch, 1914; Henry et al., 1996), not only in the labora-
tory but also in nature (Majzlan, 2020). The precipitation rate
must be slowed down as much as is reasonable in laboratory
experiments, most likely to facilitate the ordered assembly of
the octahedral monomers and dimers.

The metal uptake can be controlled by the preference of
the metals for octahedral monomers or dimers in the crys-
tal structure, i.e., by thermodynamic arguments, as discussed
by Martens et al. (2005). Such a mechanism assumes, how-
ever, that the growing crystals are able to selectively uptake
the species (M(1)O2(OH3)4 or M(2),06(OH3)4) which have
the preferred site occupancies. This idea is in conflict with
the notion that the crystals are assembled rapidly, even at the
slow laboratory rates of mixing. It could be viable, though,
under natural conditions where the crystal growth may take
much longer times.

We assume that the chemical composition of the solid
product is controlled by an interplay of aqueous speciation
and kinetics of assembly of the structure. The equilibrium
constants for the destruction of aqueous metal-anion com-
plexes are listed in Table 6. They show a substantial differ-
ence between the complexation behavior of Co>t on the one
hand and Ni?* and Mg?* on the other hand. They mean that
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Table 6. Equilibrium constants of the destruction of metal—sulfate
and metal-arsenate complexes.

Species logK?  Species logk®
MgSOY  —223 MgHAsOf —1.76
NiSO% —2.11 NiHAsO  —1.64
CoSO)  —0.03 CoHpAsOj  —0.28

2 Database of The Geochemist’s Workbench (Bethke and
Yeakel, 2016). ® Marini and Accornero (2007).

at a given equal molality of metal and sulfate or arsenate, the
molalities of Co—SO4 or Co—AsO4 complexes will be much
smaller than the molalities of Ni-SO4 / Ni-AsO4 and Mg—
S04 / Mg—AsO4 complexes. It also means that there will be
more of the free Co>* ions that can hydrolyze into octahe-
dral dimers. Alternatively, such dimers may be present in the
aqueous solution but the equilibrium constant for the forma-
tion of such dimers is not known. Hence, upon crystal growth
that is non-selective, cobalt will be preferentially taken up.
This situation is observed for the Ni—Co series, where the
log K, values (see below) would actually predict preferen-
tial uptake of Ni.

Thermodynamic arguments can prevail only when the sol-
ubilities of the end members differ substantially, such as for
the Ni-Mg or Mg—Co series. In this case, the solubility of the
Mg end member hornesite is so high that Mg preferentially
remains in the solution.

5.2 Available thermodynamic data for annabergite and
erythrite

Even though most available thermodynamic data on
vivianite-group arsenates can be tracked back to solubil-
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ity studies, there have also been determinations of the for-
mation enthalpy. Artamonova and Kasenov (1989) mea-
sured the heat of precipitation of “annabergite” upon adding
solid Na3AsO4 to aqueous NiCl, solutions. They arrived at
—4065 £21kImol ™!, almost 150kJmol~! more than the
value derived in this work. Given the results of this work
and those of Jambor and Dutrizac (1995) and Martens et al.
(2005), it is very doubtful that such rapid precipitation pro-
duced crystalline annabergite well. This value can certainly
be discarded. Another value was determined by Omarova and
Sharipov (1980), who used acid-solution calorimetry, with
an approach very similar to that in this work. Their value is
—4179.0£9.2kI mol .

The solubility of annabergite and erythrite was investi-
gated in a number of studies. The early work of Chukhlant-
sev (1956) is only of historical interest as the materials un-
der study were not properly characterized and the calculated
solubility products differ from all later determinations. The
works of Charles-Messance et al. (1960, 1964) and Makhme-
tov and Gorokhova (1988) focused on the construction of
phase diagrams and do not contain sufficient information to
calculate solubility products. Yuan et al. (2005) specifically
paid attention to arsenic leachability from annabergite and
did not pay so much attention to its equilibrium solubility.
Charykova et al. (2013) determined the solubility of synthetic
annabergite and erythrite. They noted that incongruent dis-
solution explained this problem by spectral interferences in
the inductively coupled plasma mass spectrometry (ICP-MS)
analysis and corrected it in a manner that was not specified
in detail. Zhu et al. (2013) also reported incongruent disso-
lution, but unlike in Charykova et al. (2013), their solutions
were deficient in Ni or Co. Wei et al. (2013) used the same
methodology as Zhu et al. (2013) and also detected incongru-
ent dissolution. Wei et al. (2013) reported the same log Kp
values for annabergite and erythrite as Zhu et al. (2013) (the
two studies were done by the same group), but for the con-
struction of Lippmann diagrams, Wei et al. (2013) suddenly
opted for different log K, values, without explanation. Some
data on the solubility of annabergite and erythrite were al-
luded to in Martens et al. (2005).

The most careful analysis of the available solubility data
for annabergite was carried out by Langmuir et al. (1999).
In their model, they also included the equilibrium constant
for the formation of the NiHAsOg complex and calculated a
log K5, value of —28.38. The NEA critical evaluation (Gam-
sjdger et al., 2005) opted for a log K5, value of —28.1, based
on the work of Nishimura et al. (1988), who measured the
solubility of annabergite at 25 °C at pH values between 4 and
8.

Some studies use data of others and report the solubil-
ity, but on the basis of anhydrous compositions such as
Ni3(AsOy4); or Co3(AsOy4),. This unfortunate practice comes
perhaps from the fact that the formal addition of H»O, either
to the solid (that is, writing Co3(AsO4)2- 8H,O instead of
Co3(As04)y) or as a product of the dissolution reaction, does
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Table 7. Solubility products (logKsp) of the vivianite-
type arsenates. All values relate to the reaction
M3(AsOy4)>- 8H,O — Mt 4+ 2ASO?‘7 +8Hy0, where M is
Co, Ni, Zn, Fe?*, Mn2*, and Mg. Values determined in this work
or values recommended in this study are shown in bold. For details,
see the text.

Phase logKsp  Reference

Erythrite —28.10  Chukhlantsev (1956)
—32.35 Lee and Nriagu (2007)
—33.68 Weietal. (2013)
—34.02 Zhuetal. (2013)
—35.76  Charykova et al. (2013)
—32.12  this work

Annabergite —25.51 Chukhlantsev (1956)
—26.59  Sadiq (1997)
—27.02  Nishimura et al. (1988)
—28.38 Langmuir et al. (1999)
—32.34  Weietal. (2013)
—30.77 Zhuetal. (2013)
—36.43  Charykova et al. (2013)
—33.69 this work

Parasymplesite —41.2 Khoe et al. (1991)
—33.25 Johnston and Singer (2007)
—44.99  Charykova et al. (2010)

Manganohornesite —32.12  Johnston and Singer (2007)

Kottigite —32.40 Lee and Nriagu (2007)

Hornesite —22.32  Raposo et al. (2004)
—22.28  this work

Babanekite —35.10 Lide (2005, p. 1362)

—22  rough estimate, this work

Cd3(AsOy4)7-8H,O  —32.66  Lide (2005, p. 1362)

not change the numerical value of the log K of the dissolution
reaction. Kumok et al. (1983) reported such data, numeri-
cally identical with the results of Chukhlantsev (1956). Sadiq
(1997) also gave solubility products for anhydrous composi-
tions, without references. The value for Niz(AsQy)y, if re-
calculated using auxiliary data in the same paper, yields a
log K, that is similar, but not identical, to the earlier work.
Johnston and Singer (2007), after stating explicitly the for-
mula for symplesite, list its thermodynamic properties on an
anhydrous basis in their Table 3.

A striking observation is that the reported log K, val-
ues for erythrite and annabergite consistently decrease with
the year of the study (see Table 7), perhaps caused by im-
proved synthesis protocols (especially with respect to amor-
phous impurities or nanocrystalline fraction) and inclusion of
more sophisticated complexation models (equilibrium con-
stants for metal-arsenate and other complexes). The latest
values for erythrite converge at log Kp &~ —35. For annaber-
gite, the situation is worse, as the latest values (Zhu et al.,
2013; Charykova et al., 2013) deviate very much.
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Two remarks are necessary when considering which value
is closest to the “absolute truth”. First, unless the problems
with incongruent dissolution are addressed and resolved,
analysis or re-analysis of the existing solubility data will not
bring improvement. For this reason, even though the analysis
presented in Langmuir et al. (1999) is excellent, we regard
their result as compromised by systematic errors in the solu-
bility data.

The second remark relates to both annabergite and ery-
thrite. The log Kp erythrite Values, with the exception of the
bad data of Chukhlantsev (1956), cluster around —33. If we
accept the value of log Ksp annabergite Of approximately —28
(Nishimura et al., 1988; Langmuir et al., 1999; Gamsjiger
et al., 2005), then we reconcile the difference of 5 orders of
magnitude in solubility with observations in nature. When
viewing the (Ni+Co)-Mg join in Fig. 11b, it is striking that
the data points concentrate near the Ni+Co apex and thin out
gradually toward the Mg apex. This pattern is the result of the
large solubility difference among annabergite (or erythrite)
and hornesite. There is no such pattern discernible along the
Ni—Co join (Fig. 11a), with the data distribution skewed nei-
ther toward the Ni nor toward the Co apex. These observa-
tions indicate that there is no substantial difference between
the solubilities of annabergite and erythrite.

5.3 Available thermodynamic data for other
vivianite-group arsenates

There are not so many data for the other vivianite-group ar-
senates. Solubility of Mg3(AsQO4), - xH2O was investigated
by Raposo et al. (2004). A careful reduction of the solubility
data gave log K of —22.32 £0.09. Unfortunately, the com-
position Mg3(AsOy4)2- 8H,0, analogous to that of the min-
eral hornesite, was only assumed.

The solubility product of kottigite was reported by Lee and
Nriagu (2007). It deviates much from the value presented in
Charykova et al. (2010), who refer to Magalhdes et al. (1988),
who, in turn, refer back to Chukhlantsev (1956). Not surpris-
ingly, the value derived from the data in Chukhlantsev (1956)
indicates much higher solubility of kottigite and should be
disregarded.

The solubility of parasymplesite was measured and dis-
cussed by Johnston and Singer (2007). Solubility that is more
than 10 orders of magnitude lower is indicated by Charykova
et al. (2010); their data were derived from other literature
data (citation not listed in the references). The value of Khoe
et al. (1991) is also more negative than that of Johnston and
Singer (2007). The observations from natural systems, also
presented in this paper, give no justification for and no indica-
tion as to why parasymplesite should be so much less soluble
than the other vivianite-group arsenates. If it were, then all
occurrences of annabergite—erythrite that grow on hydrother-
mal Fe carbonates (a common situation) should be markedly
enriched in iron. This is, however, not the case. In addi-
tion, the solubility product of vivianite, Fe3(PO4)>- 8H,0,
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is —33.06 (Johnston and Singer, 2007), and there is no rea-
son why the arsenate should be so much more insoluble than
the isostructural phosphate. Actually, the data show that ar-
senates of transition metals are usually slightly more soluble
than the phosphates of the same metals, hence supporting the
datum of Johnston and Singer (2007).

Johnston and Singer (2007) also listed log K values for
Cu and Cd end members of the vivianite-group arsenates,
taken from Lide (2005). Lide (2005) refers to anhydrous
compositions Cd3(AsO4)> and Cuz(AsOq4)2, and their rele-
vance to the vivianite-group arsenates is not clear. Johnston
and Singer (2007) attempted to correlate the solubility prod-
ucts of the vivianite-group arsenates and phosphates and con-
cluded that “no clear relationship is evident”.

The solubility products for the vivianite-group arsenates
vary mostly between —32 and —35. The exception is the
log K, for hornesite and the estimate for babénekite, both
significantly higher. Values selected in this study are marked
in bold in Table 7.

5.4 Stability relationships in the systems
NiO-As;05-H;0 and CoO-As;05-H,0

These two systems are similar in that there are no nickel and
cobalt arsenates more stable than annabergite and erythrite.
When considering the thermodynamic stability at relatively
low levels of total arsenate activity and CO; partial pressure
in the air (Fig. 12), the only intervening phases are carbon-
ates under high-pH conditions. Solubility minima for both
annabergite and erythrite are encountered in a slightly ba-
sic region, corresponding well to the observations that these
minerals form on Ni—Co arsenides that weather in the pres-
ence of carbonate minerals.

The absence of an olivenite-like Co, AsO4(OH) phase in
natural settings is surprising. Among the copper and zinc ar-
senates, olivenite and adamite (also with olivenite structure),
respectively, are the stable phases with expansive stability
fields (see below). The cobalt analog of olivenite is known as
a synthetic phase (Keller, 1971) and is a minor solid-solution
component in many olivenite samples from Tsumeb (e.g.,
Southwood et al., 2020).

5.5 Stability relationships in the systems FeO—, MgO-,
and MnO-As;0s5-H,0

The system FeO-As;O5—H>0 is seemingly similar to the
systems with NiO and CoO because parasymplesite is, in-
deed, the only stable ferrous arsenate phase that appears on
the phase diagram (Fig. 13). Precipitation of parasymplesite
in equilibrium is, however, limited to a narrow range of pH-
Eh conditions under which the species of Fe(Il) and As(V)
predominate. Oxidation of Fe(Il) leads to the formation of
scorodite or arsenical ferrihydrite, among many other ferric
arsenates (e.g., Drahota and Filippi, 2009). Disequilibrium
states can also produce ferric arsenite tooeleite. Thus, forma-
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Figure 11. Triangular diagrams of elemental ratios in the vivianite-group arsenates. Each point corresponds to a spot electron microprobe

analysis.
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Figure 12. pH-metal activity diagrams for the system CoO-As,;Os-H,O (a) and NiO-As;O5-HyO (b), with loga(As(V))=—4,
log p(CO,,g)=—3.5, T =298.15K, and P = 10° Pa. Calculated with The Geochemist’s Workbench (Bethke and Yeakel, 2016). For data

for annabergite and erythrite, see Table 7.

tion of parasymplesite is significantly hampered by the redox
behavior of iron, especially when one considers that the in-
organic rate of Fe(Il) oxidation in near-neutral conditions,
when the minimum solubility for parasymplesite is reached,
is very high (e.g., Nordstrom, 1982).

Hornesite is more soluble than parasymplesite, annaber-
gite, or erythrite. The higher solubility is manifested by the
shift of the stability field toward higher activities of Mg(II)
in the solution (Fig. 13). At pH > 8 and contact with atmo-
spheric pH, magnesite is predicted to be more stable than
hornesite.

There are too few data to evaluate the stabilities for the
manganese arsenates. One could guess that the relationships
in this system are similar to those in the system with FeO.
The tendency of Mn to reach oxidation states higher than +2
under usual weathering conditions will present a significant
obstacle for the formation of abundant manganohdornesite.

Eur. J. Mineral., 36, 31-54, 2024

5.6 Stability relationships in the systems
Zn0-As;05-H;0 and CuO-As;05-H,0

In both these systems, arsenates with olivenite structure
(olivenite, adamite) are the most stable phases under the con-
ditions considered (Figs. 14, 15). In the system with ZnO,
kottigite has a small stability field at very high aqueous con-
centrations of Zn>* and low pH (Fig. 14). Such conditions,
hardly attainable in nature, are most likely not the conditions
of formation of this mineral. At pH =38, the A, G of the re-
action

adamite +Zn** + HAsO; ™ + 7H,0 — kottigite

is +10.2kI mol~! for loga(As(V)) = —4 and loga(Zn) cor-
responding to the equilibrium between kottigite and aqueous
phase (—5.736). An increase in either a(As(V)) or a(Zn) will
diminish the A, G.

The situation in the system CuO-As;Os-H;0O is much
more complex because of a number of intervening phases.
Stable arsenates are olivenite and clinoclase (Fig. 15).
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Figure 14. pH-metal activity diagram for the system ZnO-As,O5—-H,O, showing the stability fields of zinc arsenates adamite and kottigite
and the zinc carbonate smithsonite, with loga(As(V)) = —4, log p(CO,,g) =—3.5, T =298.15K, and P = 105 Pa. Calculated with The
Geochemist’s Workbench (Bethke and Yeakel, 2016). Data for zinc arsenates are from Lee and Nriagu (2007) and Magalhaes et al. (1988).
(b) Solubility curves for the zinc minerals under the same conditions as in (a).

Calculation of the solubility curves (Fig. 15) shows that
olivenite, clinoclase, cornwallite—cornubite, and euchroite
are, especially in the mildly acidic region, closely spaced
in terms of their solubilities and stabilities. Geminite and
pushcharovskite are much less stable. If judged by its rar-
ity, babdnekite should be one of the least stable phases. As-
suming log Kp of —22 for this phase, the solubility curve
of babanekite plots in the upper portion of the diagram, near
the solubility curve of pushcharovskite. The scarcity of both
minerals justifies such position of the solubility curves. Se-
lecting the log K, value from Lide (2005, referenced in Ta-
ble 7 in this work) makes babdnekite much more stable, com-
parable in stability to clinoclase or cornubite. Such a relation-
ship is, in our opinion, unrealistic in the view of the natural
occurrences of the copper arsenates. Clinoclase and cornu-
bite occur commonly, but babédnekite is very rare. The log K
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of —22 for babdnekite could be used, if desired or necessary,
for approximate geochemical modeling involving this phase.
At pH =28 and loga(As(V)) = —4, the A, G for this reaction

olivenite + CuOH" -+ HAsO;~ +H" -+ 6H,0 — babénekite

is +70.6 kI mol~!, significantly more than for the adamite—
kottigite pair.

5.7 Thermodynamics of the solid solutions

The enthalpies of mixing (Fig. 5) in the investigated solid so-
lutions show unusual complexity. This is related to cation or-
dering on the available structural sites, i.e., in the octahedral
monomers and dimers in the structure (see a few paragraphs
below). When looking at the Ni—Co solid solution in detail
(Fig. 5a), we notice that the enthalpies of mixing rise steeply
from erythrite (Cojgp) but drop significantly near Cog7Ni33.
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Figure 15. (a) pH-metal activity diagram for the system CuO-As,O5—-H»O, showing the stability fields of copper arsenates olivenite and
clinoclase and the copper carbonate malachite, with loga(As(V)) = —4, log p(CO,,g) =—3.5, T =298.15K, and P = 103 Pa. Calculated
with The Geochemist’s Workbench (Bethke and Yeakel, 2016). Data for copper arsenates are from Magalhaes et al. (1988) and Majzlan et al.
(2015) and unpublished data. For babénekite, a log Kgp of —22 was assumed. For details of this assumption, see the main text. (b) Solubility

curves for the copper minerals under the same conditions as in (a).

Afterwards, they remain small in magnitude and vary much
less.

In the Ni-Mg solid solution (Fig. 5c), the enthalpies of
mixing drop steeply from annabergite (Nijgp) but then ap-
proach zero again, with a minimum around the composition
NigoMgyo. Afterwards, they drop again to a broader mini-
mum.

The simplest is the Mg—Co (erythrite—hornesite) solid so-
lution (Fig. 5d). Given the small magnitude of AnixH and
the range of the available data, this solid solution can be
modeled for practical purposes as an ideal solution, with
AmixH=H®* =0.

The difficulty lies in the fact that these solid-solution series
are made of at least two subsystems. The two subsystems are
defined by the occupancies of the M(1)O,(OHz)4 monomers
or the M(2);06(OHy)4 dimers, with an M(1): M(2) ra-
tio of 1:2. If there is pronounced preference of one of
the cations for a certain M(1) or M(2) site, the entire
solid solution will be split into a subsystem approximately
between M(1)g —M(1)33M(2)e7 and a subsystem approxi-
mately between M(1)33M(2)¢7 — M(1)190. In the subsystem
M(1)o — M(1)33M(2)g7, the cation with the preference for the
M(1) site occupies that site. Past this composition, the cation
with the preference for the M(1) site is forced to also enter
the M(2) site.

We must note, however, that the boundary between the two
subsystems need not lie at M(1)33M(2)g7. In fact, this bound-
ary is certainly not a sharp line but rather a fuzzy, broad inter-
face between the two subsystems. The exact location of the
center of this boundary is given by the intensity of prefer-
ence for a certain site. This conclusion is in contrast with the
approach of Martens et al. (2005), who were seeking bound-
aries exactly at M(1)33M(2)g7 and split the Ni—Co solid solu-
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tion into segments in which the observed parameters varied
linearly. We refrain from such an approach as the properties
of these solid solutions vary continuously, without sudden
breaks. This type of splitting would be reasonable if there
were a line compound (at least at room temperature) with the
composition NiCoy(AsO4),- 8H,0.

Another possibility for the division of the studied solid
solutions in subsystems was mentioned by Martens et al.
(2005). In that case, the structure may have a tendency to
occupy the M(2) sites consistently by two different cations.
They likened this situation to the aluminum-avoidance rule
in the crystal structures of silicate minerals.

Most commonly, the Anix H data are mathematically de-
scribed by a simple symmetric one-parameter Margules
model. In this case, however, such a model is insufficient.
For asymmetric mixing curves, the Redlich—Kister polyno-
mial can be used (e.g., Fels et al., 2019):

0
AmixH = xaxp ZLn(xA—XB)n, (1)
n=0
where xp and xg are the mole fractions of the end members.
The coefficients L, can be obtained by fitting to the available
data. Setting xg=x and xp =1 —x, we get (e.g., Boyne and
Williamson, 1967)

o
AmixH =x(1=x) Y Ly(1—2x)". )
n=0
Equation (2) was used to fit ApixH data for the
annabergite—erythrite and annabergite-hornesite solid-
solution series. The results are shown as dashed lines in
Fig. 5a and c, and the fit coefficients L, are listed in Table 8.
The number of the coefficients L, was increased to mini-
mize the goodness of the fit. Increasing the number of the

https://doi.org/10.5194/ejm-36-31-2024



J. Majzlan et al.: Thermodynamics of vivianite-type arsenates 49

Table 8. Fit parameters (in kJmol~!, 3 M-site mixing) of the
Redlich—Kister polynomial (Eq. 2) for the solid solutions studied
in this work.

Ly Ly Ly L3 Ly Ls

Fit for the annabergite—erythrite solid solution:

X = Xannabergite

2.25 277 193 192 - -

Fit for the annabergite-hornesite solid solution:

X = Xannabergite

—14.05 -—-2.49 495 497

—106 —116

coefficients beyond that in Table 8 improves the goodness of
the fit but also leads to spurious extrema and unreasonable
variations between the data points.

Even with this number of fit parameters, the fits are not
able to describe some features in the data sets. Especially
the extrema (maxima in the Ni-Co and Ni—-Mg series) are
not captured properly. The kink in the Ni-Mg series at the
hornesite side is an artifact resulting from a high degree of the
fit polynomial. We note that this kink could not be remediated
by additional data in this region. Inserting dummy data points
in this region (between Ni3z3sMge7 and Mgjop) does not fix the
problem, rather the contrary.

The fits with the coefficients in Table 8 allow for modeling
the enthalpies of mixing in the studied solid solutions. Their
combination with entropies of mixing and the consequences
for the behavior of these solid solutions are discussed below.

5.8 Autocorrelation analysis and strain in the solid
solutions

The results of the autocorrelation analysis are plotted in
Fig. 5 for a direct comparison with the excess enthalpies. In
the Ni-Co and Mg—Co solid-solution series, there is much
scatter and no clear trends for the ky values. It appears that
the substitutions do not cause or release strain but probably
cause a slight re-arrangement of the heteropolyhedral sheets
(adjustments in the lattice parameters a and B; see Results).

Only for the Ni-Mg solid solution is there a clear cor-
relation between excess enthalpies and k, values (Fig. 5¢)
in the Ni-rich region of this solid solution. Here, the ex-
cess enthalpies show a minimum near Xapnabergite ~0.1. The
ko values behave in a similar way, suggesting that substitu-
tion of Mg into annabergite relieves some of the strain ac-
cumulated in the end member annabergite. This observation
could explain why the natural Ni-Co-dominated arsenates of
the vivianite group almost always contain a small amount
(= 10 at. %) of other cations such as Mg, Zn, or Fe (Fig. 11a).
Incorporating these can relieve the strain in the structure and
stabilize it, not only by increasing the configurational en-
tropy, but also by decreasing the enthalpy of mixing.
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5.9 Configurational entropy

Chemical variations in the natural vivianite-group arsenates
are extensive. A measure of mixing at the cation sites is
the ideal configurational entropy of mixing (see Ulbrich and
Waldbaum, 1976):

Siszconf:—RijZXi,jlnX,-,j, (3)
J i

where X; ; is the fractional occupancy of the ith atom/group
of atoms on the jth site and m  is the ratio of multiplicity of
this site divided by Z. For the vivianite-type arsenates,

Seconf = —=3R(XniIn Xxi + Xcoln Xco + Xmg In Xnvgg
+ XznIn Xzn + Xcoyln Xy 4+ Xvin In Xvin
+ XFeln XFe)7 “)

where X; is the mole fraction of the metal i on the cation
sites and

XNi + Xco + XMg + Xzn + Xcu + Xvin + Xpe = 1. &)

This Sconf can be reached only if the cations are fully disor-
dered over all available metal sites (M(1) and two M(2) sites).
For an n-component system with mixing on three sites (just
as for the vivianite-type arsenates), such maximal configura-
tional entropy is given by

Sconf,max = —3RIn(1/n). ©6)

The calculated Sconf, max for all analyses of the natural sam-
ples is plotted in Fig. 16 against the number of Co apfu.
Cobalt was chosen only because it spans the entire range of
apfu from O to 3. The highest calculated Sconf max value for
the natural samples is 40.8 Jmol~! K~!, compared to the the-
oretical maximum of —3RIn(1/7) =48.5Tmol~! K~

The maximal configurational entropy can be translated
into Gibbs free energy of mixing and the corresponding sta-
bilization of a solid solution by the —7 Sconf,max term. For
the maximum entropy attained here, such stabilization is
12.2kImol~! (at T =298.15K). Figure 16 shows that the
maximal configurational entropy reaches 30 J mol~! K~ for
many compositions analyzed in this work, meaning stabiliza-
tion of &~ 9 kJ mol~!. This energy alone could approximately
offset the difference between adamite and kottigite but cer-
tainly not the difference between olivenite and babéanekite.

5.10 Gibbs free energies of mixing and the formation of
solid solutions

The Gibbs free energies of mixing are negative throughout
the Mg—Co and Ni—-Mg solid solutions. Only in the Ni—Co
solid solution do the available data suggest that there may
be a small region with positive ApixG. This conclusion is in
contrast with the data of Wei et al. (2013), who determined
that G** is negative for the entire solid solution (Fig. 5a). Our
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Figure 16. Configurational entropy calculated from each electron
microprobe analysis performed in this work plotted against the
number of Co atoms per formula unit. Cobalt was chosen only be-
cause it spans the entire range of 0-3 apfu. The solid curve shows
the maximal achievable configurational entropy at a given Co con-
tent, assuming that the cations are fully disordered over all available
sites.

data suggest that the model of Wei et al. (2013) does not cap-
ture the full complexity of the Ni—Co solid solution for the
vivianite-group arsenates. This statement refers particularly
to the notion of two subsystems in the solid solutions, dis-
cussed in this work and in the work of Martens et al. (2005).

For the Ni—Co solid solution, we can calculate AnixGa =
AmixH — T Sconf,max- The result is plotted in Fig. 5a and
shows a small region near the erythrite end-member com-
position with positive ApixGa values. This calculation as-
sumes that the maximal available configurational entropy
was achieved; i.e., the cations are fully disordered. This will,
however, not be the case, because the above-discussed site
preferences document ordering phenomena in the various
solid solutions that will lower Sconf. In Fig. 5a, we therefore
also plotted a curve for ApixGgp, where Sconf = Sconf, max/2-
The situation remains unchanged except the region of posi-
tive AnixG 1s larger than previously. In this case, the maxi-
mum AnixGp is slightly larger than 1kJ mol !, larger than
the calorimetric uncertainties (see Table 3). A small S*
value, on the order of 3Jmol~! K—!, would be sufficient to
lower ApixG below 0kJ mol~!. Another possibility is to in-
clude other cations in the structure and increase the configu-
rational entropy. Such a possibility is viable when inspecting
the data from natural minerals (Fig. 11). Even though the Ni—
Co solid solution is populated by many compositions, only a
few of them lie directly on or very near the Ni-Co binary
join. In most of these compositions, additional cations (Zn,
Fe, Mn, Cu, Mg) are present and their presence increases the
configurational entropy.

Given that the natural assemblages provide no indications
of a miscibility gap and the calculated positive ApixG val-
ues could be easily offset by a small entropy contribution,
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we cautiously suggest that the Ni—Co solid solution is con-
tinuous.

6 Environmental implications

The data generated in this work can be used to model natu-
ral systems that contain vivianite-group arsenates. Recently,
we have sampled aqueous solutions in contact with annaber-
gite and erythrite in the underground spaces of the historical
Jachymov deposit (Majzlan et al., 2020). The solution in con-
tact with erythrite would give a log K, of —33.92, in rough
agreement with most data for this mineral (see Table 7). This
log K, was calculated from solution no. 3 in Table 3 in Ma-
jzlan et al. (2020), using the program PHREEQC (Parkhurst
and Appelo, 1999). The solution in contact with annaber-
gite would return a log K, of —29.04, much less than the
value found in this work and closer to the value in Langmuir
et al. (1999, referenced in Table 7 in this work). We noted,
though, that the water in contact with the annabergite aggre-
gate was dripping much faster than at other sites in the mine
and possibly was not in equilibrium with annabergite. More
fieldwork and experimental work need to be done to resolve
this issue. There is no obvious reason, however, to discard
our log K datum for annabergite if the data for erythrite
and hornesite are accepted. All of them were determined by
the same methodology. We also note that to obtain a log K
of —29 for annabergite from our calorimetric data, the mea-
sured enthalpy of dissolution would have to shift from —23
to ~ —50kJ mol~!. Such a shift would imply a systematic
error of 27 kJ mol~!, about 100 times larger than the usual
uncertainties in the measurements, which appears to be un-
reasonable.

If the log Kp values from this work are accepted, they
would indicate lower solubility of common vivianite-group
arsenates (annabergite, erythrite) than that assumed by
Langmuir et al. (1999). The consequence thereof would be
lowering of the predicted As solubility well below the
2mgL~! in tailings rich in Ni and As. Using our data and
assuming congruent dissolution, the equilibrium solubility
would be about 0.9mg AsL~! at pH="7. In the long term,
arsenic in such tailings could be fixed in annabergite under
circumneutral conditions. If such a remediation strategy were
to be attempted, magnesium should not be present in high
concentrations because of the much higher solubility of hor-
nesite (Table 7).

The vivianite-group arsenates are highly soluble under
acidic conditions. At pH =4, the calculated, equilibrium,
and congruent solubility of annabergite would be predicted
as 192mg AsL~!. Annabergite and erythrite would dissolve
and cannot buffer the arsenic concentrations at low levels un-
der such conditions. In the case of hornesite, it is also dis-
solved but replaced by rosslerite or brassite in low-pH, Mg-
and As-rich solutions (Majzlan et al., 2020). Hence, these
phases will play no role in acid mine drainage. If they al-
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ready exist and are exposed to acidic conditions, they will
supply an ample amount of arsenic to the aqueous phase.
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