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Abstract. Many natural secondary arsenates contain a small fraction of phosphate. In this work, we investigated
the olivenite—libethenite (Cuy(AsO4)(OH)-Cuy(PO4)(OH)) solid solution as a model system for the P-As sub-
stitution in secondary minerals. The synthetic samples spanned the entire range from pure olivenite (X, = 0)
to libethenite (Xj;p, = 1). Acid-solution calorimetry determined that the excess enthalpies are non-ideal, with a
maximum at Xy = 0.6 of +1.6kJmol~!. This asymmetry can be described by the Redlich—Kister equation
of H* = Xi - Xiib [A + B(Xoti — Xiib)], with A = 6.27 +£0.16 and B = 2.9 £ 0.5kJ mol~!. Three-dimensional
electron diffraction analysis on the intermediate member with Xj;, = 0.5 showed that there is no P—As ordering,
meaning that the configurational entropy (Sconf) can be calculated as — R (X )i In X o1;+ X1ip In Xjip ). The excess vi-
brational entropies (Sy7, ), determined by relaxation calorimetry, are small and negative. The entropies of mixing
(Sconf+ SS;‘b) also show asymmetry, with a maximum near Xj;p, = 0.6. Autocorrelation analysis of infrared spectra
suggests local heterogeneity that arises from strain relaxation around cations with different sizes (As>* / P>T)
in the intermediate members and explains the positive enthalpies of mixing. The length scale of this strain is
around 5 A, limited to the vicinity of the tetrahedra in the structure. At longer length scales (= 15 A), the strain is
partially compensated by the monoclinic—orthorhombic transformation. The volume of mixing shows complex
behavior, determined by P—As substitution and symmetry change. A small (0.9 kJ mol~!) drop in enthalpies of

mixing in the region of X}, = 0.7-0.8 confirms the change from monoclinic to orthorhombic symmetry.

1 Introduction

Minerals of the olivenite—libethenite (Cuz(AsO4)(OH)—
Cu;(PO4)(OH)) group appear at many sites with secondary
copper oxysalts (gtevko etal., 2017; Southwood et al., 2020).
Their structure and properties were investigated by Toman
(1977), Yakubovich et al. (1993), Burns and Hawthorne
(1995), Li et al. (2008), and Kharbish et al. (2014). The P—
As substitution in these minerals is extensive (Sejkora et al.,
2006; Majzlan et al., 2015) but is not the only possible substi-
tution. The Cu—Zn substitution is also very common (Toman,

1978; Braithwaite, 1983; Gotebiowska et al., 2006b; South-
wood et al., 2020). The Zn arsenate end-member adamite is a
common mineral, and its crystal structure was investigated in
detail (Hill, 1976; Kato and Mitra, 2007; Zema et al., 2016;
Junnouchi et al., 2016). A phase with an olivenite structure
and ordered Cu—Zn arrangement corresponds to the mineral
zincolivenite (Chukanov et al., 2007). Chukanov et al. (2007)
also suggested that such a phase exists with a range of com-
positions, not only strictly at Cu:Zn=1: 1. The thermody-
namic stability of the end-member compositions was inves-
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tigated by Magalhdes et al. (1986, 1988) and Majzlan et al.
(2015).

The structural arrangement of olivenite and libethenite
seems to be particularly stable and is also found in minerals
in other classes, such as in andalusite (Al;SiOs) or kieserite
(MgS0O4-H;0). The symmetry and crystal class of olivenite
and libethenite was a matter of long debate (Heritsch, 1938;
Richmond, 1940; Berry, 1951; Walitzi, 1963; Toman, 1977).
To resolve the issue, Burns and Hawthorne (1995) carried
out the refinement of the structural model in both orthorhom-
bic and monoclinic symmetry for olivenite. Even though the
topology of the structures of olivenite and libethenite is iden-
tical, they have different space groups at room temperature.
Libethenite is orthorhombic, with the space group Pnnm,
whereas olivenite is monoclinic, with space group P2;/n
(Burns and Hawthorne, 1995; Li et al., 2008). Burns and
Hawthorne (1995) refined the monoclinic structure of oliven-
ite in a non-standard space group P2;/n11, where the mon-
oclinic angle « is 90.088(3)°, very close to 90°. For consis-
tency, we also keep this setting in this work. Both oliven-
ite and libethenite undergo a displacive phase transformation
and change their symmetry. Olivenite transforms to an or-
thorhombic phase above ~ 200 °C (Tarantino et al., 2018).
Libethenite changes to a monoclinic phase at ~ —110°C
(Belik et al., 2011). They proposed that the Pnnm—P2;/n
transition is a general feature of olivenite-type phases with
the stoichiometry M»(X0O4)OH (X: tetrahedrally coordinated
cation). The monoclinic—orthorhombic transition involves a
very small shift of the atoms; the largest shift is observed for
the O(1) atom (Burns and Hawthorne, 1995). This atom is
displaced by 0.0551(21) A from the mirror plane perpendic-
ular to [001], thus violating the Pnnm symmetry. The attri-
bution of the symmetry lowering to the Jahn—Teller effect in
the Cu?* centered polyhedra is possible and was described
as “tempting” by Toman (1977).

The thermodynamics of the arsenate—phosphate sub-
stitution was investigated in the synthetic analogs
of the hydroxylapatite—johnbaumite (Cas(PO4)3(OH)-
Cas(As04)3(OH)) (Zhang et al., 2011) and pyromorphite—
mimetite (Pbs(PO4)3Cl-Pbs(AsO4)3Cl) (Flis et al., 2011)
solid-solution series. For the hydroxylapatite—johnbaumite
series, Zhang et al. (2011) argued that the solid solution is
ideal even though their data deviated from ideality. The same
conclusion was reached for the pyromorphite-mimetite
series, with better support of the available data. Here, we set
out to answer the question whether the olivenite—libethenite
series is also thermodynamically ideal or not.

In this work, we analyzed thermodynamic properties of
the olivenite—libethenite solid solution. The methods cho-
sen were powder X-ray diffraction, acid-solution and relax-
ation calorimetry, three-dimensional electron diffraction and
structure refinement, and autocorrelation analysis of Fourier-
transform infrared spectra.
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2 Materials

The olivenite—libethenite solid solution was synthesized by a
wet chemical procedure using analytical reagent grade chem-
icals. The syntheses were prepared to reach 100 mL of the fi-
nal solution by mixing SO mL of a 0.5M Cu(NO3), solution
with 50 mL of a solution with (NH4)H>PO4 and NayHAsOy4 -
7TH»O0, in different proportions. All reagents were dissolved
in deionized water. For the synthesis of the end-members,
50 mL of a 0.5 M Cu(NO3); solution was mixed with 50 mL
of a 0.32 M (NH4)H,POy4 solution for libethenite and 50 mL
of a 0.19M Nay;HAsO, solution for olivenite. Even though
the Cu / POy ratio in libethenite and the Cu / AsOy ratio in
olivenite are identical, the molarities of the starting phos-
phate and arsenate solutions are different. These molarities
were determined by trial and error in many preliminary runs.
The reason for the difference in the necessary molarities is
not clear to us; there is a number of competing copper phos-
phates or copper arsenates in each system which may con-
taminate the final product. For the intermediate members of
the solid solution, prepared solutions of (NH4)H;PO4 and
NayHAsO4 - TH2O were mixed together in desired propor-
tions so that the molar As /P ratio corresponded to the de-
sired As / P ratio in the solid. The different molarities of PO4
and AsOQy in the starting solutions had to be taken into ac-
count. The mixed As /P solutions were stirred and added
to 50mL of a Cu(NO3); solution. The final solutions were
stirred constantly while being heated up to 70 °C and hav-
ing their pH value adjusted to 3 using (NH4)OH (28 %—
30 % NH3). After stabilization of the pH, the used borosil-
icate bottles were closed and placed in a water bath with a
constant temperature of 70 °C being controlled by a thermo-
stat. The pH was controlled and raised with (NH4)OH (28 %—
30 % NHj3) every few hours. After 4 d, the resulting suspen-
sion was filtered hot, washed several times with deionized
water, and air-dried at ambient temperature.

3 Methods

Powder X-ray diffraction (pXRD) data of the solid sam-
ples were collected with a Bruker D8 ADVANCE with
DAVINCI.DESIGN and with Cu K« radiation, an Ni filter,
and a Lynxeye one-dimensional detector. The data were mea-
sured in the range of 5-90° 20, with a step size of 0.02° 20
and a 0.25s time per step. Lattice parameters were refined
using the JANA2006 program (Petricek et al., 2014).

The elemental composition of the fine-grained samples
was analyzed with a simultaneous radial inductively cou-
pled plasma optical emission spectrometer (ICP-OES) 725-
ES (Agilent, Germany) with a CCD (charge-coupled device)
detector and an ASX-520 autosampler (Teledyne CETAC,
Omaha, Nebraska, USA). The sample (= 10 mg) was diluted
in 10 mL of 20 % HNOs3.
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Fourier-transform infrared (FTIR) transmission spectra
were recorded using a Nicolet iS 10 spectrometer (Thermo
Fisher Scientific, Germany). The spectra were collected un-
der a single set of experimental conditions. The samples
were fine-grained, and no grinding was necessary. They were
mixed with KBr (FTIR spectroscopy grade, Merck) in a con-
stant ratio, gently mixed, and pressed to pellets. The pel-
lets were measured in the wavenumber range from 4000
to 400cm~! with 64 scans per spectrum at a resolution of
4cm™!. The spectra were normalized to maximum intensity.
No background subtraction was performed for the autocorre-
lation analysis.

Acid-solution calorimetry was done with an IMC 4400
(isothermal microcalorimeter; Calorimetry Sciences Corpo-
ration) following the procedure described in Majzlan (2017).
A water reservoir was held at a constant temperature of
298.15 K. After stabilization of the calorimeter overnight, the
sample pellet with 10 mg weight was dropped into the solvent
(25g of 5 N HCI) held in a PEEK (polyetheretherketone)
container. The samples dissolved in the acid solution, and the
heat flow was measured to calculate the heats of dissolution.
Each sample was measured four times, and the uncertainties
reported are as 2 standard deviations of the mean. They were
further propagated in the appropriate thermochemical cycles.

Heat capacity (Cp) was measured by relaxation calorime-
try using a commercial physical properties measurement sys-
tem (PPMS; Quantum Design, San Diego, California, USA).
With due care, the accuracy can be within 1% from 5 to
300K and 5 % from 0.7 to 5 K (Kennedy et al., 2007). Pow-
dered samples were wrapped in a thin Al foil and compressed
to produce a ~ 0.5 mm thick pellet, which was then placed
onto the sample platform of the calorimeter for measurement.
The heat capacity was measured in the PPMS in a 2 to 300K
temperature interval.

The precession-assisted three-dimensional electron
diffraction (3D ED) data were collected on four crystal
fragments of the 50P50As sample in an FEI Tecnai 02
transmission electron microscope (TEM) (acceleration
voltage of 200kV, LaBg) equipped with an Amsterdam
Scientific Instruments (ASI) CheeTah M3 side-mounted
hybrid single-electron detector, which is 512 x 512 pixels
with high sensitivity and a fast readout. The sample was
deposited on a Cu grid coated by a thin film of holey
amorphous carbon. To further reduce the dynamical effect,
the 3D ED (Gemmi and Lanza, 2019; Gemmi et al., 2019)
was coupled with precession electron diffraction (PED)
using the precession device Nanomegas DigiSTAR (Vincent
and Midgley, 1994). The precession semi-angle was set to
1°. Series of non-oriented patterns are sequentially collected
by a step of 1° on the accessible tilt range of the goniometer
(Kolb et al., 2007, 2008; Mugnaioli et al., 2009), automated
by the in-house software, including the tracking of the
crystal following the procedure described by Plana-Ruiz
et al. (2020). The 3D ED data reduction was performed
using the computer program PETS2 (Palatinus et al., 2019).
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The result of the data reduction is two hkl file types: one
considering the kinematical approximation used for the
structural solution with R(int)/wR(int) = 0.2334/0.2335
and 100 % coverage for (sinf) / L =0.75 A~ and the other
one used in the dynamical refinement, where each frame
is considered independently (Palatinus et al., 2015a, b).
The structure was solved using SUPERFLIP (Palatinus and
Chapuis, 2007; Palatinus, 2013) in Jana2020 (Petticek et al.,
2014) and refined using DYNGO and Jana2020.

4 Results
4.1 Chemical composition and crystal structures

Chemical composition of the synthetic members of the
olivenite—libethenite solid solution was determined by ICP-
OES, and the results are listed in Table 1. The relative pro-
portions of the cations (As /P) differ little from the initial
ratios in the parental solutions. Lattice parameters of these
phases are listed in Table 2, together with comparison with
previously determined parameters for the end-member com-
positions. For libethenite and a few solid-solution members,
the orthorhombic space group Pnnm was taken. For olivenite
and the solid-solution members up to Xi;p = 0.7, the powder
X-ray diffraction (XRD) patterns were consistent with the
monoclinic space group P21/n. The choice of the symme-
tries (monoclinic versus orthorhombic) was also supported
by the calorimetric results (see below).

The unit-cell volumes (V) (Table 2) do not vary linearly
between the end-members olivenite and libethenite (Fig. 1a).
If only the orthorhombic samples of the solid solution be-
tween Xjjp = 0.8 and pure libethenite are considered, a lin-
ear trend, shown by the linear fit in Fig. la, is obtained
for the volume change in the orthorhombic structures. Such
a trend points to a fictitious orthorhombic olivenite end-
member with a larger volume than that of monoclinic oliven-
ite. This difference may be the driving force behind the
orthorhombic—monoclinic transition. The variations in the
monoclinic angle « is shown in Fig. 1b. After a slight initial
increase from the end-member olivenite, the angle is drop-
ping toward 90°. The exception is samples with Xj;, = 0.5
and 0.6, with much larger « angles. These are the samples
with the largest H** and largest k, values (see autocorrelation
analysis). The sudden increase in the monoclinic angle is in-
terpreted here as a distortion related to structural strain near
the compositionally induced monoclinic—orthorhombic tran-
sition. The V¢ values (Table 2) were used to calculate excess
volumes of V& = Xy Viip + Xo1i Voli — Vss, where Xjip and
Xo1i are the molar fractions of the libethenite and olivenite
end-members, respectively, in a solid-solution (ss) composi-
tion. The resulting V* values are listed in Table 3.

Crystal structure of the 50P50As sample was investi-
gated in detail by the 3D ED techniques. The analysis con-
firmed monoclinic symmetry of the crystal. The refined
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Figure 1. Variations in (a) unit-cell volume and (b) the monoclinic angle « (note the non-standard monoclinic setting, described in the
Introduction) across the olivenite—libethenite solid-solution series. In (a), the uncertainties are always smaller than the size of the symbols.

Table 1. Chemical composition of the synthetic members of the olivenite—libethenite solid solution, recalculated from the ICP-OES analyses.

Weight % ‘ Normalized to three cations ‘ Normalized to 1 P+ As
Sample Cu P As | Cu P As | P As
Olivenite 47.88 - 25.88 | 2.06 - 0.94 - 1.00
10P90ASs 49.08 1.07 23.80 | 2.06 0.09 0.85 | 0.10 0.90
20P80AS 50.45 223 2191 | 2.06 0.19 0.76 | 0.20 0.80
30P70As 49.81 334 1934 | 2.05 0.28 0.67 | 0.29 0.71
40P60As 52.47 446 16.75 | 2.08 0.36 0.56 | 0.39 0.61
50P50As 50.94 5.80 14.40 | 2.04 0.48 0.49 | 0.49 0.51
60P40As 52.23 6.93 11.65 | 2.05 0.56 0.39 | 0.59 0.41
70P30As 54.35 8.28 898 | 2.07 0.65 0.29 | 0.69 0.31
80P20As 56.53 9.68 6.05 | 2.08 0.73 0.19 | 0.79 0.21
90P10As 5745 11.72 324 | 2.05 0.86 0.10 | 0.90 0.10
Libethenite 54.93 12.36 - | 2.05 0095 - | 1.00 -

monoclinic angle « (note the non-standard space group
setting) is 90.171(5)°, i.e., distinctly different from 90°,
but the deviation from the orthorhombic symmetry is not
large. The structure solution yielded the same structure as
previously reported for olivenite (Burns and Hawthorne,
1995) and its solid solution toward libethenite, including
positions of heavy atoms and hydrogen atoms. This re-
sult is confirmed by the dynamical refinement that led to
R(obs)/wR(obs) =0.0932/0.0924 and R(all)/wR(all) =
0.1212/0.0972 for 12608/22780 (observed/all) reflections
and 528 refined parameters (Table 4). The resulting struc-
tural model can be found in the CIF (Crystallographic Infor-
mation File) in the electronic Supplement to this publication.
The most important reason for the 3D ED analysis was the
question if there is P-As ordering in the solid solution or not.
This question cannot be answered with powder XRD data.
Inspection of the electron diffraction spots showed with no
doubt that there is no ordering. The P>* and As>*t cations
are randomly distributed on a single tetrahedral site with a
refined P / As ratio of 0.522(8) : 0.478(8) based on four inde-
pendent data sets.
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4.2 Fourier-transform infrared spectroscopy

The infrared spectra of the studied samples are displayed
in Fig. 2. All spectra are comparable to the ones shown in
Braithwaite (1983) and Chukanov (2014). Some of the weak
bands described by these authors are not seen in our spectra,
but the strong bands are comparable. A detailed analysis of
the IR spectra of the olivenite—libethenite series was provided
by Braithwaite (1983).

For olivenite, the band at 940 cm™! corresponds to O—
H deformation (Braithwaite, 1983). In libethenite, the band
shifts to about 975 cm™! but is hidden under P-O stretching
bands. Another O-H deformation band in olivenite should
be located at 820 cm™! but is obscured by the As—O stretch-
ing bands, whereas it is visible in the spectrum of libethenite
at 810cm™!. Bands observed in the range of 400-560 cm™!
are assigned to bending vibrations of the AsO4 groups and
in the range of 750-945cm™! to AsOy stretching vibrations
(Frost et al., 2002). The PO4 bending vibrations correspond
to the bands in the region of 500-560 cm™!, with the stretch-
ing vibrations to the bands at 1022—-1080 cm~! (Gotebiowska
et al., 2006a; Jastrzebski et al., 2011). The measured spec-
tra in the region between 800—1200cm™! appear close to a
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Table 2. Unit-cell parameters for the synthetic phases of the olivenite group, used in this work, compared to values from studies on natural
material. The data from this work come from full-profile refinements of powder X-ray diffraction data.

Phase (space group) or reference a (A) b (10\) c (10\) o (°) \' (A3)
Olivenite (P2;/n)

Synthetic (this work) 8.6426(1) 8.2459(1) 5.9422(1) 90.061(3) 423.4(1)
Kosters et al. (2020) 8.6188(9) 8.2269(6) 5.9406(9) 90.000(6) 421.2
Li et al. (2008) 8.5844(3) 8.2084(3) 5.9258(2) 90.130(2) 417.6(1)
Burns and Hawthorne (1995) 8.5894(2) 8.2073(2) 5.9285(1) 90.088(3) 417.9(1)
Toman (1977) 8.615(5) 8.240(6) 5.953(4) 90.0(1) 422.6
Olivenite—libethenite solid solution (this work)

10P90As (P21 /n) 8.6072(2) 8.2212(2) 5.9358(2) 90.094(2) 420.0(1)
20P80As (P21 /n) 8.5838(2) 8.2006(2) 5.9271(1) 90.094(1) 417.2(1)
30P70As (P21 /n) 8.5651(3) 8.1825(3) 5.9219(3) 90.088(3) 415.0(1)
40P60As (P21 /n) 8.5498(1) 8.1718(1) 5.9204(1) 90.073(4) 413.6(1)
50P50As (P21 /n) 8.5265(2) 8.1527(2) 5.9235(3) 90.171(5) 411.8(1)
60P40As (P21 /n) 8.5013(2) 8.1332(2) 5.9125(2) 90.111(5) 408.8(1)
70P30As (P21 /n) 8.4896(2) 8.1265(2) 5.9093(1) 90.011(7) 407.7(1)
80P20As (Pnnm) 8.4630(2) 8.1085(3) 5.9070(2) 405.4(1)
90P10As (Pnnm) 8.4379(2) 8.0886(2) 5.8989(1) 402.6(1)
Libethenite (Pnnm)

Synthetic (this work) 8.4035(2) 8.0630(2) 5.8881(2) 399.0(1)
Stevko et al. (2017) 8.393(2) 8.062(1) 5.885(1) 398.2(1)
Zema et al. (2016) 8.3972(2) 8.0614(2) 5.8870(1) 398.5(1)
Cordsen (1978) 8.384(4) 8.062(5) 5.881(2) 397.5

two-mode behavior of the solid solution. This spectral region
consists of two subregions in samples with intermediate com-
positions, one at lower wavenumbers due to the vibrations of
the AsO4 group and one at higher wavenumbers due mainly
to the vibration of the PO4 groups. As there is partial overlap,
the two subregions cannot be easily separated.

The band around 3430 cm™! for olivenite is attributed to
the OH stretching vibrations (Hill, 1976; Braithwaite, 1983;
Chukanov, 2014). Braithwaite (1983) reported that the po-
sition of the OH stretching band shifts from 3420cm™! in
olivenite to 3470 cm™! in libethenite, in agreement with the
results of this study (Fig. S1).

Initially, the purpose of the FTIR spectroscopy was to
check for impurities in the samples. No crystalline admix-
tures or impurities in the products (e.g., carbonate) were de-
tected in the samples used for calorimetric measurements.
The second purpose of this spectroscopy was to carry out the
autocorrelation analysis. The spectra do not contain any fea-
ture that would possibly affect the autocorrelation analysis
results.

The autocorrelation function was defined as (Salje et al.,
2000)

ey

corr(oz,w’): /a(w—}—a)/)a(a))da),
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where « is the experimentally measured absorbance of the
sample at frequencies of w. For this analysis, the spectra are
successively offset by the frequency shift «’. One of the re-
sulting corr(c, @’) functions is shown in Fig. 3; all of them
are shown in Fig. S2. The side peaks in this function origi-
nate from the overlap of the FTIR bands in the experimental
data set. To obtain the information about band broadening,
only the central portion of the autocorrelation function is fit-
ted with a Gaussian function of

x —kj 2
G = koexp —( r ) ,
2

where ko is the height of the Gaussian peak, k is the posi-
tion of its center, and k> is a parameter related to the width
of the Gaussian peak. Only the parameter kj is of interest
for the discussion here. It is obtained by extrapolation of
the fit values for narrowing ranges of +o’ (see Salje et al.,
2000). All spectra (Fig. 2), with the exception of Xj;p = 0.1,
were subjected to this analysis. The spectrum for the sample
Xiib = 0.1 was excluded from the final data set for the au-
tocorrelation analysis. The shape of this spectrum made the
definition of the fitted region difficult and always led to out-
liers in the results of the analysis.

Two spectral regions were chosen for the autocorrela-
tion analysis. One of them covered the lower-energy range
of 400-660cm™!; the other one covered the higher-energy

(@)
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Figure 2. FTIR spectra of the synthetic members of the olivenite—
libethenite solid solution. For the assignment of the bands, see the
text. For clarity, the spectra were offset vertically.

range between 660 and 1250cm™'. The precise bound

at ~660cm™! varied from spectrum to spectrum (within
+10cm™!) and was defined by the minimum absorbance in
that portion of the spectrum.

Ideally, the values of k, obtained while successively nar-
rowing the fit (w’) range should vary smoothly and allow
for extrapolation to " — 0 with a parabolic function. In our
analysis, in agreement with the work of Salje et al. (2000),
we found that some spectral sets have enough noise to cause
a sudden drop of the ky values just before ' — 0 (see also
Fig. 3 in Salje et al., 2000). Such fits were then performed
with k» values outside of this anomalous behavior as shown
for all data sets from this study in Fig. S3.

4.3 Calorimetry — enthalpies

All samples and reference phases dissolved rapidly and re-
producibly in the solvent. The dissolution of the synthetic
phases of the olivenite—libethenite series is described by the
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Figure 3. Autocorrelation spectrum of the synthetic olivenite from
this work from the spectral range of 660 to 1250 cm~!. The dotted
curve is a Gaussian fit to the central portion of the autocorrelation
spectrum.

reaction
Cuz(PO4)x (AsO4)1—x (OH)(cr) + H (aq)

— 2Cu** (aq) +xPO;  (aq)

+(1—x)AsO] (aq) + H20 (R1)
with the associated enthalpy Agiss Hx, where X is the mole
fraction, either of libethenite or olivenite. The enthalpies of

mixing in the olivenite—libethenite solid solution refer to the
reaction

xCuy (PO4)(OH) (cr) + (1 — x)Cuz (AsO4) (OH) (cr)

— Cuz(PO4)x (AsO4)1—x (OH)(cr) (R2)
with
H™ = ApixH = XAdissHXm,:I +1- X)AdissHXoli:I
- ACliSSHXHb . (3)

The measured enthalpies of dissolution and calculated ex-
cess enthalpies are summarized in Table 3 and plotted in
Fig. 4a.

4.4 Calorimetry — heat capacities and entropies

Low-temperature heat capacity was measured experimen-
tally, by relaxation calorimetry, for selected members of the
olivenite-libethenite solid solution. Heat capacity for the
samples with X, =0,0.2,0.4,0.6,0.8, and 1.0 was mea-
sured. The data set was augmented with C,, for X, = 0.7.
From these data, third-law entropies (S°) at T =298.15K
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Table 3. Thermodynamic properties of mixing the olivenite—libethenite solid solution. The enthalpies of dissolution correspond to AgissHy,
defined by Reaction (3) in the text. The excess enthalpies (H®*) are calculated from these dissolution enthalpies. The excess volumes (V*)
are calculated from unit-cell volumes listed in Table 2. The third-law entropies (S°) were calculated by integration of Cj,/ T’ data. The excess
entropies (S%*) were calculated from S°. The equations for the calculation of V and S are defined in the text.

*

AdiSSHX HeX Vex S() SeX
kImol~! kImol~! A3 JTmol" 'K ! Jmol"lK!
Olivenite —25.20+0.31 0 0 181.8£1.3 0
10P90As —25914+0.18 0.21£0.35 —0.96
20P80As —-26.90+0.15 0.70+£0.32 —1.32 176.9+1.2 —2.1+1.7
30P70As —27.81+0.10 1.17£0.27 —1.08
40P60As —28.57+0.02 1.43+£0.25 —0.04 1749+1.2 —12+1.6
50P50As —29.154+0.06 1.524+0.24 0.60
60P40As —29.744+0.19 1.61£0.29 0.04 172.4+£1.2 —09+1.6
70P30As —30.18+0.21 1.56£0.29 1.38 171.3£1.2 —0.6+£1.6
80P20As —29.754+£0.21 0.63+0.28 1.52 169.6 +1.2 —-0.8+1.6
90P10As —29.924+0.22 0.25+0.27 1.16
Libethenite —30.16+0.14 0 0 167.6+£1.2 0

* Uncertainties are £ 0.02.

were calculated. Additional C, measurements were not per-
formed because the general trend of variations in S was
clear and because these measurements are time- and cost-
intensive.

Measured heat capacity data for end-members and se-
lected solid-solution members of the olivenite—libethenite
solid solution are shown in Fig. 5. In all cases, heat capaci-
ties show no anomalies and fall smoothly to low values down
to T~ 2K, the lowest temperature of measurement. Even
though magnetic transitions are expected in these phases,
they were shown to occur at very low temperatures, below
1.8 K (Belik et al., 2007). The S° values, obtained by inte-
gration of the C),/ T functions, are given in Table 3.

The excess entropies in the olivenite—libethenite solid so-
lution (Table 3) were calculated as S = X Spiy + Xo1i Soy; —
S, where Xjip, and X, are the molar fractions of the li-
bethenite and olivenite end-members, respectively, in a solid-
solution (ss) composition. The S values are small and neg-
ative. With the exception at Xjjp = 0.2, all measured values
are zero within their uncertainties. There is a trend, how-
ever, of increasing excess entropies toward the libethenite
end-member. The entropy of mixing (Fig. 4b) consists of
the configurational entropies due to mixing (ideal entropies
of mixing) and the excess vibrational entropies, determined
by relaxation calorimetry. The configurational entropies were
calculated as — R (X In X1 + Xiip In Xj5) because the elec-
tron diffraction data showed no ordering on the P—As site.
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5 Discussion
5.1 Enthalpies of dissolution and formation

For libethenite and olivenite, the data obtained in this work
deviate somewhat from our previous results (Majzlan et al.,
2015). The enthalpy of dissolution for libethenite reported in
Majzlan et al. (2015) was —29.24£0.31kJ mol~!; the value
from this work is —30.1640.14 kJ mol~!, with the difference
being 0.9 kI mol~!, outside of the uncertainties. The sample
used in the previous study (Majzlan et al., 2015) was re-
measured during this work and gave —29.43+0.44 kJ mol !,
in excellent agreement with the earlier datum. Hence, the
difference appears to be related to the sample, although no
difference was determined, either by chemical, crystallo-
graphic, or spectroscopic analysis.

Similarly for olivenite, an earlier datum (Majzlan et
al., 2015) was —24.51 +0.28kImol~!, but the new value
is —25.2040.31kJmol~!. The difference is smaller at
0.7kImol~! but still slightly larger than the combined un-
certainties.

These differences are probably related to the sample
preparation protocols that may slightly influence the impu-
rities in the samples. Regular checks with the dissolution of
KCl in the 5 N HCI show no differences over more than
10 years during operation of our calorimeter.

5.2 Excess enthalpies and entropies

The excess properties in the olivenite—libethenite solid so-
Iution provide an interesting picture. The excess enthalpies
(Table 3, Fig. 4a) deviate from ideal behavior, reaching up
to 1.6kImol~!. The data, taken at face value, suggest a
slight asymmetry of the H®* curve, with a maximum near
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Table 4. 3D ED data collection and structure refinement details for the olivenite—libethenite solid-solution series sample SOP50As.

Refined structural formula Cus[(Asg.478P0.522)041(OH)
Crystal system Monoclinic

a 8.5265(2) A

b 8.1527(2) A

c 5.92353) A

o 90.171(5)°

B=v 90°

14 411.876(3) A3

z 4

Density (g cm™3) 4.1951

Space group Py1/nll

Temperature 30K

TEM FEI Tecnai 02

Radiation (wavelength) Electrons (0.0251 A)
Resolution range (0) 0.05-1.01

Limiting Miller indices h:0—>12,k:—-12—>12,1:0—> 8

No. of independent reflections (observed/all) 1429/1447
— kinematic (merged data)

R;int (observed/all) — kinematic 0.2343/0.2335

Redundancy 9.578

Coverage for sinf/A = 0.7 Al (merged data) 100 %

Dynamical refinement: four data sets in parallel (non-merged)

Reflection selection criteria RSg(max) 0.5
Effective thicknesses of data 1 to data 4 652, 597, 620, 810 A
No. of reflections (observed/all) All: 12608/22780;

data 1: 4903 /5887, data 2: 3929/5825,
data 3: 2140/4261, data 4: 1636,/6807

R, wR (observed) All: 0.0932/0.0924;
data 1: 0.0967/0.0937, data 2: 0.0899/0.0887,
data 3: 0.1017/0.1031, data 4: 0.0774/0.0834

R, wR (all) All: 0.1212/0.0972;
data 1: 0.1048/0.0953, data 2: 0.1072/0.0926,
data 3: 0.1297/0.1118, data 4: 0.1637/1159

N all parameters/N structural parameters 528/77

Xiib = 0.6. The values at Xj;p, = 0.5, 0.6, and 0.7 are indis- by the Redlich—Kister equation:
tinguishable from each other within uncertainty. The auto-

correlation analysis (see above) indicated also asymmetry of H® = Xoii - Xiib [A + B (Xoti — Xiiv)]. @
the properties of the olivenite-libethenite solid solution, with
a maximum at X = 0.6. This asymmetry can be described The fit, with the parameters A = 6.27 +0.16kJ mol~! and

B =2.940.5kJ mol~!, is shown in Fig. 4a. The same asym-
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metry, with a maximum near Xj;, = 0.6, is indicated by the
entropies of mixing (Fig. 4b).

Another distinct feature is the sudden drop of the mixing
enthalpies between Xj;p = 0.7 and 0.8 (Fig. 4a). This feature
can be explained by the monoclinic—orthorhombic symme-
try change in the solid solution. Our data confirm the struc-
tural change, with a small associated energy difference. Such
differences are typical of displacive transformations, such
as one between the monoclinic and orthorhombic structures
of the solid-solution compositions in this compositional re-

https://doi.org/10.5194/ejm-35-157-2023

gion. The displacive nature of this transformation was also
assumed by Tarantino et al. (2018). The energetic difference
between the monoclinic and orthorhombic intermediate com-
position in the region of Xj;, = 0.7-0.8 is small, on the order
of 0.9kJ mol~! or less.

5.3 Relationship between excess enthalpies and results
of the autocorrelation analysis

The resulting values of ky (660-1200 cm~ 1) (atw’ — 0), also
known as Acorr, relate to the average band widths for the
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Figure 5. Heat capacity of the members of the olivenite-libethenite
solid solution.

investigated part of the spectrum and are shown in Fig. 4c.
The values of k» (400-660 cm™!) (at @' — 0) are shown in
Fig. 4d.

The determined values of ky (660-1200cm~1) do not
vary linearly but show a line broadening with a maximum
at Xjjpb = 0.6. This behavior can be interpreted as a lo-
cal heterogeneity that arises from strain relaxation around
cations with different sizes (As°T /P°*) in the intermedi-
ate members. The length scale of the heterogeneity corre-
sponds to the wavelength of the phonon; for the wavenum-
bers of 1000 cm™ !, this length scale could be on the order of
~5A (Boffa-Ballaran et al., 1999). Given that the edge of the
(As, P)Oy tetrahedron is ~ 2.6 A, this strain is limited to the
immediate surrounding of the tetrahedra. The heterogeneity
could be relieved by cation ordering or by exsolution which
is not observed in our data. Such effects are well known from
solid solutions of silicate minerals, such as garnets, amphi-
boles, or pyroxenes (Boffa-Ballaran et al., 1999; Carpenter
et al., 1999; Carpenter and Boffa-Ballaran, 2001; Tarantino
et al., 2002), or perovskites (Carpenter et al., 2009).

The values of ky (400-660 cm™!) also do not vary linearly,
but their dependence on Xj;p is more complicated (Fig. 4d).
The length scale of the phonon is estimated to be 6-15 A
(Boffa-Ballaran et al., 1999). At this length scale, the pit—
AsT substitution also causes strain, but this strain is relieved
by the structural (monoclinic—orthorhombic) transformation.
There is a distinct minimum in the k» (400-660cm™!) at
Xiipb = 0.5, near the composition where this transformation
occurs.

It has been proposed that FTIR line broadening may cor-
relate with non-ideal mixing behavior (e.g., Boffa-Ballaran
et al., 1999; Tarantino et al., 2002). The line-broadening
parameter §Acorr was therefore calculated from the k>
(660-1200cm™!) (at ' — 0) (also known as Acorr) values
(Fig. 4c) in the same manner as done with the excess en-
thalpies (Eq. 4):

8 Acorr = Xoi - Xiib [As + Bs (Xoli — Xiiv) ], )
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Figure 6. Correlation of H** and the § Acorr values determined for
the olivenite—libethenite samples in this study; n is the number of
the atoms in the formula unit, in this case 9. The line shown is not a
fit to the data, but it is rather a line with an exact slope of 3.

where As =210.2 and Bs = —13.56 for the data in this
study. Etzel and Benisek (2008) proposed a correlation be-
tween monatomic excess enthalpy (2%*) and § Acorr for sil-
icates. If the integrated excess volume of mixing is zero,
as is the case with the present binary (see next section), a
h* /8 Acorr ratio of 10.5 would result according to this cor-
relation. For the binary under investigation, this value (de-
rived for silicates by Etzel and Benisek, 2008) is too large. A
h® /5 Acorr value of 3 results in a good agreement with the
calorimetric data (Fig. 6). The excess enthalpy derived from
the line broadening was thereby calculated according to

H® =3 x n x §Acorr, (6)

where n is the number of atoms per formula unit (n =9
for Cuy(AsQO4)(OH), Cuy(PO4)(OH), or their solid-solution
members). We emphasize that the value of 3 is just a fit pa-
rameter with no physical meaning. It is only used to map the
H® values onto the § Acorr values, in order to compare the
shape of both parameters as a function of Xjj, according to
Egs. (4) and (5).

5.4 Variations in the molar volumes in the
solid-solution series

The excess molar volumes (V*) are plotted in Fig. 4e. Ad-
dition of PO, into olivenite causes contraction of the unit
cell, as expected for substitution of a smaller for a larger
cation, leading to a minimum of V® at Xy, ~ 0.2 (Fig. 4e).
On the other side of the solid solution, addition of AsOy4 into
libethenite causes expansion of the unit cell. The excess vol-
ume does not scale with Xj;, in a linear fashion, however. The
crest of the peak of the V* curve coincides with the drop in
H® between Xjjp = 0.7 and 0.8, suggesting that the shape
of V curve is linked to the symmetry change. We assume,
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therefore, that the variations in V* are related to the inter-
play of cation-size differences and the small driving force be-
tween the two related (monoclinic—orthorhombic) structures.

An alternative explanation for the shape of the V& curve
could be P-As ordering in the solid-solution members near
Xjipb = 0.5. The existence of such ordering, however, was
conclusively refuted by the electron diffraction work pre-
sented herein.

5.5 Arsenate-phosphate solid solutions in secondary
minerals

Many secondary arsenates that form by oxidative weathering
of primary ore minerals contain small amounts of phosphate
in their structure. Complete solid solution or limited solubil-
ity, manifested by co-existence of near end-members, is rare.
Therefore, the question of geochemical or thermodynamic
reasons for this observation can be posed.

Two small historical copper deposits near the village
of Lubietovd in Slovakia may bring some insights about
this question. They are located 3 km apart, and their pri-
mary mineralogy is different (Stevko et al., 2017, 2021).
The Podlipa deposit is dominated by chalcopyrite, with mi-
nor to trace tennantite and Bi sulfosalts. The Svétodusna
deposit is dominated by tennantite, with minor chalcopy-
rite. Podlipa has an oxidation zone with exceptional spec-
imens of the copper phosphates libethenite (Podlipa is the
type locality of libethenite, the mineral was named after the
German name of L'ubietovd — Libethen) and pseudomala-
chite (Cus5(PO4)2(OH)4). A rare mineral there is mrazekite
(Bi2Cuz(PO4)202(0OH),- H>0), forming near the needles of
Bi sulfosalts (Ridkoéil et al., 1992). Svitodusna, on the other
hand, is known for rich association of copper arsenates, espe-
cially euchroite (Cuz(AsO4)(OH)-3H;0) crystals (it is the
type locality of this mineral) and olivenite. The secondary
mineralogy at these two sites is clearly controlled by the pri-
mary minerals. The absence of arsenic at Podlipa led to the
precipitation of abundant phosphates, unlike at Svitodusna.
At Podlipa, however, even the small amounts of tennantite
can cause rare and local increase of the As/(As+P) ra-
tio in the members of the olivenite—libethenite solid solution
(gtevko et al., 2017, 2021). When summarizing all available
data (Fig. 4f), this solid solution appears to be continuous,
although we suspected in our earlier work (Majzlan et al.,
2015) that there may be a small miscibility gap.

6 Conclusions

The structures of olivenite and libethenite are dense, with
little possibility of relieving structural strain caused by the
P-As substitution. The olivenite-libethenite solid solution is
thermodynamically non-ideal, albeit with small excess en-
thalpies. The small negative excess entropies and the con-
figurational entropies stabilize the solid solution. Altogether,
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this solid solution does not develop a miscibility gap. This
conclusion agrees with the observations on natural assem-
blages, when examined on large data sets of the chemical
composition of the olivenite—libethenite series (Fig. 4f). In
our earlier work (Majzlan et al., 2015), we assumed that there
is a small miscibility gap, but it turns out that this conclusion
was an artifact of an insufficient number of data points.

Lippmann diagrams for this solid solution (Majzlan et al.,
2015), for either an ideal or a non-ideal solid solution, pre-
dict preferential uptake of PO4 in the product that precipi-
tates from an aqueous phase. Our experiments did not con-
firm this prediction, perhaps because our samples formed by
recrystallization of an amorphous precursor. It is not clear if
such processes also operate in nature or if these minerals pre-
cipitate directly, over longer time periods, from the aqueous
solutions.

It could be assumed that the mixing enthalpies are even
smaller in metastable structures of secondary arsenates.
Therefore, such minerals should be able to take up a variable
amount of phosphate into their structures. If true, then the
separation of P—As is essentially geochemical in its nature.
Arsenic is a common constituent of primary ores (e.g., in
arsenopyrite, enargite, pyrite, or tennantite), whereas phos-
phorus is found, if at all, usually only as accessory apatite
or monazite in the host rocks. For this reason, the oxidation
zones of ore deposits more commonly contain secondary ar-
senates than secondary phosphates.

Data availability. Heat capacity raw data for all measured samples
are available in the XLSX file. The CIF file is available for the 3D
ED refinement of the sample SOPS0As. Complete FTIR spectra for
all samples from this study are available in the CSV and PDF file.
The data are available upon request.
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