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Vivianite, a hydrated ferrous phosphate [FeII3(PO4)2 · 8 H2O] that forms in oxygen-
poor, but Fe2þ-rich conditions is important in nutrient cycling in anoxic environments.
In natural vivianites, isomorphic substitution of divalent cations for structural Fe(II)
are typical. However, anion substitution is rare; in particular, arsenate (AsVO4

3−)
substitution has never been documented in natural vivianites. Only partial substitution
has been reported in synthetic analogues, and parasymplesite [FeII3(AsO4)2 · 8 H2O],
the arsenic end member of the vivianite mineral group, is found in hydrothermal
deposits. In this study, we detail structural changes in synthesised As-vivianites
(FeII3[(PO4)1−x(AsO4)x]2 · 8 H2O) with systematically increased degrees of As(V) sub-

stitution (0.22≤ x≤ 0.95). As(V) was successfully incorporated into the vivianite crystal structure, creating a homogenous, solid
solution betweenAsVO4

3− and PO4
3−. Like both endmembers, the intermediate As-vivianites crystallised in themonoclinic system

(C2/m space group), and retained the platelet crystal habit of As-free vivianite, even at the highest As(V) substitution. This uniform
incorporation of As(V), and its replacement of PO4

3−, provides a potentially stable sink for arsenic in anoxic soils and sediments, and
may have implications in ferruginous early Earth oceans.
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Introduction

Phosphorus is an essential nutrient that controls primary pro-
ductivity in terrestrial and aquatic systems. Retention of phos-
phorus is strongly dependent on biomass uptake, mineral
co-precipitation, or sorption onto mineral surfaces (Filippelli,
2002). In anoxic soils and sediments, reductive dissolution of
Fe(III) (oxyhydr)oxides results in the release of dissolved phos-
phate (PO4

3−) and Fe2þ (Patrick and Khalid, 1974), accompa-
nied by increase to near neutral pH due to Hþ consumption
(Walpersdorf et al., 2013). Under anoxic, non-sulfidic (i.e.
ferruginuous) conditions, high dissolved Fe2þ and PO4

3− may
lead to vivianite [FeII3(PO4)2 · 8 H2O] (Heiberg et al., 2012)
precipitation at near neutral pH. Vivianite can also form in
aquatic ferruginous environments such as marine and lacus-
trine sediments and lakes (Egger et al., 2015; Vuillemin et al.,
2020), and has been suggested as a potential phosphate sink
in early Earth oceans (Hao et al., 2020), affecting trace element
cycling and nutrient availability.

Vivianite is the Fe(II) phosphate end member of the
vivianite mineral group (monoclinic C2/m), represented by the
general formula M3(YO4)2 · 8 H2O, where M refers to divalent
cation(s) (e.g., Fe(II), Mg, Mn) and Y can be either P or As.

Vivianite is a poorly soluble mineral (pKsp ≈ 35.8 ± 0.08 at
25 °C; Al-Borno and Tomson, 1994) that is stable under reducing
and circum-neutral pH (6–9) conditions (Nriagu, 1972). Its struc-
ture has two crystallographically and chemically distinct Fe sites
coordinated with phosphate (Fig. S-1): (i) a single octahedral Fe1
site [FeO2(H2O)4)], and (ii) two edge sharing octahedral Fe2 sites
[Fe2O6(H2O)4] (Mori and Ito, 1950; Bartl, 1989). These single and
double edge sharing Fe octahedra are connected by tetrahedral
phosphate to form layers in (010), interconnected by hydrogen
bonds between lattice water molecules.

Isomorphic substitution of Fe2þ by divalent cations (e.g.,
Mg, Mn) occurs frequently in natural vivianites, and although
rarely documented, anions like arsenate (AsO4

3−) can also
replace PO4

3− in the crystal structure (Muehe et al., 2016).
Anion substitution is possible because of chemical and structural
similarities between phosphate and arsenate (i.e. geometry, size,
pKa). Full substitution of phosphate for arsenate results in a
new phase, parasymplesite [FeII3(AsO4)2 · 8 H2O]. Contrary to
vivianite, parasymplesite is usually found in oxidised zones of
As-rich hydrothermal mineral deposits (Anthony et al., 2000).
Johnston and Singer (2007), however, predicted that parasym-
plesite can form in near neutral pH, reduced As-impacted
groundwater (e.g., Bangladesh), yet it has so far not been
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reported. As(V)-substituted vivianite (∼15 mol %; hereafter
referred as As-vivianite) have been observed during microbial
reduction of As(V)-bearing Fe(III) (oxyhydr)oxides (Muehe et al.,
2016), and such high As contents suggest a possible vivianite-
parasymplesite solid solution. Thus, it is possible that As-vivian-
ites are unrecognised possible host minerals and sinks for As in
many anoxic environments.

To test this,wesynthesisedAs-vivianites (Fe3[(PO4)1−x(AsO4)x]2
· 8 H2O), with increasing degrees of AsO4

3− substitution (0.22≤
x≤ 0.95), under anoxic and near neutral pH conditions. Our
results will help us better understand As dynamics in oxygen
limited, Fe2þ-rich environments. We show that a continuous
solid solution between vivianite and parasymplesite exist, and
document how the structure, morphology and bonding environ-
ment of As-vivianite changes with increasing As(V) substitution.
We also discuss how such a solid solution mineral system can be
important in modern and ancient ferruginous, or contaminated
environmental settings.

Materials and Methods

Co-precipitation experiments were conducted at room temper-
ature in acid cleaned 120 mL perfluoroalkoxy (PFA) jars inside a
vinyl-walled glovebox (97 % N2, 3 % H2). Stock solutions were
prepared using deoxygenated ultrapure water (resistivity
∼18.2 MΩ·cm), obtained by purging with argon at 90 °C for
∼4 hr. Aliquots from stock solutions of 20 mM Na2HAsO4

and 20mMNa2HPO4 (pH∼ 7) were mixed with ultrapure water
to achieve desired AsO4

3−mole fractions of 0.25, 0.50, 0.75, 0.83,
0.91 and 0.95 ([AsO4

3−þ PO4
3−]= 8 mM). These were mixed

with an aliquot of 0.58 M FeIISO4 stock solution to achieve an
[Fe2þ]/[AsO4

3−þ PO4
3−] ratio of 1.5 and pH ≈ 5. Precipitation

was triggered by dropwise addition of 1 M NaOH, while stirring
until pH 7.1 ± 0.2 was reached. Mineral suspensions were aged
for 1 and 24 hr under constant stirring. End members, vivianite
(no AsO4

3−) and parasymplesite (no PO4
3−) were also synthes-

ised under similar conditions. Solids were collected by filtration,
washed with deoxygenated ultrapure water, and subsequently
dried, ground and stored in the glovebox until characterisation.
The solutions and solids were characterised using inductively
coupled plasma optical emission spectrometry (ICP-OES), pow-
der X-ray diffraction (XRD), scanning and transmission electron
microscopy (S/TEM), synchrotron-based X-ray absorption spec-
troscopy (XAS) and Fourier transform infrared (FTIR) spectros-
copy. Detailed information on all characterisation methods and
geochemical modelling can be found in Supplementary Text S-2.

Results and Discussion

Structure and composition of As-vivianites. The precipitates after
1 and 24 hr of aging were highly crystalline (Figs. 1a,
S-2). All Bragg reflections could be assigned to vivianite or para-
symplesite with no observable peak splitting, indicating homo-
geneity of the precipitates. No other crystalline Fe-P or Fe-As
phases were present, and the similarity in the backgrounds in
all patterns also suggest the lack of any amorphous phase con-
tribution. The XRD results agree with our geochemical calcula-
tions (see saturation indices in Table S-2), which showed that
vivianite and parasymplesite are the only thermodynamically
stable phases in our system, irrespective of initial P:As ratios.
The Eh-pH diagram of the Fe-P-As-H2O system (Fig. S-4a) also
clearly showed the overlapping predominance fields of vivianite
and parasymplesite, and is well supported by the calculated
mineral stability of the vivianite-parasymplesite solid solution
(Fig. S-4b). Following the changes in concentration in the

reacting solutions, it is clear that after 1 hr of aging, As and P
removal was between 95 to 99 %, while Fe was less efficiently
removed (80 to 96%), revealing that the precipitated solids scav-
enged the phosphate and arsenate at a similar extent (Table S-3).
The similarities and lack of differences between the 1 hr and aged
solid phases led us to continue with the solid characterisations
only on the 24 hr solids.

The gradual transition from a phosphate to an arsenate
structure could be quantified from the XRD patterns, which
showed slow structural transition from vivianite to parasymple-
site with increasing AsO4

3− mole fraction from 0.22 to 0.95
(Table S-4). These structural changes are evidenced by the dis-
placement of the (100), (2̄01), (310) and (201) vivianite reflections
(dashed lines in Figs. 1a and S-2). As seen from the vivianite
crystal structure model (Fig. S-1), these reflections correspond
to lattice planes intersecting the interlinked Fe octahedra via
PO4

3− or AsO4
3− tetrahedra, which expand at a higher degree

of substitution because of the larger thermochemical radius
of AsO4

3− (2.48 Å) compared to PO4
3− (2.38 Å) tetrahedra

(Frausto da Silva and Williams, 2001). This is also reflected in
the larger lattice parameters and associated cell volumes of
As-vivianites (Fig. 1b–e) derived from Rietveld refinements
(Table S-5, Fig. S-3), which increased linearly and suggest an iso-
morphous substitution following Vegard’s law (Vegard, 1921).
Lattice parameters a, b and c increased by 1 to 2 %, while
the unit cell volume expanded up to 5% compared to parasym-
plesite. The lattice parameters of natural vivianites, rarely
occurring parasymplesite (only two refined structures exist in
literature), and biogenic As-vivianites are also in agreement
with the values obtained in this study (grey coloured symbols
in Fig. 1b–e); although variations arising from natural hetero-
geneity (e.g., partial substitution of Fe(II) sites by divalent
cations, structural Fe(II) oxidation) exist in natural mineral
specimens.

Morphology of As-vivianites and local distribution of P and
As. The synthesised As vivianites (Figs. 2a, S-5a,b) exhibited
large platy crystals (between 5–10 μm in length and 2–5 μm in
width) elongated along the a axis direction and often radiating
from the centre, similar to As-free vivianite (Fig. S-5c). In addi-
tion, all crystals in the vivianite-parasymplesite solid solution
series were extremely thin, ranging from 50 to 100 nm, indicating
slow growth of (010).

Mapping the elemental distribution of P and As in As-
vivianites (e.g., x= 0.48; Fig. 2b–d) by high angular dark field
(HAADF) STEM imaging coupled with energy dispersive
X-ray (EDX) mapping showed homogeneously distributed P
and As in the crystals and no chemical zonation, even at higher
magnification (Fig. S-6).

Further increasing the AsO4
3− substitution even to x= 0.95,

still resulted in plate-like crystals (Fig. S-5b). This is very different to
themorphology of synthetic parasymplesite (i.e. As endmember),
which has a needle or lath-type crystal habit (0.5–5 μm in length
and 0.5–2 μm in width; Fig. S-5d), indicating preferred crystal
growth along the c axis. It is worth noting that synthetic As-vivian-
ites had uneven crystal edges compared to synthetic As-free
vivianite (Fig. S-5), and that vivianite and all As-vivianites, were
extremely beam sensitive, degrading rapidly upon continuous
exposure to electrons during imaging (e.g., Fig. S-7).

Local bonding environment and speciation of Fe and
As. Distinct features in the Fe K-edge EXAFS spectra clearly
showed the gradual transition of Fe local bonding environment
(yellow bands in Fig. 3a) with increasing AsO4

3− substitution
(x= 0.22, 0.48, 0.90). For example, the characteristic, prominent
shoulders in the first and second oscillations at 5.2 and 8.0 Å−1 in
vivianite slowly decreased in intensity as AsO4

3− substitution
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increased. Intense oscillations between 8.4 and 10 Å−1 also
dampened at 48 mol % AsO4

3− substitution, and were replaced
by a single oscillation at 90 mol % substitution as the Fe local
bonding environment became more parasymplesite-like. The
subtle beat feature found in parasymplesite at 7 Å−1 only
appeared at 90 mol % As(V) substitution (arrows in Fig. 3a).
We could not perform shell-by-shell fits on the Fe K-edge
EXAFS of As-vivianites because of the lack of spatial resolution
required to fit multiple atomic pair paths (i.e. Fe-As, Fe-P) in the
second shell. However, linear combination fitting (LCF) results
of the Fe K-edge EXAFS spectra (Fig. 3b, Table S-6), in combi-
nation with our XRD Rietveld refinement, suggest that the Fe

local bonding environment gradually changed froma vivianite-like
to parasymplesite-like environment as As(V) substitution in the
solids increased.

The As K-edge EXAFS spectrum of parasymplesite (top-
most spectra; Fig. 3c) has pronounced shoulders in the first
and second oscillations at 4.3 and 6.5 Å−1, two beat features
between 8 and 9 Å−1 and a peak splitting in the third oscillation
(arrows at x= 0.90 in Fig. 3c). These characteristic pronounced
shoulders of parasymplesite can be seen in all As-vivianites,
irrespective of degree of AsO4

3− substitution. However, the
two beat features and peak splitting in the third oscillation
(arrows in Fig. 3c) only become apparent at high AsO4

3−

Figure 1 (a) XRD patterns of As-substituted vivianites (x=mole fraction of substituted AsO4
3−) aged for 24 hr, plotted in Q-space

(Q= 2π/dhkl). Dashed grey lines indicate displacement in selected lattice planes in vivianite due to AsO4
3− substitution for PO4

3−. Full XRD
patterns can be found in Figure S-2. Variations in lattice parameter values (b–d) and cell volumes (e) of our As-vivianites (coloured circles)
compared to literature (Mori and Ito, 1950; Ito et al., 1954; Schmetzer et al., 1980; Capitelli et al., 2012; Muehe et al., 2016) shown as grey
symbols. Dashed lines represent linear relationships as a function of As(V) substitution.
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substitution (x≥ 0.90). Nonetheless, shell-by-shell fitting
(Fig. 3d, Table S-7) showed similarities in As local bonding envi-
ronment in all As-vivianites and parasymplesite, even at low
AsO4

3− substitution (x= 0.22). In general, the first neighbour
contribution to the EXAFS fit correspond to theAs-O atomic cor-
relation for tetrahedral AsO4

3− (RAs-O = 1.69 Å); the second
neighbour contribution arises from As-Fe atomic pairs of two
corner-sharing linkages between AsO4

3− tetrahedron and two
Fe octahedra (RAs-Fe1 ≈ 3.30 Å, RAs-Fe2 ≈ 3.47 Å; Fig. S-8).
These fit-derived interatomic distances are in excellent agree-
ment with crystallographic values for parasymplesite (Mori
and Ito, 1950), and are consistent with EXAFS-derived Fe-As
distances in parasymplesite (Jönsson and Sherman, 2008).

More importantly, As(V) was not reduced by aqueous or
structural Fe(II) during As-vivianite crystallisation. This is evi-
dent from the positions of the Fe and As K-edge X-ray absorp-
tion near edge structure (XANES) maxima of As-vivianites
(x= 0.22, 0.48, 0.90) centred at 7,127 and 11,874 eV, respectively
(Fig. S-9). These positionsmatch the reference vivianite and par-
asymplesite, as well as other vivianites reported in literature
(Miot et al., 2009; Muehe et al., 2016).

Our As K-edge EXAFS results are also supported by the
FTIR data (Figs. 4, S-10), which confirmed increased AsO4

3−

substitution through gradually increasing intensities of
ν(AsO4) bands between ∼885 and 700 cm−1 at the expense of
ν(PO4) bands between ∼1120 and 885 cm−1 (Table S-8). The
shoulder at ∼792 cm−1 [ν(AsO4)] only appeared in the spectra
of As-vivianite with >71 mol % substitution. At even higher
AsO4

3− substitution, a new band appeared at ∼1076 cm−1 and
the 1035 cm−1 band split into two component bands at 1042
and 1022 cm−1, representing ν(PO4) antisymmetric stretching
modes (Makreski et al., 2015). Substitution of AsO4

3− in vivianite
also affects the bonding environment of structural water;

however, interpretation of the ν(OH) and δ(HOH) regions can
be complicated (see further discussion in Supplementary
Information S-2.5).

Naturally, the question arises whether As(V) is adsorbed
to vivianite surfaces (cf. Thinnappan et al., 2008), as in the case of
other Fe(II)-bearing minerals. The As-Fe atomic distance for
As(V) adsorbed as bidentate binuclear (2C) and monodentate
mononuclear (1V) inner sphere surface complexes are RAs-Fe of
∼3.4 and ∼3.5 Å, respectively (Jönsson and Sherman, 2008;
Perez et al., 2020), similar to our fit-derived distances for As-
vivianites. We attempted to fit these two As-Fe paths to the sec-
ond neighbour contribution of As-vivianites individually, but the
fit yielded unrealistic CN values (i.e. negative, or extremely high
CN values). To distinguish potentially adsorbed As(V) species in
our As-vivianites, we reacted As(V) ([As]initial= 4mM) with pure
vivianite ([Fe]vivianite= 12mM) at pH∼ 7 for 24 hr, comparable to
the 48 mol % substituted As-vivianite. Structurally incorporated
As would have resulted in shifts in vivianite reflections (cf. Fig. 1),
but the XRD pattern of As-adsorbed vivianite was equivalent to
the pure vivianite (Fig. S-11a). In addition, the ν(AsO4) band in
the FTIR spectrum (Fig. S-11b) of As-adsorbed vivianite only
exhibited a very weak shoulder feature at ∼780 cm−1 instead
of the characteristic sharp bands seen in As-vivianites and para-
symplesite (cf. Fig. 4). More importantly, adsorbed As(V) would
not systematically decrease the intensities of ν(PO4) bands inAs-
vivianites. SEM-EDX maps of As-adsorbed vivianite (Fig. S-12)
also showed clear differences in As signal intensities and
distribution compared to 48 mol % substituted As-vivianite
(Fig. S-13). Overall, these results can be interpreted as arsenic
being primarily structurally incorporated in As-vivianites,
with only minor contributions from adsorbed species, if at all
present.

Figure 2 (a) HAADF-STEM image of As-substituted vivianite (x= 0.48) and corresponding EDX maps: (b) Fe (blue); (c) P (green); and
(d) As (red).
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Geochemical Implications

In this study, we explored the structural incorporation of As(V) in
vivianite under anoxic conditions. Our complementary results
(Fig. S-14) document and cross correlate that AsO4

3− can sys-
tematically substitute for PO4

3− in the vivianite crystal structure,
thereby forming a continuous solid solution. We have showed
that up to 95 mol % (∼24 wt. %) of As(V) can be incorporated
(Table S-4), with a very minor fraction of potentially adsorbed
species. Sequestration of As(V) in vivianite via partial substitu-
tion for PO4

3− under reduced conditions is favourable because
most Fe(II)-bearingminerals have far lower As uptake, and sorp-
tion mechanisms are more susceptible to remobilisation upon
desorption. Compared to interactions with other common Fe
(II)-bearing minerals in ferruginous environments, where
arsenic is primarily adsorbed and only reaches∼15wt.% inmag-
netite (Yean et al., 2005) or ∼9 wt. % in green rust (Perez et al.,
2019), our current results show that arsenic incorporation into
vivianite could be stable sinks for As(V) removal in ferruginous
settings. For example, vivianite found in anoxic, non-sulfidic
environments could incorporate major and trace elements
(Vuillemin et al., 2020; Kubeneck et al., 2023). Therefore, As-
vivianites may be present, yet so far undocumented in contami-
nated, anoxic settings such as in Bangladesh where vivianite and
parasymplesite are both saturated (Johnston and Singer, 2007).
However, since naturally occurring As-vivianites have yet to be

found, their stability as a sink for arsenic under environmentally
relevant conditions needs to be evaluated in further studies. In
addition to the potential importance of As-vivianites in contami-
nated settings, our findings have implications for phosphorus

Figure 4 FTIR spectra of As(V)-substituted vivianites showing
stretching regions for phosphate [ν(PO4)] and arsenate [ν(AsO4)],
and H2O libration vibrations. Full spectra and band assignments
can be found in Figures S-10 and Table S-8, respectively.

Figure 3 (a) Fe K-edge k3-weighted EXAFS spectra of As-vivianites. Dashed grey lines denote (b) LCF of Fe K-edge EXAFS spectra of mineral
end members (i.e. vivianite, parasymplesite). (c) As K-edge k3-weighted EXAFS spectra of As vivianites and (d) corresponding Fourier trans-
form magnitude. Dashed grey lines denote shell-by-shell fits.
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(and arsenic) cycling since vivianite has been suggested as a P
sink in Precambrian oceans (Hao et al., 2020), and modern lake
analogues (Xiong et al., 2019; Vuillemin et al., 2020). Given the
widespread occurrence of arsenate in these ancient oceans
(Chi Fru et al., 2016), As(V) substitution for P in vivianites would
have reduced the bioavailability of toxic As species, and could
have shaped how life emerged and adapted in the
Precambrian oceans (Visscher et al., 2020).
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