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Vivianite, a ferrous phosphate mineral, can be an important phosphorus (P) sink in non-sulfidic, reducing
coastal sediments. The Fe in the crystal structure of vivianite can be substituted by other divalent metal
cations such as Mn2+ or Mg2+. Since Mg is much more abundant in coastal porewaters than Mn, the more
frequent reports of Mn substitution in vivianites of coastal sediments has been suggested to indicate a
preferential incorporation of Mn over Mg into the crystal structure of vivianite. However, although both
Mn and Mg substitution in vivianite are environmentally relevant, it is yet unknown whether Mn or Mg is
preferentially incorporated and how these isomorphic substitutions alter the crystal structure and mor-
phology of vivianite, parameters which may influence vivianite reactivity. Here, we studied the incorpo-
ration of Mn and/or Mg in vivianites formed by co-precipitation at pH 7 in the presence of varying
dissolved Mn and/or Mg concentrations and solution salinities resembling an estuarine gradient from
0 to 9 psu. In total, 19 different vivianites were synthesized, with up to 50% of Fe substituted by Mn
and Mg. Thermodynamic equilibrium calculations showed that aqueous Mg speciation was altered with
increasing salinity, while Mn speciation was less affected, likely explaining the preferential incorporation
of Mn in the vivianite structure at higher salinities. 57Fe-Mössbauer spectroscopy revealed that both Mn
and Mg were preferentially incorporated in the double-octahedral Fe position, at which intervalence
charge transfer is possible during the oxidation of vivianite. In contrast to Mg, which is redox inactive,
incorporated Mn can participate in heteronuclear intervalence charge transfer with Fe. Thus, incorpora-
tion of either cation may impact the reactivity of vivianite under oxidizing conditions in element specific
ways. Results of complementary analyses including X-ray diffraction, electron microscopy and Fe K-edge
X-ray absorption spectroscopy further showed that incorporation of Mn and/or Mg led to smaller particle
size, increased crystal roughness and thinner crystals, as well as systematic changes in unit cell param-
eters. These observed changes in crystal morphology might impact the reactivity of vivianite in natural
environments and thus the effect of cation incorporation in vivianite should be considered when studying
Fe and P cycling in coastal sediments.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Phosphorus (P) is an important nutrient for primary producers
in aquatic ecosystems, but excessive concentrations can lead to
eutrophication. The only way to remove bioavailable P from the
water column is through sedimentation with subsequent burial
(Froelich, 1988; Ruttenberg, 2003). Under reducing, non-sulfidic
conditions, the ferrous iron phosphate mineral vivianite
(Fe3(PO4)2�8H2O) serves as a P sink in different environments, such
as wetland soils as well as limnic and coastal sediments (see Rothe
et al. (2016) for a comprehensive review on the topic). Although
analytical detection and quantification of vivianite in environmen-
tal samples remains challenging, estimations derived from geo-
chemical calculations for oligotrophic and eutrophic sulfide-poor
coastal sediments containing vivianite suggest that 35–50% of total
P may be bound in the form of vivianite in these sediments. Phos-
phorus may additionally be associated to organics, calcium miner-
als and ferric minerals (Egger et al., 2015; Kubeneck et al., 2021).
Due to the low solubility of vivianite at circumneutral pH, it is con-
sidered to be a permanent P sink under non-sulfidic conditions in
these environments (Thinnappan et al., 2008). Thus, the formation
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and subsequent burial of vivianite can have long-term positive
effects on eutrophic aquatic ecosystems (Rothe et al., 2015;
Lenstra et al., 2018).

Vivianite crystallizes in a monoclinic system with a layered
structure in which stacking occurs along the b-axis of the unit cell
(Fig. S1, Jeon et al. (2015)). Relatively weak hydrogen bonds
between the H2O ligands connect each layer, leading to a perfect
cleavage along the (010) surface and making the (010) surface
thermodynamically the most stable (McCammon and Burns,
1980; Jeon et al., 2015). The ferrous iron atoms (Fe2+ is denoted
for simplicity as Fe in this study) are located in two distinct octa-
hedral sites (Mori and Ito, 1950). One Fe atom is present in an iso-
lated octahedron (FeA position), while the other two Fe atoms are
located in a double octahedron (FeB position), which shares a com-
mon O–O edge (Fig. S1, Mori and Ito (1950)). The very short inter-
atomic distance (�2.95 Å) between the two Fe atoms in the FeB
position enables intervalence charge transfer between the two Fe
atoms in case of differing oxidation state (Allen and Hush, 1967).
Investigation on the oxidation of vivianite has revealed that oxida-
tion rates between the crystallographic sites are similar until about
10% of the Fe has been oxidized. However, with increasing ferric
concentration, the Fe at the FeA site is preferentially oxidized rela-
tive to the Fe located in the FeB site. This is related to the observa-
tion that when one Fe atom in the FeB position has been oxidized
the other Fe atom is relatively unreactive with respect to oxidation
due to intervalence charge transfer (McCammon and Burns, 1980).
This stabilization might explain the observation that even after
375 days under oxic conditions only 50% of the Fe in the vivianite
structure was oxidized. Up to this oxidation level the vivianite
structure is also still intact and would be identified as vivianite
by XRD (Rouzies and Millet, 1993).

In the environment, Fe in the vivianite structure can be substi-
tuted by various divalent metal cations such as manganese (Mn),
magnesium (Mg), and zinc (Zn; Rothe et al. (2016) and references
therein). Laboratory studies have shown that upon microbial
reductive dissolution, nickel (Ni) and cobalt (Co) previously
adsorbed and incorporated to ferric minerals were adsorbed and
incorporated in the secondary vivianite, suggesting the ability of
vivianite to immobilize trace metals (Zachara et al., 2001). Never-
theless, the most common isomorphic substitution in vivianite
occurs with Mn and Mg in the environment (Rothe et al. (2016)
and references therein). In oligohaline and mesohaline coastal
regions, Mn substitution has been more frequently reported than
Mg substitution (Egger et al., 2015; Lenstra et al., 2018;
Kubeneck et al., 2021). This is counter-intuitive considering that
Mg is, after sodium, the second most abundant cation in seawater
(Kester et al., 1967) and Mg concentrations are, therefore, generally
higher than Mn concentrations in coastal waters. This discrepancy
between the composition of the aqueous solution and the solid
phase has been suggested to indicate that Mn may be preferen-
tially incorporated into the vivianite crystal structure (Kubeneck
et al., 2021). Another variable that changes along the freshwater-
seawater continuum is salinity. Substitution of Mg in calcite has
been shown to be influenced by salinity (Berner, 1975; Tang
et al., 2012). Hence, salinity might also affect the relative amounts
of Mn and/or Mg incorporated in the vivianite crystal structure.
Although both Mn and Mg incorporation in vivianite are environ-
mentally relevant, it is yet unknown whether Mn or Mg are prefer-
entially incorporated into the vivianite structure at varying
salinity.

Isomorphic substitution changes the unit-cell dimensions of
various ferric and ferrous minerals (e.g. Gerth 1990; Alvarez et al.
2006; Liu et al. 2019) and may also alter crystallite size, crystal
morphology, surface area and solubility (Trolard and Tardy,
1987; Alvarez et al., 2006; Liu et al., 2018a, 2019), surface chem-
istry (Ainsworth et al., 1989), and the rates of proton-promoted
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and reductive dissolution rates (Torrent et al., 1987; Ekstrom
et al., 2010) of various Fe minerals such as goethite, hematite
and siderite. While the effects of isomorphic substitution on crystal
structure, crystallite size and morphology have been studied for
various other Fe minerals, it remains unknown how incorporation
of Mn and/or Mg in vivianite affects the crystal structure and mor-
phology of vivianite. Additionally, it remains elusive in which Fe
position Mn and/or Mg incorporation occurs. For example, if iso-
morphic substitution occurs in the FeB position, it could impact
the ability to carry out intervalence charge transfer, with possible
implications for the stabilization of vivianite against oxidation.

Considering the importance of vivianite as a P burial sink in cer-
tain environments, it is essential to improve our understanding on
how environmental parameters, such as salinity, affect the isomor-
phic substitution of Mn and/or Mg in vivianite. In addition, it is of
interest to assess in which Fe position Mn and/or Mg are preferen-
tially incorporated and the subsequent effects that both salinity
and isomorphic substitution have on crystal structure and mor-
phology. Detailed knowledge about how the crystal structure of
vivianite changes with isomorphic substitution and with varying
salinity will further improve our understanding of how isomorphic
substitution changes mineral reactivity and stability. Conse-
quently, in this study we investigated the competitive substitution
of Mn and/or Mg in vivianite at varying salinity chosen to resemble
an oligohaline and mesohaline estuarine gradient (0–9 psu). To this
end, we synthesized 19 different vivianites at varying salinity and
aqueous Mn and/or Mg concentrations. The different vivianites
were analyzed by 57Fe-Mössbauer spectroscopy to identify the Fe
atom position in which preferential incorporation occurs. By com-
bining X-ray diffraction (XRD), electron microscopy (EM) and Fe K-
edge X-ray absorption spectroscopy (XAS) we identified changes in
crystal morphology, unit cell dimensions and atom positions in
vivianites with different amounts of Mn and/or Mg incorporation.
2. Materials and methods

2.1. Vivianite synthesis

All solutions were prepared using analytical grade chemicals
with de-oxygenated and CO2-free ultra-pure water (UPW; Milli-
Q, Millipore, >18.2 MO�cm). All glassware used for vivianite syn-
thesis was acid-washed (10% hydrochloric acid (HCl), v/v) for
24 h and then rinsed thoroughly with UPW prior to use.

Nineteen different vivianites were synthesized in an anoxic
chamber (MBraun, UNIlab Plus, N2 atmosphere, <1 ppm (v/v) O2)
at room temperature by co-precipitation, under conditions cover-
ing a salinity range of 0 to 9 psu and (Mn + Mg)/(Mn + Mg + Fe)
molar ratios of 0–0.52 (Table 1). The vivianites were synthesized
at four different salinities (0, 3, 6 and 9 psu) and with low, medium
or high Mn and/or Mg concentrations (4.56, 9.14 and 13.70 mM,
respectively). Abbreviations for the synthesized vivianites can be
found in Table 1 and contain information about the Mn and/or
Mg content (low = 1, medium = 2, high = 3) and salinity of the syn-
thesis solutions. For the synthesis of Fe-pure vivianite (V_pure_0-
psu, Table 1), 900 mL of a 25 mM FeSO4 stock solution was
prepared and continuously stirred (300 rpm), while 100 mL of a
391 mM Na2HPO4 stock solution was added. To synthesize miner-
als with varying Mn and/or Mg concentrations at different salinity,
900 mL of stock solutions containing 25 mM FeSO4 and varying
concentrations of MnCl2 or MgCl2 (4.56, 9.14 and 13.70 mM),
and/or different amounts of artificial seawater (35 psu, prepared
after Kester et al. (1967)) were prepared under continuous stirring
(300 rpm) to which 100 mL of a 391 mM Na2HPO4 stock solution
was added. Sulfate and chloride concentrations in the final co-
precipitation suspensions were elevated in comparison to natural



Table 1
Synthesis conditions of 19 different vivianites, initial aqueous chemical speciation conditions for two key species (MgHPO4 and MgCl+) and saturation indices with respect to
vivianite. For all syntheses, 25 mM Fe2+ and 58.75 mM PO4

3� were present. Mn2+ was added in form of a MnCl2 solution and Mg2+ was added either with artificial seawater or
added in form of a MgCl2 solution (*). The mineral formula was calculated based on the determined elemental composition of the synthesized vivianites (after acid dissolution) by
ICP-OES. Ratios presented in this table refer to molar ratios.

Vivianite
no.

Abbreviation Mineral formula solid phase Salinity
[psu]

Mn2+

[mM]
Mg2+

[mM]

Mn
Mn þFe

(aq)

Mg
Mg þFe

(aq)

Mg þ Mn
MgþMn þFe

(aq)

MgHPO4

(aq)

[% of
total
PO4

3�

(aq)]

MgCl+

[% of
total
Mg(aq)]

Saturation
index

1 V_pure_0psu Fe3.3(PO4)2�8H2O 0 0.00 0.00 0.00 0.00 0.00 13.2
2 V_Mg1_0psu Fe2.82Mg0.46(PO4)2�8H2O 0 0.00 4.56(*) 0.00 0.15 0.15 3.6 0.5 13.2
3 V_Mg2_0psu Fe2.44Mg0.81(PO4)2�8H2O 0 0.00 9.14 (*) 0.00 0.27 0.27 5.3 0.7 13.2
4 V_Mg3_0psu Fe2.18Mg1.05(PO4)2�8H2O 0 0.00 13.70 (*) 0.00 0.35 0.35 9.6 1.7 13.2
5 V_Mg1_3psu Fe2.84Mg0.44(PO4)2�8H2O 3 0.00 4.56 0.00 0.15 0.15 3.0 2.5 13.2
6 V_Mg2_6psu Fe2.56Mg0.64(PO4)2�8H2O 6 0.00 9.14 0.00 0.27 0.27 4.9 4.8 13.2
7 V_Mg3_9psu Fe2.38Mg0.72(PO4)2�8H2O 9 0.00 13.70 0.00 0.35 0.35 6.8 7.2 13.2
8 V_Mn1_0psu Fe2.82Mn0.50(PO4)2�8H2O 0 4.56 0.00 0.15 0.00 0.15 13.2
9 V_Mn2_0psu Fe2.44Mn0.84(PO4)2�8H2O 0 9.14 0.00 0.27 0.00 0.27 13.2
10 V_Mn3_0psu Fe2.16Mn1.12(PO4)2�8H2O 0 13.70 0.00 0.35 0.00 0.35 13.2
11 V_Mn1_Mg1_3psu Fe2.38Mn0.44 Mg0.34(PO4)2�8H2O 3 4.56 4.56 0.15 0.15 0.27 2.7 3.1 13.2
12 V_Mn2_Mg1_3psu Fe2.19Mn0.76 Mg0.30(PO4)2�8H2O 3 9.14 4.56 0.27 0.15 0.35 2.5 3.8 13.2
13 V_Mn3_Mg1_3psu Fe1.94Mn1.02 Mg0.28(PO4)2�8H2O 3 13.70 4.56 0.35 0.15 0.42 2.4 4.4 13.3
14 V_Mn1_Mg2_6psu Fe2.26Mn0.40 Mg0.54(PO4)2�8H2O 6 4.56 9.14 0.15 0.27 0.35 4.1 5.4 13.2
15 V_Mn2_Mg2_6psu Fe1.94Mn0.76 Mg0.54(PO4)2�8H2O 6 9.14 9.14 0.27 0.27 0.42 4.4 6.1 13.2
16 V_Mn3_Mg2_6psu Fe1.76Mn0.94 Mg0.50(PO4)2�8H2O 6 13.70 9.14 0.35 0.27 0.48 4.3 6.9 13.3
17 V_Mn1_Mg3_9psu Fe2.14Mn0.38 Mg0.64(PO4)2�8H2O 9 4.56 13.70 0.15 0.35 0.42 6.6 7.8 13.2
18 V_Mn2_Mg3_9psu Fe1.78Mn0.68 Mg0.64(PO4)2�8H2O 9 9.14 13.70 0.27 0.35 0.48 6.4 8.9 13.3
19 V_Mn3_Mg3_9psu Fe1.78Mn0.94 Mg0.47(PO4)2�8H2O 9 13.70 13.70 0.35 0.35 0.52 5.9 9.2 13.3
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seawater conditions at specific salinities as both anions were addi-
tionally added through the cation stock solutions. All solutions
were supersaturated with respect to vivianite (saturation index
(SI) �13, Table 1) to induce nucleation and crystal growth at pH
7 (Liu et al., 2018b). PO4

3� was added in excess in order to scavenge
all Fe2+ from solution. After mixing the solutions, the pH was close
to 7 and was, within the first 5 min, readjusted to 7.0 ± 0.1 with
drop-wise additions of 2 M NaOH (0–10 mL depending on the
vivianite synthesized) and remained stable thereafter. Upon mix-
ing of the solutions, a white precipitate appeared immediately
and the suspensions were continuously stirred at 300 rpm for
24 h. Since vivianite is sensitive to light (Frost et al., 2004), the syn-
theses were carried out in aluminum (Al)-covered amber glass
flasks in a dark room.

After 24 h, 9 mL of the well-mixed suspensions were taken (in
duplicate) and acidified with 1 mL of 1 M HCl for determination
of total elemental composition by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES, Agilent 5100). An additional
9 mL aliquot was taken and filtered with a 0.22 lm nylon filter
and the filtrate stabilized with 1 mL of 1 M HCl. The remaining sus-
pensions were then filtered (0.45 lm, nylon) to recover the solid-
phase material. A 9 mL sample of the 0.45 lm filtrate was also kept
and stabilized with 1 mL of 1 M HCl. The elemental composition
determined by ICP-OES of the 0.45 and 0.22 lm filtrates was the
same within instrumental error, indicating the absence of vivianite
crystals with a size of 0.22–0.45 lm. The recovered vivianite (4–
8 g) was washed with 1 L UPW and dried under dark and anoxic
conditions. The dried vivianite was gently homogenized with an
agate mortar and pestle and stored under dark and anoxic
conditions.

In addition, a pure manganese phosphate (Mn-phosphate) min-
eral was synthesized as a reference material for further character-
ization. The same protocol as for the Fe-pure vivianite
(V_pure_0psu, Table 1) was applied but Fe was replaced by Mn.
Thus, the mineral was synthesized by co-precipitation from a solu-
tion containing 25 mM Mn2+ and 58.75 mM PO4

3�.
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2.2. Vivianite characterization

2.2.1. Elemental composition
Elemental composition of the acidified co-precipitation suspen-

sions was determined by ICP-OES for Fe, Mn, Mg, Na, Ca, K, Sr, P
and S. All P and S were assumed to be present as PO4

3� and SO4
2�,

respectively. The elemental composition of the co-precipitation
suspension was used for thermodynamic equilibrium calculations
(see Section 2.2.2). To determine the bulk elemental composition
of the synthesized vivianites, �10 mg of each dried vivianite was
dissolved (in duplicate) in 10 mL of 1 M HCl. The solution was sub-
sequently analyzed by ICP-OES for Fe, Mn, Mg, Na, Ca, K, Sr, P and S.

2.2.2. Thermodynamic equilibrium calculations
Elemental chemical speciation and SI of possible solids (at 25�C)

were calculated with VisualMINTEQ (Version 3.1) using the default
database (thermo.vdb, comp_2008.vdb) and elemental concentra-
tions of the co-precipitation suspensions as input (Section 2.2.1).
The solution pH was fixed to 7.0 and ionic strength was calculated,
using the Davies equation for ion activity corrections. Ionic
strength of the initial solutions varied between 0.15 and 0.33 M,
which is within the valid range of the Davies equation (Stumm
andMorgan, 2012). The SI and chemical speciation results reported
in this paper are based on calculations in which oversaturated
solids were not allowed to precipitate. Additional calculations
allowing precipitation of oversaturated solids in each iteration step
were performed to identify which other solid phases besides
vivianite may have formed (Section S2).

2.2.3. X-ray diffraction with Rietveld fitting
Powder XRD patterns for the 19 different vivianites and the Mn-

phosphate were collected with a Bruker D8 ADVANCE diffractome-
ter equipped with a high-resolution energy-dispersive one-
dimensional (1-D) detector (LYNXEYE) and Cu anode source
(ka1 = 1.5406 Å; ka2 = 1.54439 Å). A small aliquot of dried mineral
powder was re-suspended in ethanol, deposited onto a polished
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silicon wafer (Sil’tronix Silicon Technologies, France), and dried in
the dark anoxic chamber, leading to evenly dispersed crystal
deposit. To maintain anoxic conditions during XRD analysis, a Plex-
iglas dome equipped with an anti-scatter knife edge (Bruker,
A100B138-B141) was used. The diffractograms were collected in
the dark in Bragg-Brentano geometry in the 5–90� 2h range with
a 0.02� step size and an acquisition time of 2 s per step. The diffrac-
tograms were analyzed by Rietveld fitting in TOPAS (V.5.0; Bruker,
Germany) based on CIF files for vivianite (Inorganic Crystal Struc-
ture Database (ICSD), #423390, (Capitelli et al., 2012)), Mg-
substituted vivianite (ICSD, #423389, (Capitelli et al., 2012)) and
Mn3(PO4)2�3H2O (JCPDS card no. 00-003-0426). For all vivianites,
the unit cell parameters were fitted and crystallite sizes were
obtained using a Lorentzian peak function and reported as the vol-
ume weighted size parameter LVol-IB in TOPAS. In addition, as a
comparison, crystallite thickness was obtained by a single peak
fit in the (010) plane direction (peak at �13.4� 2h), reflecting the
thickness of the crystallites perpendicular to the plane. Instrumen-
tal peak broadening was accounted for using NIST SRM 660c (LaB6)
as a reference with a crystallite size of 800 nm. Preferred orienta-
tion along the (010) plane was included in the fit based on the
March-Dollase equation implemented in TOPAS (Dollase, 1986)
and the background was modelled by the Chebyshev polynomial
function (order set to 20).

The presence of Mg in the vivianite crystal structure changes
the intensity of various diffraction peaks (Fig. S6), allowing an esti-
mate of the Mg/(Mg + Fe) ratio in Mg-containing vivianites to be
made. Examples of changes in the diffraction region of 15–40� 2h
are presented in Fig. S6. For Mg-containing vivianites, site occu-
pancy factors for both cationic sites (FeA and FeB) in the vivianite
structure were refined with respect to Fe and Mg fractions in
TOPAS, assuming full occupancy for both cationic sites. Since Mn
and Fe have similar X-ray scattering factors (Colliex et al., 2006),
the incorporation of Mn into vivianite does not significantly change
the relative peak intensities. Consequently, Mn substitution cannot
be quantified based on changes in peak intensities by Rietveld
fitting.

2.2.4. Fe XAS analysis
Five vivianites of this study (V_pure_0psu, V_Mg3_0psu,

V_Mg3_9psu, V_Mn3_0psu and V_Mn3_ Mg3_9psu, Table 1) were
analyzed by bulk Fe K-edge near-edge structure and extended X-
ray absorption fine structure (XANES and EXAFS, respectively)
spectroscopy at the LUCIA beamline of SOLEIL (Saint-Aubin,
France). The dried vivianites were pressed into 1.3 cm pellets and
sealed with Kapton tape. To prevent Fe oxidation, the pellets were
prepared in an anoxic glovebox in a dark room and doubly sealed
in Al-bags for transport to the synchrotron. Directly prior to sample
mounting, the Al-sealed bags were opened in ambient air and the
Kapton-sealed pellet was mounted on a sample holder. The
mounted sample was then inserted into a cryostat (He(l), �70 K)
and measured in transmission mode using a Si(111) monochroma-
tor calibrated to the first-derivative maximum of the K-edge
absorption spectrum of a metallic Fe foil (7112 eV). Mirrors elimi-
nated higher harmonics in the incoming beam. Three to five scans
of each vivianite were collected and merged. For data analysis, all
spectra were energy calibrated, pre-edge subtracted, and post-
edge normalized in Athena (Ravel and Newville, 2005). The edge
energy, E0, was defined as the first maximum of the main absorp-
tion edge in the first XANES derivative. Fourier transforms of
k3-weighted Fe EXAFS spectra were calculated over a k-range
of 2–11.5 Å�1 applying a Kaiser-Bessel window function width of
3 Å�1. The frequency cut-off parameter, Rbkg, was set to 1.

Shell-fit analyses of k3-weighted Fe EXAFS spectra were per-
formed in R-space using Artemis (Ravel and Newville, 2005). The-
oretical phase-shift and amplitude functions were derived with
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FEFF6 (Zabinsky et al., 1995) and atomic positions from the crystal
structure of vivianite (ICSD, #423390, (Capitelli et al., 2012) and
Mn3(PO4)2�3H2O (JCPDS card no. 00-003-0426, for V_Mn3_0psu).
To determine the passive amplitude reduction factor (S02), the
first-neighbor shell (R + DR = 1.0–2.2 Å) was fitted with a Fe–O
bond with a coordination number (CN) of 6 for V_pure_0psu. The
determined S02 was used for all subsequent fits (reported Table 2).
The substituted vivianites were then fit with an initial R-space fit of
the first Fourier-transform peak conducted over R + DR = 1.0 to
2.2 Å to determine the CN of the first Fe–O bond. After fixing the
determined CN for the Fe–O bonds, shell-fits were extended to
6.0 Å. To verify that the addition of certain paths improved the
EXAFS fit significantly, F-Tests based on determined R-factors were
used to compare different fitting models (Table S7, Downward
et al. (2007); Ravel and Newville (2005)). As the crystal structure
of vivianite did not change fundamentally with substitution, as vis-
ible by the XRD patterns (Fig. S4), the substituted vivianites were
all fitted with the same fitting model (Section S6).

2.2.5. Electron microscopy with energy dispersive X-ray (EDX) analysis
Samples V_pure_0psu, V_Mg3_0psu, V_Mg3_9psu,

V_Mn1_0psu, V_Mn3_0psu and V_Mn3_ Mg3_9psu (Table S4)
were investigated by EM coupled to EDX to gain insights into crys-
tal morphology and elemental distribution. Samples were prepared
by suspending dried vivianite powder in de-oxygenated UPW (�3
lg/mL) in an anoxic chamber. The suspension (15 mL) was filtered
on a 13 mm (0.2 lm) isopore membrane filter (polycarbonate) to
collect �45 lg vivianite on the filter. The filters were air-dried in
the dark anoxic chamber. Afterwards, the dried filters were doubly
sealed in Al-bags for transport to the microscopy location. The fil-
ters containing the deposited particles were coated with 5 nm of a
platinum/palladium (80 Pt/20 Pd) and the secondary electron sig-
nal was used for imaging. Samples were investigated using a scan-
ning electron microscope (SEM, Gemini 460, Zeiss and Nova
Nanosem 230, FEI with an Oxford EDX system). The SEM was oper-
ated at an accelerating voltage of 1–3 kV.

2.2.6. 57Fe-Mössbauer spectroscopy
57Fe-Mössbauer spectra were collected using a 57Co/Rh c-

radiation source in constant acceleration mode in transmission
setup (WissEl,Wissenschaftliche Elektronik GmbH). Samples were
mounted on mixed cellulose millipore filter membranes
(0.22 lm) and wrapped in Kapton tape in the anoxic chamber,
where they were kept until immediately before analysis. The sam-
ples were measured at 77 K inside a closed-cycle exchange gas (He)
cryostat (Janis cryogenics). The temperature of 77 K was chosen in
order to be able to quantify the contribution of Fe atoms bound in
the FeA and FeB positions, as well as compare the fitting parameters
to previously published data (Dyar et al., 2014; Etique et al., 2021).
Spectra were calibrated with a-Fe(0) foil at 295 K and the line
width was set according to the inner line broadening of the calibra-
tion foil at 295 K. In addition, the collected spectra were normal-
ized to 1 with respect to absorption. Fitting was undertaken
using Recoil software (University of Ottawa, Canada; Rancourt
and Ping (1991)) using Voigt spectral lines.
3. Results

3.1. Crystal morphology and size

Secondary electron (SE) images (Fig. 1, S9–S14) showed that the
composition of the matrix modified the morphology of the crystal-
lizing vivianite. The crystal size generally decreased with Mn and/
or Mg substitution based on visual observations of the SE images.
This trend is in agreement with fitted crystallite sizes based on



Table 2
Parameters determined for shell fits of k3-weighted Fe K-edge EXAFS spectra.a

V_pure_0psu V_Mg3_0psu V_Mg3_9psu V_Mn3_0psu V_Mn3_Mg3_9psu

Fe–O1 CNb 6.0 5.9 5.7 4.9 5.7
R(Å)c 2.12 (0.01) 2.13 (0.01) 2.12 (0.01) 2.11 (0.01) 2.29 (0.01)

Fe–Fe1 CN 1.2 (0.2) 1.0 (0.2) 1.0 (0.2) 0.5 (0.2) 1.3 (0.2)
R(Å) 3.02 (0.01) 3.04 (0.02) 3.02 (0.01) 3.05 (0.03) 2.90 (0.01)

Fe–P CN 1.1 (0.4) 1.8 (0.4) 1.6 (0.4) 1.9 (0.5) 1.4 (0.4)
R(Å) 3.34 (0.04) 3.33 (0.02) 3.33 (0.02) 3.36 (0.02) 3.09 (0.03)

Fe-O2 CN 4.3 (1.7) 4.7 (1.5) 4.0 (1.2) 5.3 (1.3)
R(Å) 3.95 (0.03) 3.95 (0.02) 3.96 (0.02) 4.04 (0.02)

Fe–O–O CN 10.7 (8.4) 15.1 (9.6) 15.7 (9.3) 5.8 (4.2) 6.9 (4.2)
R(Å) 4.44 (0.03) 4.44 (0.03) 4.44 (0.03) 4.47 (0.03) 4.57 (0.02)

Fe–Fe2 CN 3.9 (0.8) 2.3 (0.6) 2.5 (0.6) 1.7 (1.3) 3.1 (0.9)
R(Å) 4.68 (0.02) 4.66 (0.02) 4.67 (0.02) 4.74 (0.03) 4.71 (0.02)

Fe–Fe3 CN 1.9 (1.0) 1.0 (0.8) 1.3 (0.7) 1.3 (0.9)
R(Å) 5.21 (0.03) 5.22 (0.05) 5.22 (0.03) 5.31 (0.05)

Fe–Fe4 CN 3.0 (1.1) 1.6 (1.0) 2.1 (0.9) 1.8 (1.1)
R(Å) 5.57 5.57 5.57 5.53 (0.04)

Fe–Fe5 CN 6.5 (1.4) 3.8 (1.3) 4.3 (1.1) 2.1 (1.2) 4.8 (1.4)
R(Å) 6.23 (0.02) 6.23 (0.02) 6.22 (0.02) 6.24 (0.04) 6.11 (0.02)

Fe–Mn1d CN 1.2 (0.3)
R(Å) 3.64 (0.02)

Fe–Mn2e CN 1.2 (1.0)
R(Å) 5.01 (0.05)

r2f Fe–Fe1-5 0.006 0.006 0.006 0.008 0.006
Fe–P 0.006 0.006 0.006 0.006 0.006
Fe–O1 0.008 0.008 0.008 0.008 0.008
Fe–O2 0.007 0.007 0.007 0.007 0.007
Fe–O–O 0.012 (0.010) 0.015 (0.010) 0.018 (0.010) 0.007 (0.007) 0.004 (0.005)
Fe–Mn1-2 0.006

E0g (eV) 2.49 (0.85) 2.23 (0.77) 2.20 (0.71) 1.41 (0.89) 2.91 (0.78)
R-factorh 0.015 0.012 0.011 0.017 0.014
Reduced v2i 113 40 152 140 99

a The passive amplitude reduction factor, S02, was set to 0.97 (see Section 2.2.4 for explanation how S02 was determined). Parameter uncertainties are presented for the last
significant figure.

b Path degeneracy (coordination number, CN).
c Mean-half path length. For path distances, CN and r2 marked in bold, the values were fixed.

d,e Fe–Mn path is taken from Mn3(PO4)2�3H2O (JCPDS card no. 00–003-0426) and thus is unique to V_Mn3_0psu.
f The Debye-Waller parameters.
g Energy-shift parameter.
h Normalized sum of squared residuals (Ri (datai – fiti)2/Ri data2).
i Fit accuracy; reduced v2 = (Nidp/Npts) Ri(datai – fiti/ei)2(Nidp/Nvar)�1. Nidp, Npts, and Nvar are respectively, the number of independent data points in the model fit (29.5), the

total number of data points (196) and the number of fitted variables (17 for V_Mn3_0psu, 19 for V_Mn3_Mg3_9psu and 18 for the others). ei is the uncertainty of the ith data
point.
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Rietveld fitting of the XRD patterns of vivianite (reported as LVol-IB
[nm], Table S2) for the whole collected diffraction range (values
ranging from 51 nm to 168 nm) and a single peak fit in (010) plane
direction (values ranging from 48 nm to 127 nm), representing the
thickness of vivianite crystallites along the c-axis (Fig. S1).

Fe-pure vivianite (V_pure_0psu, Table 1) was characterized by
crystals with an elongated rhomboid shape (Fig. 1AB, S9). The sin-
gle crystal surface and prismatic edges were generally smooth. The
appearance of steps was clearly visible, which resulted in a further
twinning and intergrowth of single crystals (Fig. S9A). Besides sin-
gle crystals, lamellar lenticular twinned crystals and stellate
rosettes with a bladed structure were common (Fig. S9). Single
crystals had a crystal size of �5–10 lm along the b-axis and stel-
late rosettes had typically a size of 10 to 15 lm (Fig. 1AB, S9).
The Rietveld fitted crystallite size (LVol-IB) was 132 nm and
127 nm for the whole range and single peak fit (along the c-axis
of the vivianite crystal), respectively (Table S2).

Mn incorporation at 0 psu (V_Mn1_0psu and V_Mn3_0psu,
Table 1, Fig. 1CD, S12, S13) did not greatly change the shape of
the stellate rosettes in comparison to V_pure_0psu. Low Mn con-
tent (V_Mn1_0psu, Fig. S12) resulted in crystals appearing thicker
along the c-axis than the Fe-pure vivianite crystals, which is also
supported by the determined crystallite size of 181 nm along the
c-axis (Table S2). Higher Mn substitution (V_Mn3_0psu, Fig. 1CD,
S13), however, resulted in pits in the crystals, as visible in
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Fig. 1D. The stellate rosettes had a crystal size of �8–15 lm and
thus were slightly smaller than the crystals of V_pure_0psu. This
observation is also supported by the determined crystallite size
which was, with 88 nm, smaller than the V_pure_0psu crystallite
size (LVol-IB). SE images of V_Mn3_0psu also indicated the pres-
ence of another mineral phase with a less distinct crystal morphol-
ogy (Fig. 1CD, S8, S13). The composition of this second phase is
discussed in further detail in Section 3.3.

The incorporation of Mg at 0 psu (V_Mg3_0psu, Table 1) led to
changes in single crystal form but also in crystal aggregation
(Fig. 1EF, S10) in comparison to V_pure_0psu. Single crystals exhib-
ited a quadratic dimension with no major crystal pits and aggre-
gated in lenticular, platy globular structures (Fig. 1E, S10). The
crystal thickness appeared thicker along the c-axis than for
V_pure_0psu (Fig. S9, S10). This observation was also supported
by the determined crystallite thickness (LVol-IB) along the c-axis,
which was, with 145 nm, larger than for the V_pure_0psu
(127 nm, Table S2).

Mg incorporation in the presence of artificial seawater
(V_Mg3_9psu, Table 1) changed the crystal morphology in compar-
ison to both Mg-containing vivianite synthesized at freshwater
conditions (V_Mg3_0psu) and V_pure_0psu. Single crystals were
elongated flattened ellipsoids (Fig. 1H, S11). The edges of the
prisma were strongly rounded in comparison to V_pure_0psu
(compare Fig. 1A, S9 and 1G, S11) and the edges parallel to the



Fig. 1. Electron microscopy images of V_pure_0psu (A, B), V_Mn3_0psu (C, D),
V_Mg3_0psu (E, F), V_Mg3_9psu (G, H) and V_Mn3_Mg3_9psu (I, J; see Table 1 for
synthesis conditions). For each vivianite intergrowth of multiple crystals (left side,
rosette structure) and a single crystal (right side) is presented.
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(010) plane were rough. Only very few single crystals were present
while the majority of crystals were present in stellate rosettes with
bladed structures (Fig. S11). The rosettes were sometimes perfectly
globular and had visually a similar crystal size to the V_pure_0psu
(Fig. 1AG). However, Rietveld fitting suggested a decrease in crys-
tallite size (LVol-IB) with the incorporation of Mg in presence of
seawater (59 nm versus 132 nm, respectively; Table S2). Addition-
ally, crystals appeared visually thinner along the c-axis than
V_pure_0psu and V_Mg3_0psu, which was also supported by the
single peak fit along the (010) plane (57 nm versus 127 and
145 nm, respectively; Table S2).

The addition of Mn besides Mg at salinity of 9 psu
(V_Mn3_Mg3_9psu, Table 1) led to crystals looking similar to
V_Mg3_9psu (Fig. 1G–J, S14) but with some differences noted.
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Firstly, crystals had a flattened elongated rhomboid shape
(Fig. 1J). Secondly, crystal edges were not rounded and rosettes
appeared to be less densely packed (Fig. 1I, S14). Nevertheless,
rough edges on crystal terraces were visible and the crystals
appeared flakier (Fig. 1I, S14). Additionally, rosettes were smaller
(�10 lm) than V_pure_0psu (Fig. 1G, S14). The crystallite size
determined by Rietveld fitting supported the observation of smal-
ler crystal size in comparison to V_pure_0psu (64 nm versus
132 nm; Table S2).
3.2. Bulk composition of substituted vivianites

All synthesized solid-phase precipitates had a molar ratio of (Fe
+Mn+Mg)/P of 1.55–1.65 (Table 1) based on acid dissolution fol-
lowed by ICP-OES analysis. Molar ratios derived by EDX measure-
ments were generally in line with ICP-OES ratios (Table S4).
Thermodynamic equilibrium calculations indicated that all synthe-
sis solutions containing artificial seawater were also supersatu-
rated in respect to various amorphous calcium-phosphate
mineral phases and hydroxyapatite in addition to vivianite. In
the presence of Mn and/or Mg, the solution was also supersatu-
rated in respect to MnHPO4(s) and/or MgHPO4�3H2O(s). XRD data
(see Section 3.3) suggested only the formation of a Mn-
phosphate mineral phase. Hence, we do not further discuss the
potential formation of other mineral phases.

Based on thermodynamic equilibrium calculations, the domi-
nant Mn species were MnHPO4 followed by Mn2+, MnSO4 and
MnCl+ in the varying syntheses conditions (Table S1). Manganese
present as MnHPO4 declined from �69% (for V_Mn3_0psu) to
�58% (for V_Mn3_Mg3_9psu) with increasing salinity, while the
contribution of the other three species increased (Fig. S2EF,
Table S1). At all co-precipitation conditions, aqueous Mn was com-
pletely incorporated into the solid-phase precipitate (Fig. 2A). Nei-
ther the presence of Mg nor changes in salinity influenced Mn
incorporation into the solid-phase precipitate. The determined
Mn/(Fe+Mn) ratios in Mn-containing vivianite determined by
EDX measurements were with 0.15 and 0.34 for V_Mn1_0psu
and V_Mn3_0psu, respectively, generally in line with the ratios
quantified by ICP-OES (0.14 and 0.31, respectively, Table S4).

The chemical speciation of Mg changed in the presence of arti-
ficial seawater differently to the Mn speciation (Table 1, S1,
Fig. S2A–D). At the highest Mg concentration at 0 psu, �38% and
2% of Mg was calculated to be present as MgHPO4 and MgCl+,
respectively. At 9 psu, less Mg was complexed to orthophosphate
(�30%), while more Mg was complexed to chloride (�7%). The con-
tributions of Mg2+ and MgSO4 were not substantially affected by
changes in salinity. The presence of Mn led to a further reduction
in MgHPO4 complexes to about �23% and an increase in MgCl+

complexes to about �9 % (Table 1, S1, Fig. S2A–D). Similar to
changes in Mg speciation in the presence of artificial seawater,
Mg incorporation into the solid-phase precipitate changed with
salinity. At 0 psu, aqueous Mg was completely incorporated into
the solid-phase precipitate (Fig. 2B). However, with increasing
salinity a decrease in Mg incorporation into the solid phase was
evident (Fig. 2B). At 0 psu, an initial aqueous Mg/(Mg+Fe) molar
ratio of 0.35 led to a solid phase molar ratio of 0.34. In contrast,
at 9 psu, an initial aqueous Mg/(Mg+Fe) molar ratio of 0.35 resulted
in a solid phase molar ratio of 0.23. Thus, with increasing salinity
Mg incorporation into the solid phase decreased by �35%. In con-
trast to salinity, the presence of Mn in the aqueous solution did not
affect Mg incorporation into the solid phase at varying salinity
(Fig. 2C). Only at the highest Mn concentration (Mn/(Mn+Fe) =
0.35 M ratio) and a salinity of 9 psu was a slight decrease in Mg
incorporation detected. Generally, Mg contents in vivianite deter-
mined by ICP-OES were larger than Mg contents derived by EDX



Fig. 2. Elemental molar solid phase ratios of substituted vivianites formed at varied
initial aqueous concentration ratios and salinity (see Table 1 for syntheses
conditions). The dashed lines represent no fractionation of the divalent cations.
Panel (A): Incorporation of Mn at four different salinities, translating into varying
Mg concentrations. Panel (B): Incorporation of Mg at 0 psu and varying salinity.
Panel (C): Incorporation of Mg in the presence of different Mn concentrations at
varying salinity. Error bars representing the standard deviation of triplicate
dissolutions of the solid phase are not shown as they are smaller than the symbol.

Fig. 3. XRD patterns (purple) and Rietveld fits (green) of selected vivianites. XRD
patterns and Rietveld fits of all vivianites are presented in Fig. S4. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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measurements at different vivianite spots (Table S4, for further
explanations please refer to Section S4.2).
3.3. Changes in crystal structure of substituted vivianites

For all synthesis conditions, the powder XRD patterns of the
formed solid-phase precipitate were fitted as vivianite (Table 1,
Fig. 3, S4). However, at high initial aqueous Mn concentrations, a
second mineral phase was evident in the XRD pattern. The diffrac-
tion pattern of the second mineral phase resembled a nano-
crystalline, hydrated Mn-phosphate (Fig. 3, S4). The presence of
the hydrated Mn-phosphate was detected at synthesis conditions
of V_Mn3_0psu, V_Mn3_Mg1_3psu and V_Mn3_Mg2_6psu
(Table 1) and contributed 71%, 35% and 24% to the total solid phase,
respectively (Table S2). EDX analysis and 57Fe-Mössbauer spec-
troscopy (discussed in detail in Section S4, S5) indicated the pres-
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ence of Fe in the Mn-phosphate phase (Fig. S16, S8, Table S5). The
Mn/(Fe+Mn) ratios of the Mn-containing vivianites and the
hydrated Mn-phosphate phase derived from the EDX analyses
were similar (Fig. S8, Table S5, detailed explanation in Section S4),
suggesting an even distribution of Fe and Mn between both min-
eral phases.

The unit cell dimensions of vivianite varied depending on the
degree of Mn and/or Mg substitution in the vivianite crystal lattice.
The Fe-pure vivianite (V_pure_0psu) had calculated unit cell
dimensions of 10.104 Å, 13.450 Å, 4.710 Å and 104.303� for a, b,
c and b, respectively. The unit cell dimensions along the a-, b-
and c-axis, as well as the angle b increased linearly to maximum
values of 10.166 Å, 13.539 Å, 4.730 Å and 104.572�, respectively,
with increasing Mn substitution to up to a molar Mn/(Mn+Fe) ratio
of 0.34 in the vivianite crystal lattice (Fig. 4, Table S2). In contrast
to Mn-containing vivianites, Mg substitution did not change the
unit cell dimensions along the a- and b-axis in comparison to
V_pure_0psu (Fig. 4). However, the unit cell dimensions along
the c-axis decreased linearly from 4.710 Å with no Mg substitution
to 4.687 Å with increasing Mg substitution (maximum of 0.34 Mg/
(Mg+Fe) ratio; Fig. 4). Additionally, b widened linearly with Mg-
substitution from 104.304 Å to 104.642 Å when vivianite had a
molar ratio of 0.34 Mg/(Mg+Fe) (Fig. 4), comparable to the trend
seen for Mn-substituted vivianites (Fig. 4). When both Mn and
Mg were incorporated into the vivianite crystal lattice, no consis-
tent changes along the a-, b- and c-axis of the unit cell were
observed (Fig. S5). However, increasing Mn and Mg contents led
to a widening of b from 104.303� to 104.653� (Fig. S5).

The quantified Mg-content by Rietveld fitting (Table S3) was
somewhat lower than the Mg-content determined by acid
dissolution (Table 1, S4). Nevertheless, the general trends in molar
ratios were coherent. For instance, acid dissolution estimated
Mg/(Fe+Mg) ratios of 0.14, 0.25 and 0.34 for V_Mg1_0psu,
V_Mg2_0psu and V_Mg3_0psu, respectively, while Rietveld fitting
determined 0.11, 0.15 and 0.25, respectively (Table S3).
3.4. Local Fe coordination and position of substituting cations

Incorporation of Mn and Mg into vivianite resulted in changes
in the crystal morphology of vivianite. To unravel changes on the
atomic scale, Fe K-edge XAS analysis and 57Fe-Mössbauer spec-
troscopy were applied in addition to XRD.



Fig. 4. Changes in unit cell dimensions of vivianite with Mn or Mg incorporation into vivianite. The numbers in the figures correspond to the vivianite numbers of the
different vivianites presented in Table 1.
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The Fourier-transformed k3-weighted Fe K-edge EXAFS spectra
of the V_pure_0psu, V_Mg3_0psu, V_Mg3_9psu and
V_Mn3_Mg3_9psu resembled each other (Fig. 5, S17). The first-
neighbor shell of all four vivianites was fitted with a Fe–O path
with a distance of 2.11–2.29 Å (Table 2), followed by a Fe–Fe and
Fe–P path in the second-neighbor shell with a distance of ca.
3.00 and 3.30 Å, respectively. The third-neighbor shell was fitted
with a Fe–O path and multi-scattering Fe–O–O path with ca. 4.00
and 4.46 Å distance, respectively. The fourth, fifth and sixth-
neighbor shells were fitted by Fe–Fe paths with distances of ca.
4.67, 5.25, 5.57 and 6.22 Å (Table 2). The addition of a forward tri-
angle multiple scattering Fe–O–O path with a distance of ca. 4.46 Å
and single scattering Fe–Fe paths with distances of ca. 5.25 Å and
5.57 Å improved the fits, which was verified by the application of
F-Tests based on determined R-factors to compare different fitting
models (Table S7, Downward et al., 2007; Ravel and Newville,
2005). While V_pure_0psu, V_Mg3_0psu and V_Mg3_9psu had
similar fitted interatomic path distances, simultaneous incorpora-
tion of Mn and Mg into the vivianite structure (V_Mn3_Mg3_9psu)
resulted in interatomic path distances deviating more by either
being larger, for instance in case of the first Fe–O path (2.29 vs
2.12 Å), or smaller (Fe–P path of 3.09 vs 3.34 Å Table 2).

While interatomic path distances were generally not greatly
impacted by Mn and Mg substitution, the path CNs were reduced
(Table 2), which was visible by a reduction of shell magnitude
(Fig. 5, S17). The CN of V_pure_0psu for the first neighboring shell
was fixed to 6 (Fe–O) and CN values of ca. 1.2, 3.9, 1.9, 3.0 and 6.5
were fitted for Fe–Fe1-5 paths, respectively. Incorporation of Mn
and/or Mg resulted in a reduction in CN of the first neighboring
shell (Fe–O) from 5.9 to 5.7 (Table 2). Depending on the substitut-
ing cation, the value of CN of the Fe–Fe paths decreased differently.
Increasing Mg content led to a reduction of the CN of the Fe–Fe
paths. For instance, the Fe–Fe4 path of V_pure_0psu had a CN of
3.0, while V_Mg3_9psu and V_Mg3_0psu had CN values of 2.1
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and 1.6, respectively (Table 2). Simultaneous incorporation of Mn
and Mg (V_Mn3_Mg3_9psu) resulted in CN values lower than
V_pure_0psu but higher than V_Mg3_9psu. For instance, the Fe–
Fe5 path of V_pure_0psu had a CN value of 6.6, while
V_Mn3_Mg3_9psu and V_Mn3_Mg3_9psu had CN values of 4.9
and 4.5, respectively (Table 2).

The Fourier-transform of the Fe K-edge EXAFS spectra of
V_Mn3_0psu differed from the other four vivianite spectra, in
agreement with the presence of another mineral phase as previ-
ously discussed. Thus, the Fe-EXAFS shell-fit of V_Mn3_0psu con-
tained different fitted paths and the results were not
interpretable regarding the effect of Mn substitution on the vivian-
ite structure. Neighboring shell paths, which were also fitted for
V_pure_0psu (Fe–O1, Fe–Fe1, Fe–P, Fe–O-O, Fe–Fe2 and Fe–Fe5,
Table 2), had similar interatomic distances than for V_pure_0psu.
Additionally, Fe–Mn paths with distances of ca. 3.6 Å and ca.
5.0 Å were included, which were derived with FEFF6 (Zabinsky
et al., 1995) from Mn3(PO4)2�3H2O (JCPDS card no. 00-003-0426).
The CNs of V_Mn3_0psu were substantially lower than the CNs
of V_pure_0psu and the other substituted vivianites. For instance,
the CN of the first neighboring shell was only 4.9, while for the
other four vivianite samples the CN was above 5.7 (Table 2).

While shell fits of Fe K-edge EXAFS spectra provide insights into
interatomic distances and CN of fitted paths, 57Fe-Mössbauer spec-
troscopy is a complementary tool since it can differentiate between
the Fe bound in the FeA and FeB position in the vivianite structure.
All measured vivianites were fitted with three doublets (Fig. 6a,
S15). The corresponding hyperfine parameters are presented in
Table S6. Two doublets represented the FeA and FeB site, which
had isomer shift (IS) and quadrupole splitting (QS) values typical
for vivianite (Dyar et al., 2014; Etique et al., 2021). A third doublet
was included in the fit, which had smaller IS and QS values of
�0.6 mm/s and 0.5–0.8 mm/s, respectively. These values are typi-
cal for Fe(III). The contribution of Fe(III) was, for all vivianites,



Fig. 5. (A) Fe K-edge EXAFS spectra and (B) magnitudes and real parts of Fourier-transform of k3-weighted Fe K-edge EXAFS spectra of pure and Mn- and/or Mg- substituted
vivianites. Solid lines indicate experimental data and dotted lines show the shell-fit models (Fe K-edge EXAFS spectra in black; magnitude and real parts of Fourier-
transformed k3-weighted Fe K-edge EXAFS spectra in green and purple, respectively). The corresponding EXAFS parameters are reported in Table 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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below 10%. The Fe-pure vivianite V_pure_0psu had an IS and QS of
1.32 mm/s and 2.64 mm/s, respectively, for the FeA position and an
IS and QS of 1.36 mm/s and 3.24 mm/s, respectively, for the FeB
position (Table S6). No substantial changes in IS and QS were
detected with incorporation of Mn and/or Mg in the vivianite crys-
tal lattice, which resulted in 57Fe-Mössbauer spectra of close
resemblance for all vivianites (Fig. 6A–C, S15).

As 57Fe-Mössbauer spectroscopy can be used to detect changes
in the ratio of the FeB to FeA area, it can provide insights into
changes in Fe distribution with changes in Mn and/or Mg content
in the vivianite crystal lattice. The theoretical areal ratio between
FeB/FeA position is 2 (McCammon and Burns, 1980). If Mn and
Mg are incorporated stoichiometrically into both atom positions,
the ratio should be unchanged with substitution in respect to the
ratio of V_pure_0psu.

For calculating the ratio of Fe bound in the FeA and FeB position,
we stoichiometrically distributed the present Fe(III) to the two dif-
ferent Fe positions, since at low ferric concentrations (Fe(III) < 10%)
oxidation rates between the two different crystallographic sites
show little deviation from a 2:1 ratio (McCammon and Burns,
1980). Thus, one third of the Fe(III) area contribution was added
to the FeA area, while the remaining Fe(III) contribution was added
to the FeB area. In V_pure_0psu, the FeB to FeA ratio was 1.70
(Fig. 6A) and hence, rather close to the theoretical ratio of 2. With
decreasing Fe content and corresponding increase in Mn and/or Mg
content in vivianite, the ratio of FeB to FeA decreased linearly. For
instance, when 44% of the Fe was replaced by Mn and Mg, the ratio
was �1.43 (Fig. 6D), indicating that the contribution of Fe bound in
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the FeB position decreased relative to the FeA position with increas-
ing substitution.
4. Discussion

4.1. Effects of isomorphic substitution on crystal size and morphology
of vivianite

The Fe-pure vivianite (V_pure_0psu) had an elemental compo-
sition (Table 1) in the range typically reported for vivianite found
in the environment (Egger et al., 2015; Rothe et al., 2016; Lenstra
et al., 2018). In addition, V_pure_0psu had unit cell dimensions
(Table S2) in agreement with those typically reported for vivianite
(Mori and Ito, 1950; Capitelli et al., 2012). As the vivianite crystals
had the typical prismatic form, well-defined cleavage along the
(010) surface and formed rosette and florets structures (Rothe
et al., 2016), we define V_pure_0psu as our reference material to
discuss the effects of Mn and/or Mg substitution and salinity.

Generally, crystal(lite) size decreased with substitution (Fig. 1,
Table S2) and crystals exhibited more pits and roughness as well
as modified crystal aggregation with Mn and/or Mg substitution
(Fig. 1, S9–S14). These changes point towards a disruption in crys-
tal growth with changes in crystallinity due to divalent cation sub-
stitution. Additionally, the overall increase in metal availability at
synthesis conditions with Mn and/or Mg present, could have led
to a more rapid precipitation of vivianite also resulting in a
decrease in crystallinity. Differences in crystal morphology were



Fig. 6. 57Fe-Mössbauer spectra of V_pure_0psu (A), V_Mn3_Mg3_9psu (B) and V_Mg3_0psu (C) with the fit of the different Fe positions. Additional spectra can be found in the
Supplementary data (Fig. S15). Fit parameters are detailed in Table S6. (D) Change in areal FeB to FeA ratio with changing Fe content. The numbers correspond to the different
vivianites (Table 1).
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also observed depending on the salinity during the precipitation
and growth of the crystals.

No major changes in the crystal habit of Mn-containing vivian-
ite, suggests that Mn incorporation does not affect crystal growth
substantially, by for instance inhibiting one particular growth
direction relative to another (Fig. 1, S12, S13). In contrast, Mg
incorporation at freshwater conditions resulted in a different crys-
tal habit. An increase in crystal thickness in crystallographic c-
direction (Fig. 1, S10, Table S2) with Mg incorporation suggests
that the presence of Mg inhibits crystal growth in the crystallo-
graphic b-direction relative to growth in crystallographic c-
direction. The inhibition of one growth direction relative to
another growth direction due to Mg has also been shown for calcite
(Folk, 1974; Davis et al., 2000). Step-pinning and blocking as well
as incorporation may explain the changes in crystal growth pat-
terns. Information about the step advancement rate would be
needed to identify the process behind the change in crystal growth,
leading to the observed change in crystal morphology (Davis et al.,
2000; Yoreo, 2003). Interestingly, when Mg was incorporated in
the presence of artificial seawater, the crystal habit differed sub-
stantially from the effect observed during Mg substitution at fresh-
water conditions. The crystals were thinner, elongated, and edges
were rounded (V_Mg3_9psu, Fig. 1, S11). While the edges seemed
more rounded, the terraces appeared rougher (Fig. S10 vs S11). The
observed changes in the presence of artificial seawater are likely
caused by the other constituents present in artificial seawater such
as Ca and K, which might block kink sites and therefore alter crys-
tal growth (Yoreo, 2003). The blocking of kink sites by, for instance,
Ca might have also led to an incorporation of Ca into the crystal
structure which could be a potential explanation why Ca was
detected in minor amounts by ICP-OES measurements of the
acid-digested minerals (see Supplementary data). Generally, the
crystals of V_Mg3_9psu (Fig. 1, S11) are similar to vivianite found
240
in the environment (Rothe et al., 2016; Dijkstra et al., 2016). How-
ever, the crystal edges were rounder than of vivianite detected in
the environment (O’Connell et al., 2015; Egger et al., 2015). This
difference might be related to a rather elevated Mg content, which
is uncommon for environmental vivianite. The addition of Mn in
the presence of Mg and artificial seawater (V_Mn3_Mg3_9psu),
resulted in flakier and less rounded crystals and rosettes appearing
less densely packed (Fig. 1, S14). The crystals of V_Mn3_Mg3_9psu
looked similar to vivianite found in brackish coastal sediments
(Egger et al., 2015; Kubeneck et al., 2021).

The similarity of V_Mg3_9psu and V_Mn3_Mg3_9psu to authi-
genic vivianite might provide some information on the conditions
generally present during vivianite formation in the environment.
Specifically, both vivianites were synthesized in the presence of
artificial seawater and at circumneutral pH with a high degree of
supersaturation (Table 1), which was well above the meta-stable
zone (Liu et al., 2018b). In addition, the ratio of potential building
cations (Fe, Mn and Mg) to phosphate was around 1 or higher. The
impact of aqueous cation to anion ratio on vivianite formation has
not yet been evaluated, and it is likely that this information may
provide further indications on which conditions are favorable for
authigenic vivianite formation.

4.2. Impact of salinity on elemental composition of vivianite

Authigenic vivianite found in the environment frequently con-
tains Mn and Mg besides Fe (Rothe et al. (2016) and references
therein). Reports of manganoan-vivianite are more common in
brackish coastal environments (Egger et al., 2015; Lenstra et al.,
2018; Kubeneck et al., 2021), although Mg is a more omnipresent
cation in coastal environments (Kubeneck et al., 2021).
Mg-containing vivianite has been mainly reported for marine
environments low in Mn (Burns, 1997; Hsu et al., 2014). This
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environmental observation led to the hypothesis that Mn incorpo-
ration into the vivianite crystal lattice might be favored over Mg
incorporation (Kubeneck et al., 2021).

The formed vivianite in this study had, with 1.55 and 1.65,
molar ratios of (Fe+Mn+Mg)/P very close to the stoichiometric ratio
of 1.5 (Rothe et al., 2016). The deviation in the molar ratio might
indicate the adsorption of some cations to the crystal surface. Addi-
tionally, since P was in high excess in solution, the crystals might
have been Fe/Mn/Mg-terminated and thus the bulk composition
is not exactly equal to the total composition due to different sur-
face elemental composition.

Contrary to the previous hypothesis of preferential Mn incor-
poration into the vivianite crystal lattice (Kubeneck et al., 2021),
our results show that Mg and Mn are both equally incorporated
at freshwater (0 psu) conditions, whereas Mg incorporation is
hampered with increasing salinity (Fig. 2). Thermodynamic equi-
librium calculations indicate that the speciation of Mg and Mn
changed differently with salinity. While for Mn the contribution
of aqueous MnPO4 decreased with a simultaneous increase of
aqueous Mn2+, changes in Mg speciation resulted in a decrease
in MgHPO4 complexes with a simultaneous increase in MgCl+

complexes with increasing salinity (Fig. S2, Table S1). Another
important non-P containing complex formation of Mg is with
sulfate. The contribution of the MgSO4(aq) complex was similar
(15–16 mol%) for all synthesis conditions, including those with-
out artificial seawater as sulfate was also added through the Fe
stock solution. Thus, complex formation of Mg with sulfate can-
not explain our observed trend of decreasing Mg incorporation
with increasing salinity. Overall, we hypothesize that the
increase in MgCl+ complexes with increasing salinity limits Mg
availability for vivianite incorporation, resulting in lower
amounts of Mg in the vivianite structure. Hence, if both cations
are present in a coastal system, it is more likely that Mn is
incorporated than Mg due to chemical speciation of Mg at higher
salinity.

The measurement of the elemental composition of vivianites in
environmental samples by acid dissolution or EDX requires to hand
pick the vivianite crystals. Analysis by XRD in environmental sam-
ples with a high vivianite content could be an alternative method
to quantify the elemental composition of vivianite (Rothe et al.,
2015). While the XRD peak intensities of vivianite are unaltered
if Mn is present in the crystal lattice, Mg is a weaker X-ray back-
scattering atom than Fe (Colliex et al., 2006). Thus, Mg incorpora-
tion into vivianite changes the relative XRD peak intensities, allow-
ing to quantify the occupancy fraction of Mg in the two Fe sites
(FeA and FeB) sites and providing insights in the distribution of
Mg across both Fe sites. While the quantification of the order of
magnitude of Mg content was possible by Rietveld fitting
(Table S3), the absolute content determined by Rietveld fitting
was generally lower than the Mg content determined by acid dis-
solution and ICP-OES analysis. Simultaneous changes in unit cell
dimensions, as well as crystallite size besides the Mg content
might make the accurate quantification of the Mg content more
challenging. The modelled occupancy factor for Mg for both Fe sites
suggest that Mg is preferentially incorporated in the FeB site in the
vivianite crystal lattice (Table S3), which is in agreement with the
Mössbauer results. This could have implications for the redox reac-
tivity of vivianite (see Section 4.3).

4.3. Effects of isomorphic substitution on the crystal structure of
vivianite

Analysis by XRD and Fe K-edge XAS analysis allows to gain fur-
ther insights on how substitution affects the crystal structure of
vivianite, complementing the observed changes seen in crystal size
and morphology by EM. Incorporation of Mn or Mg altered the unit
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cell dimensions of the vivianite in element specific ways, showing
that both Mn andMgwere incorporated into the crystal lattice. The
increase of the unit cell parameters with increasing Mn substitu-
tion (V_Mn1_0psu, V_Mn2_0psu, V_Mn3_0psu, Table S2, Fig. 4)
has also been observed for Mn-substituted siderite (Liu et al.,
2019). Since the effective ionic radii of octahedrally-coordinated
divalent Mn is larger than the radii of Fe (0.83 versus 0.78 Å for
high spin state, respectively Shannon (1976)), an increase in Mn
content translates to an increase of the unit cell parameters. Thus,
under the experimental conditions covered by our study, Vegard’s
law, stating that a linear relation exists at a fixed temperature
between crystal lattice dimensions and the concentration of a sub-
stituting element (Denton and Ashcroft, 1991) is valid. In contrast
to Mn, Mg incorporation resulted in a linear decrease along the c-
axis of the unit cell (Fig. 4), which is related to the smaller ionic
radii of octahedrally-coordinated divalent Mg than Fe and Mn
(0.72 versus 0.78 and 0.83 Å, respectively, (Shannon, 1976)). Due
to the opposing effect of Mn and Mg on the unit cell dimensions,
simultaneous incorporation of Mn andMg into vivianite crystal lat-
tice did not alter the unit cell parameters a, b and c in a coherent
pattern (Fig. S5). However, the linear widening of b might indicate
a general distortion of the unit cell with increasing Mn and/or Mg
substitution (Fig. S5D).

Shell fits of the Fe K-edge EXAFS spectra of V_pure_0psu and
substituted vivianites were in general agreement with previous
studies (Bae et al., 2018; Etique et al., 2021). Substitution changed
the unit cell dimensions (Fig. 4, S5, Table S2), which subsequently
also alters interatomic distances. However, the change in unit cell
dimensions is in the range of 0.5–2%, translating to very small
changes in interatomic distances which cannot be resolved by shell
fits of the Fe K-edge EXAFS spectra. However, the Fe–Fe1 path
(Table 2) represents the interatomic bond distance of the two Fe
atoms along the c-axis of the unit cell (Fig. S1). Consequently,
changes in the Fe–Fe1 interatomic path distance are directly linked
to changes in the c-parameter of the unit cell. As discussed above,
Mn substitution led to an increase of the c-parameter, while Mg
substitution resulted in a decrease. This observation is in agree-
ment with results of the shell fits of the Fe K-edge EXAFS spectra.
Mg-containing vivianites (V_Mg3_0psu and V_Mg3_9psu) had a
smaller modelled Fe–Fe1 interatomic path distance than
V_pure_0psu, while both Mn-containing vivianites had a larger
Fe–Fe1 interatomic path distance (Table 2). These observations
based on XRD and Fe K-edge XAS analyses clearly show that Mn
and Mg were incorporated into the crystal lattice of vivianite.

The shell fit of V_Mn3_Mg3_9psu of the Fe K-edge EXAFS spec-
trum indicated greater changes in interatomic distances than for
the other substituted vivianites (Table 2, S2). This suggests that
double substitution by Mn and Mg resulted in stronger distortion
of tetrahedral and octahedral structures in vivianite, resulting in
changes in the short-range interatomic distances. This stronger
distortion might potentially result from the differing ionic radii
and electronegativity potentials of Mn and Mg in comparison to
Fe, as has also been calculated for double cation substitution in
hydroxyapatite (Tamm and Peld, 2006).

In contrast to interatomic distances, the fitted CN for the Fe–Fe
paths decreased with Mg incorporation, as Mg is a weaker X-ray
backscattering atom than Fe. The reduction in CN for the Fe–Fe
paths can be explained by the incorporation of the different
cations, however, it could also be an indication for changes in the
short-range crystallinity of vivianite due to substitution. In addi-
tion, the reduction of CN of the first shell (Fe–O) path likely indi-
cates a distortion of the octahedra with substitution, which is in
particular evident when substitution occurred at higher salinity
(Table 2).

As vivianite has two different cation positions with differing
reactivity (McCammon and Burns, 1980), it is of particular interest
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to identify the atom position in which Mn and Mg are incorpo-
rated. The possibility of intervalence charge transfer at the FeB
position allows the stabilization of a ferrous-ferric ion pair at this
position. Thus, at high oxidation levels (Fe(III) above 10%), ferrous
iron located in the FeA position is preferentially oxidized, while the
second ferrous iron in the FeB position is stabilized by the close
proximity of ferric iron (McCammon and Burns, 1980). This mech-
anism stabilizes vivianite even under oxic conditions and hinders
complete oxidation (Rouzies and Millet, 1993).

The fitted IS and QS values of three fitted doublets (Table S6) are
similar to previously published values for vivianite at 77 K (Forsyth
et al., 1970; Dyar et al., 2014; Etique et al., 2021). The fitted values
of the Fe(III) doublet suggest a heterogeneity regarding the distri-
bution of the Fe(III) across both crystallographic sites (De Grave
et al., 1980; Nembrini et al., 1983). As the crystallographic position
of the Fe(III) could not be unambiguously determined and oxida-
tion rates between both positions are similar up to a oxidation
level of 10% (McCammon and Burns, 1980) we distributed the Fe
(III) stoichiometrically across both sites for calculating the area
ratio of FeB to FeA. The areal ratio of FeB to FeA of the Fe-pure
vivianite of this study is, with 1.70 closer, to the theoretical ratio
of 2 than in previous studies (e.g. 1.53 in Etique et al. (2021), ratio
calculated similarly to this study). As the ratio is smaller than the
theoretical ratio, this suggests the presence of vacancy sites in
the FeB. Furthermore, based on the 57Fe -Mössbauer data (Fig. 6)
Mn and Mg appear to be preferentially incorporated in the FeB
position. Quantification of Mg by Rietveld fitting of the XRD pat-
tern also indicated a higher Mg content in the FeB position
(Table S3). Our data are thus coherent with observations by
Yakubovich et al. (2001) who also concluded that Mg prefers to
be present in the double octahedron in Fe-substituted baricite,
the Mg-end member of the vivianite mineral group. As discussed
before, the presence of Mg and Mn could impact the intervalence
charge transfer in the double octahedral site, in particular the
higher the Mg and/or Mn content is.

Since Mn is, as Fe, a transition metal, it could carry out interva-
lence charge transfer. Thus, substitution of Mn should result in
heteronuclear intervalence charge transfer between Mn and Fe.
Consequently, Mn substitution might not alter the stability and
thus redox behavior of vivianite. On the other hand, substitution
by Mg might result in a hampering of intervalence charge transfer
since Mg only exists in one oxidation state. Hence, heteronuclear
charge transfer between Mg and Fe is not possible and substantial
substitution of Mg might result in changes in redox reaction rates
and destabilization of the vivianite structure under oxidizing con-
ditions. To validate this hypothesis the redox reactivity of Mn and
Mg-enriched vivianite should be subject of future research.

4.4. Environmental implications of divalent cation substitution in
vivianite

Our results show that the elemental composition of vivianite
depends on the composition of the aqueous solution from which
it was formed. Our data suggest that changes in Mg speciation with
salinity result in the preferential incorporation of Mn over Mg into
vivianite at high salinity. This may explain why Mn incorporation
is more common in vivianite found in coastal environments. In
case of excess P to Fe in aqueous solution, as in this study, the pres-
ence of Mn and Mg can facilitate vivianite formation by substitut-
ing for Fe in the crystal lattice and thus enhance P removal from
aqueous solution.

Furthermore, we show that salinity and incorporation of Mn
and/or Mg during crystal growth strongly influences the morphol-
ogy of crystals and their crystal size. Environmental samples are
often treated for instance to size-specific sieving prior to detection
and identification of vivianite by EM or XRD (Egger et al., 2015;
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Rothe et al., 2016; Kubeneck et al., 2021). Ignoring certain fractions
of a sample might result in missing vivianite crystals since crystal
sizes and aggregation forms change with substitution of Fe. In par-
ticular, Mg substitution can change crystal morphology, making
identification and quantification of vivianite in environmental
samples even more challenging.

Incorporation of other divalent cations affects the interfacial
tension in crystals and thus the solubility of minerals (Prieto,
2009). Results for Mn-containing vivianite by Tessenow (1974)
indicate changes in solubility with Mn incorporation. Additionally,
changes in dissolution rates due to isomorphic substitution in Fe
minerals has been frequently reported (Torrent et al., 1987;
Alvarez et al., 2008; Ekstrom et al., 2010). Considering that a wide
range of elemental contents of Mn and Mg, but also other divalent
cations such as Zn, have been reported in natural vivianite (Rothe
et al., 2016), a further investigation of changes in solubility due to
isomorphic substitution is important to assess the stability of
vivianite as a permanent P burial sink. Furthermore, Mn/Mg-
containing vivianite formed in artificial seawater exhibited crystal
surface roughness, crystal pits, thinner crystals, and likely due to
its different aggregation, a different surface area than Fe-pure
vivianite, potentially further changing the reactivity of vivianite.
Changes in reactivity could include surface reactions such as sorp-
tion of metal(loid)s (Thinnappan et al., 2008; Bae et al., 2018) and
reduction of metal(loid)s and chlorinated organic compounds
(Veeramani et al., 2011; Etique et al., 2021). In addition, the stabil-
ity of vivianite towards sulfide is a frequently discussed topic in lit-
erature due to the potential future production of sulfide in
currently non-sulfidic environments as a consequence of sea level
rise (O’Connell et al., 2015; Dijkstra et al., 2018; Lenstra et al.,
2018; Kubeneck et al., 2021). As vivianite rapidly dissolves in the
presence of sulfide based on laboratory experiments (Dijkstra
et al., 2018; Wilfert et al., 2020), the expectation of vivianite as a
permanent P burial sink could be altered. As Mn and Mg have a
lower reactivity towards sulfide than Fe (Thamdrup et al., 1993),
substitution of Fe by other divalent cations might change the reac-
tivity of vivianite towards sulfide. Furthermore, our results show a
preferred substitution of Mn and Mg in the FeB position. Whereas
Mn can conduct with Fe heteronuclear intervalence charge trans-
fer, Mg cannot share electrons. Thus, the incorporation of Mn
and/or Mg could change the susceptibility of vivianite towards oxi-
dation. This could result in a destabilization of vivianite in environ-
ments experiencing changes in redox conditions over time, such as
periodically flooded soils and wetlands. It could also be of impor-
tance for technical applications such as using the oxidation of
vivianite as a slow-release Fe and P fertilizer (Yang et al., 2022).

Overall, our results show that salinity had a strong impact on
the isomorphic substitution of Mn and Mg in the vivianite struc-
ture, as well as on crystal structure, size and morphology; changes
which may have further consequences for the stability and reactiv-
ity of vivianite in the environment. In addition, only by using a
complex multi-component system such as artificial seawater were
we able to form vivianite crystals resembling vivianite found in the
environment. Thus, to ensure a better application of laboratory
results to the field, future studies investigating the reactivity of
vivianite in the environment should include environmentally rele-
vant isomorphic substituted vivianites in addition to Fe-pure
vivianite.
5. Conclusions

We present a detailed investigation on how crystal characteris-
tics of vivianite change with structural incorporation of Mn and/or
Mg in the crystal lattice. We identify the impact of salinity on the
Mn and/or Mg incorporation in vivianite. With increasing salinity
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(studied up to 9 psu), aqueous Mg speciation changes while Mn
speciation is much less affected, potentially explaining the pre-
ferred uptake of Mn over Mg in the vivianite crystal structure at
high salinity. Both Mn and Mg are preferentially incorporated in
the FeB position in the vivianite crystal structure independent of
salinity, potentially affecting the redox-stability of vivianite. In
combination with observed changes in crystallinity, crystal size
and morphology, environmental reactivity and stability of vivianite
might be altered with divalent cation substitution, requiring fur-
ther investigation to better assess the stability of vivianite as a per-
manent P burial sink.
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