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Abstract

Schwertmannite is sensitive to changes in geochemical, thermal, and microbial conditions. Changes in aqueous pH beyond its
stability, i.e. pH 2.5-4.5, triggers its transformation to jarosite or goethite in highly acidic environments (pH <2.5), depend-
ing on the availability of jarosite-directing cations (Na*, N H4+, K*, etc.), while goethite is the common stable end product
at pH>7.5. Schwertmannite with degraded morphology can stably exist for years in oxic intermediate pH environments (pH
5.5-6.5), but the presence of trace amounts of Fe(II),, yields goethite/lepidocrocite within a few hours, especially at pH >6.5.
Hematite is the sole end product at> 600 °C dry heating, with goethite and ferrihydrite as intermediate phases. Siderite,
maghemite, and mackinawite form in anoxic microbial conditions due to dissimilatory reduction of Fe(III) and SO,* to
Fe(II) and HS™, while orpiment forms from As(V)-rich schwertmannites. Sorbed contaminants enhance schwertmannite
stability by restricting Fe(II)-Fe(III) electron transfer and microbial degradation by occupying surface sites. Although Fe(III)
and sorbed ion mobilization typically has negligible effects on schwertmannite transformation, complete schwertmannite-
SO, release is likely in extreme conditions, and in microbial Fe(Il),,-rich media. Dissolution-reprecipitation and solid state
transformation mechanisms broadly govern schwertmannite transformation.

Keywords Fe(IIT)-Fe(Il) electron transfer - Acid mine drainage - Dissolution—reprecipitation - Thermal transformation -
Acid tolerant bacteria

Introduction and/or oxyhydroxysulfates like schwertmannite are produced

by Fe** hydrolysis (Eq. 4). Rapid schwertmannite formation
Oxidative dissolution of sulfide minerals, such as pyrite by a microbial pathway has been documented worldwide,
(FeS,), arsenopyrite (FeAsS), and chalcopyrite (CuFeS,)  which lowers both Fez+(aq) and Fe3+(,dq) significantly within a
on exposure to atmospheric O, (Eq. 1) and/or dissolved  few meters downstream (Acero et al. 2006; Kim et al. 2002).
Fe** (Eq. 2) can generate the large flux of iron-sulfate-rich
acidic effluents known as acid mine drainage (AMD) (Blo-
dau 2006; Jonsson et al. 2006; Langmuir 1997; Murad and
Rojik 2003, 2004; Nordstrom 1991). The Fe** driven disso- FeS, + 14Fe™* + 8H,0 — 15Fe’* + 2503— +16HY (2
lution is ~ 2-3 times faster and generates excess acidity per
unit mass of FeS, (Eq. 1 vs. Eq. 2), with the required Fe*
being produced by oxidation of liberated Fe>* (Eqs. 1 and 2),
either by atmospheric O, (Eq. 3) or by acidophilic bacteria
such as Acidithiobacillus ferrooxidans. Ferric oxyhydroxides — 8Fe’t + Soi— + 14H,0 — FegOg(OH)¢SO, + 22H  (4)

FeS, +7/20, + H,0 - Fe** +2S0;™ + 2H* (1

Fe’* +1/40, + HY - Fe’* + 1/2H,0 3)

Schwertmannite (informally known as ‘yellow boy’;
Brady et al. 1986; Jones et al. 2006) is a poorly crystalline
iron oxyhydroxysulfate mineral (typically FegOg(OH),(SO,),,
8 —x=yand 1.0<y<1.75; Bigham et al. 1990, 1994, 1996a,
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and 15.5 wt% for synthetic and 8.5-14.1 wt% for natural spec-
imens, whereas the iron content varies between 43.2-56.7
and 39.4-41.8 wt%, respectively (Bigham et al. 1990). Ferric
hydroxide, amorphous ferric oxide, or mine drainage mineral
were terms commonly used to describe this phase (Bigham
and Nordstrom 2000; Murad and Rojik 2003, 2004) around
AMD localities (Acero et al. 2006; Jonsson et al. 2005; Kum-
pulainen et al. 2007; Regenspurg et al. 2004) before its rec-
ognition as a mineral in the 1990s (Bigham et al. 1990, 1994,
1996b). Natural streams (Schwertmann et al. 1995) and acid
sulfate soils (ASS) (Burton et al. 2006, 2007; Collins et al.
2010; Jones et al. 2009) also favors schwertmannite forma-
tion. Schwertmannite is usually yellowish to reddish-brown
color in natural and synthetic forms, with spheroidal micro-
morphology with acicular spines &~ 100 nm in length and
~ 10 nm wide (Supplemental Fig. S1; Antelo et al. 2013;
Bigham et al. 1990, 1996a; Hockridge et al. 2009; Paikaray
and Peiffer 2012a; Regenspurg et al. 2004). Structurally,
schwertmannite is analogous to akaganéite (f-FeOOH),
sharing double corner chains of FeO;(OH); octahedra pro-
ducing square tunnels parallel to the c-axis (Bigham et al.
1990; Caraballo et al. 2013). This is further stabilized by
the presence of SO,*~ oxyanions forming bidentate bridging
complexes with Fe** in the structure. Structural resemblance
to ferrihydrite has also been proposed by a few researchers
(e.g. Loan et al. 2004).

Schwertmannite is metastable and the favorable pH win-
dow (pH = 2.8—4.5) (Bigham et al. 1990; Regenspurg et al.
2004; Wang et al. 2006) determines its abundance between
jarosite at the acidic SO42_—rich end (pH <2.2) and goethite
at the alkaline (pH > 7) end (Murad and Rojik 2004; Schw-
ertmann and Carlson 2005). Present knowledge on schwert-
mannite stability suggests that the nature of product forma-
tion, transformation rates, contaminant mobilization, and
Fe-S electron transfer processes are significantly influenced
by bacterial metabolism, temperature, organic matter (OM),
Fe(1l),q availability, purity, etc. Goethite is the most stable
end product via an acid liberating pathway (Eq. 5) which is
an extremely slow process in oxic and acidic environments,
requiring years to decades to form (Acero et al. 2006;
Bigham et al. 1996a, b; Jonsson et al. 2005; Regenspurg
et al. 2004), while alkalinity slightly accelerates the overall
kinetics that still needs months to years (Knorr and Blodau
2007; Paikaray and Peiffer 2012b; Regenspurg et al. 2004;
Schwertmann and Carlson 2005). Exceptionally high sur-
face area (SSA up to 320 m? g~!; Bigham et al. 1990) and
the exchangeable SO,2~ fraction of schwertmannite often
causes it to be enriched in As (Burton et al. 2009; Carl-
son et al. 2002; Fukushi et al. 2003, 2004; Paikaray et al.
2011, 2012), Cr (Regenspurg and Peiffer 2005), Cu, Pb, Zn
(Antelo et al. 2013; Sidenko and Sherriff 2005; Swedlund
and Webster 2001; Webster et al. 1998), and Se (Waychunas
et al. 1995), which significantly enhances its stability.

FegOg(OH)s_,, (SO,), + 2xH,0 — 8FeOOH + 2xH* + xSO;~
&)
Mine-pit lake sediments, OM-rich constructed wetland
soils (Blodau 2006; Blodau and Gatzek 2006; Blodau and
Peiffer 2003; Peine et al. 2000), and re-flooding of ASS wet-
lands (Burton et al. 2008a, 2011; Johnston et al. 2005, 2009,
2011) are subjected to O,-deficient reducing conditions that
promotes both microbial growth and Fe** enrichment. Both
conditions trigger reductive dissolution of schwertmannite
(Kiisel and Dorsch 2000; Regenspurg et al. 2002) releasing
Fe2+, SO42_, and solid bound contaminants (e.g. As) and
consuming acidity (Eqs. 6 and 7). Complete dissolution and
evolution of goethite and/or lepidocrocite occurs within a
few hours at pH>6.5 and cFe(II)an 1 mM (Burton et al.
2008b; Paikaray et al. 2017). However, the presence of exter-
nal ions or contaminants (e.g. As, Si, SO42_, OM), both in
solution and as a solid phase, stabilize it by limiting its dis-
solution (Burton et al. 2008a; Collins et al. 2010; Jones et al.
2009; Paikaray et al. 2017). Schwertmannite exposed to heat
(e.g. forest fires) behave differently than its aquatic response,
producing hematite along with schwertmannite (Henderson
and Sullivan 2010; Henderson et al. 2007, 2008).

FegOg(OH);_,,(SO,), + (24 — 2x)H*

6
& 8Fe™ + (16 — 2x)H,0 + +xSO;~ ©

CH,COOH + FeyOg(OH)4(SO), + 12H*

— 2HCO; + 8Fe** + SO;™ + 10H,0 @

where CH;COOH represents various organic electron
donors, such as yeast, lactate, glucose, and humic acids.

Understanding the stability of schwertmannite in differ-
ent environmental setups is still important because of global
AMD sites, where schwertmannite precipitation and disso-
lution affects the local environment. Hence, the objective
of this review is to critically integrate the current state of
knowledge on schwertmannite stability behavior in differ-
ent environments so that a clear outlook can be drawn on its
present status and future prospects.

Stability of Schwertmannite Under Different
Environmental Conditions

Acidic Environments

The presence of jarosite-directing cations (M™), like K*,
and NH,*, Na*, promote schwertmannite transformation
to jarosite (Eq. 8) at acidic conditions (pH <2.5) with or
without goethite (Barham 1997; Kumpulainen et al. 2008;
Séanchez-Espafia 2017). Jarosite can also form under pro-
longed pH, uncontrolled aging of schwertmannite, where
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pH usually drops to the jarosite domain, since schwertman-
nite transformation is an acid generating process (cf. Eq. 5),
e.g. pH drop from 3.09 to 1.74 in 353 days (Acero et al.
2006). In the absence of M*, goethite forms instead, while
schwertmannite remains as the only initial phase at pH = 3.5
(Schroth and Parnell 2005). Besides mineralogical changes,
both Fe** and SO,*" are significantly released (Acero et al.
2006). Two-stage transformation kinetics govern partial con-
version of schwertmannite to jarosite and goethite with time
(Table 1; Fig. 1).

FegOg3(OH),SO, - 10H,0 + M* + SO~ + 16H*

3+ ®)

Extreme Temperature Environments

Certain localities occasionally encounter high tempera-
ture conditions due to forest fires, e.g. the ASS lowlands
of Australia (Blake et al. 2012; Bradstock et al. 2006;
Henderson et al. 2007, 2008). Schwertmannite usually
becomes structurally unstable during such incidents (Hen-
derson and Sullivan 2010) and transform to crystalline
iron oxides, such as hematite (a-Fe,0;) and maghemite
(y-Fe,03), e.g. hematite abundance due to fresh bushfires
on the top 5 cm of wetlands in NSW, Australia (Henderson
et al. 2007, 2008). In comparison, schwertmannite trans-
forms to traces of goethite insignificantly after several
years of normal atmospheric conditions (e.g. > 1362 days
at = 25 °C) and is better stabilized at 4 °C, with no signs

Table 1 Nature of end products form during schwertmannite transformation in highly acidic conditions

Source material pH Temp. (°C) Aging time End product Source
SHM +A. ferrooxidans ~2.0 36 40 days SHM +Jr Wang et al. (2006)
SHM +A. ferrooxidans 45 21 days Jr
SHM +A. ferroox- 36 21 days Jr
idans+100 mM NH,*
SHM ~3.1—>1.7 RT 148 days Jr+Gt Acero et al. (2006)
SHM + 10 mM Fe(Il),, ~ 3.5 65 1h SHM +Jr+Gt Houngaloune et al. (2015a)
SHM +50 mM Fe(II),, Gt

Note the rapidity of Gt/Jr formation by increasing the aging temperature beyond RT and in the presence of Fe(Il),,. pH dropped from ~ 3.1 to

1.7 in Acero et al. (2006) study
SHM schwertmannite, Jr jarosite

Fig.1 Schematic diagram
showing extend of schwertman-
nite stability and nature of end
products form in acidic environ-
ments under the influence of
microorganisms, temperature,
contaminants and Fe(H)aq. Note
the enhanced stability by con-
taminants and faster transforma-
tion by Fe(Il), , temperature and
bacteria

aq’
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of transformation until = 5 years (Jonsson et al. 2005). A
pH drop from 3.0 to 1.9 likely triggered goethite formation
in the earlier case, unlike the latter (pH =~ 3.05 to =~ 2.93).

Oxygenated Environments

Schwertmannite stability in oxygenated environments differs
widely depending on nature (natural vs. synthetic) and purity
(pure vs. trace metal enriched), exposure duration (days vs.
decades), availability of foreign components (dissolved
organic carbon, trace elements, etc.), pH, solid:liquid ratio,
and the nature of the aqueous media (mine water vs. milli-Q
water). Research data from mine drainage affected locali-
ties indicates schwertmannite predominance at pH 3.0-4.5,
with goethite, ferrihydrite, and lepidocrocite at pH> 5.5, and
goethite along with jarosite in acidic (pH <2.5) conditions
(Acero et al. 2005, 2006; Fukushi et al. 2003; Gagliano et al.
2004; Jonsson et al. 2005, 2006). Complete transformation
of schwertmannite in O,-rich environments usually takes
months (e.g. Schwertmann and Carlson 2005; Vithana et al.
2015) to years (e.g., Kumpulainen et al. 2008) or decades,
depending on the above conditions, while goethite remains
the most stable end product (Bigham et al. 1996a, b; Pai-
karay and Peiffer 2012b; Regenspurg et al. 2004). Goethite
formation is further delayed by adsorbed As and OM (Kum-
pulainen et al. 2008).

Anoxic Environments

Voluminous flux of OM and flooding of constructed wet-
lands can create anoxic conditions around mine-pit lakes
(Blodau 2004; Peine et al. 2000) and ASS wetlands (Burton
et al. 2006; Sullivan and Bush 2004). Dissolved O, is easily
exhausted in AMD because of excessive Fe** (> 10°~10° mg
L"), which consumes the available O,, and because O, dif-
fusion is marginally slower in acidic environments compared
to alkaline (2 vs. 440 cm h™") (Dempsey et al. 2001; Huang
and Zhou 2012; Hustwit et al. 1992).

Anoxic, reducing environments are often rich in Fe(Il),,
due to microbial activities that favor dissimilatory Fe(III)-
reduction to Fe(Il),, and generation of HCO;™ (cf. Eq. 7),
which increases the pH (Burton et al. 2008b; Collins et al.
2010). Both of the parameters affected by this process, i.e.
pH and Fe(Il),,, are capable of destabilizing schwertman-
nite in anoxic environments and are interrelated compared
to normal anoxic conditions. That means alkaline pH has
negligible effects on schwertmannite stability (a time scale
of days) unless the media is enriched in Fe(II)aq, and vice
versa, i.e. schwertmannite remains unchanged in the pres-
ence of elevated Fe(Il),q in acidic pH conditions. Studies
show no mineralogical changes until 8 days in the presence
of 5 mM Fe(ll),, at pH <4.5 (Burton et al. 2008b), until
126 days at pH 6.5 in the absence of Fe(Il),, (Burton and

Johnston 2012), and until ~ 82 days at pH 5 and 7 with
1 mM and <1 mM Fe(Il),,, respectively (Paikaray et al.
2017).

aq’

Controls on Schwertmannite Stability

The environmental regimes discussed above that favor schw-
ertmannite formation can be subjected to different geochem-
ical, microbial, and thermal variability that affect the stabil-
ity of schwertmannite and which end products form. Further,
the micromorphology, degree of crystallinity, SSA, propor-
tion of mineral assemblages, etc. differ greatly, depending on
the influence of various parameters (discussed below) even
when the overall mineralogy of schwertmannite transforma-
tion remains the same.

pH

The most important controlling parameter of schwertman-
nite stability is pH. Because schwertmannite transforma-
tion is an acid-generating chemical process (Eq. 5; Acero
et al. 2006; Bigham et al. 1996a), its transformation to a
stable end product is expected to be the rate at which the
protons (H") are neutralized, i.e. the supply of hydroxyl
(OH") ions or pH of the medium. The rate at which base
consumption increases determines the transformation rate
with the theoretical requirement of two moles of OH™ per
mole of schwertmannite (Eq. 5) or with two OH™ ions
replacing one SO,*~ ion (Jonsson et al. 2005). Consump-
tion of OH™ and/or release kinetics of SO,>~ are often used
to estimate transformation rates (Antelo et al. 2013; Jons-
son et al. 2005; Regenspurg et al. 2004) and both are well
correlated (Fig. 2). Significant SO~ release always occurs
even though schwertmannite remains untransformed, which
is usually reflected by v,(SO,) infrared (IR) intensity (=
610 cm™") diminution and v4(SO,) (1050 and 1130 cm™)
splitting (Paikaray and Peiffer 2012b).

In acidic conditions, the rate of jarosite formation is
directly proportional to the concentrations of jarosite-
directing cations. Wang et al. (2006) noted that no jarosite
formed until 19 and 7 days in the presence of 5.4 and
11.4 mM NH,*, respectively at pH = 2 and 36 °C, while
it was formed quickly by A. ferrooxidans in the presence
of 165.4 mM NH,*. Such transformations get accelerated
further by increasing aging time, temperature, and NH,*
concentration, whereas goethite forms in the absence of
M (Vithana et al. 2015); microbes like Desulfosporosinus
sp. accelerate this process (Bertel et al. 2012).

End products like goethite and lepidocrocite form a lit-
tle quicker, in a few days, when the aqueous pH is com-
paratively alkaline (Schwertmann and Carlson 2005) and/
or acidic (Li et al. 2018), whereas schwertmannite can
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Fig.2 Relationship between SO,>~ release and OH~ consumption
during the course of schwertmannite transformation under oxic con-
dition (original source, with permission: Paikaray and Peiffer 2010)

Fig.3 A schematic diagram to illustrate the effect of pH and Fe(Il),,
on stability of schwertmannite under anoxic conditions. Note the
early formation of goethite in presence of>1 mM Fe(ID),, and/or
FeRB and stabilization of schwertmannite by pre-adsorbed As, Si,
NOM etc.

remain unchanged for several months at pH ~ 5 (Jonsson
et al. 2006; Knorr and Blodau 2007). Under anoxic envi-
ronments, the catalytic effect of Fe(II)aq accelerates the
pH effect, producing a stable end product in a few hours
(Burton et al. 2008b; Paikaray et al. 2017) through quick
loss of SO,>~ and weakening of Fe—S bonding (Fig. 3),
while minimal transformation occurs at circumneutral pH
conditions. Although schwertmannite dissolution affects
SSA, it is usually not considered to be rate determining
(Acero et al. 2006; Jonsson et al. 2005).

Ferrous Iron [Fe(ll), ]
Schwertmannite transformation is more efficient at elevated
Fe(Il),, and alkaline pH. Rapid transformation occurs by

increasing Fe(Il),q, e.g. goethite formation in 3 h at 10 mM

@ Springer

Fe(Il),q, but unchanged mineralogy until 8 days in the
absence of Fe(II)aq at pH 6.5 (Burton et al. 2008b), aligning
with findings by Paikaray and Peiffer (2015) and Paikaray
et al. (2017). Such transformation gets amplified further
when aging temperature remains above room temperature
(RT) (Houngaloune et al. 2015a).

Solid and Aqueous Phase lons
Trace Metals

Poor crystallinity and the high SSA of schwertmannite often
results in trace metal enrichment (e.g. As, Zn, Mo, Cu) from
mine wastes (Carlson et al. 2002; Courtin-Nomade et al.
2005; Fukushi et al. 2003; Jonsson et al. 2005; Randall et al.
1999; Swedlund and Webster 2001; Waychunas et al. 1995;
Walter et al. 2003; Webster et al. 1998) making it a promis-
ing sorbent for wastewater treatment (Burton et al. 2010;
Paikaray et al. 2011, 2012, 2014; Regenspurg and Peiffer
2005). The structural occupancy of trace metals and ligand
exchange with surface-bound SO,*~ both enhance schwert-
mannite stability (Burton et al. 2010; Fukushi et al. 2003;
Jonsson et al. 2005; Paikaray et al. 2011, 2012). Sorbed and
dissolved ions e.g. As(III), As(V), Cu, Ni, and Zn enhance
schwertmannite stability remarkably (Antelo et al. 2013;
Baleeiro et al. 2018; Cruz-Hermandez et al. 2017; Li et al.
2018; Liao et al. 2011; Paikaray and Peiffer 2012b). Trace
elements with a strong affinity always stabilize relatively
better than those with poor affinity under similar conditions.
Li et al. (2018) suggests that As(V) and Mo(VI) (4.6 and 6.8
wt%, respectively) stabilize schwertmannite a little better
than 0.5 wt% Cr(VI), which is consistent with Khamphila
et al. (2017), who found goethite after 7, 14, and 30 days
from pure, 0.72 mmol g~ Se(VI) and 0.31 mmol g~!
Cr(VI)-loaded schwertmannite, but unchanged mineralogy
after 30 days for 1.02 and 0.93 mmol g~!' As(V) and PO43‘,
respectively.

Catalytic transformation by Fe(Il),, is also hindered by
the presence of trace elements (Burton et al. 2010; Hounga-
loune et al. 2015b; Paikaray and Peiffer 2015). In the case
of redox pairs, such as As(V), which is sorbed better than
As(IIT) at pH 6-7, goethite yield was limited to 6% with
As(V) compared to 72% with As(III) (Burton et al. 2010).
Similar enhanced stability in microbially mediated pro-
cesses by Geobacter sulfurreducens (Cutting et al. 2012)
and abiotic conditions (Zhang et al. 2016) is also noticed
in producing a mixture of magnetite and goethite. Magnet-
ite formation is indicative of substantial Fe(II) generation
through dissimilatory reduction of schwertmannite-Fe(III),
though possibly inefficiently, yielding magnetite that might
have passivated Fe(II)-Fe(III) electron flow by forming a
partial surface coating.
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Sulfate and Phosphate

Excess SO,*~ content in schwertmannite usually enhances
its stability due to longer SO,>~ desorption kinetics (Jonsson
et al. 2005), even with comparable conditions. For example,
schwertmannite predominates after 120 days at pH 8 (Pai-
karay and Peiffer 2012b), while only goethite was observed
after 100 days at pH 7.2 (Schwertmann and Carlson 2005)
as end products of schwertmannites with 14.7 and 11.4 wt%
S0,>~, respectively. Similar behavior was also noticed for
schwertmannite synthesized by biogenic processes (Liao
et al. 2011) vs. inorganic vs. natural precipitates (Bigham
et al. 1994; Jonsson et al. 2005), which was thought to be
due to differences in schwertmannite-SO, content. Dissolved
S0,*", typically present in AMD, also stabilizes schwert-
mannite against prompt dissolution (Burton et al. 2013).

High POj-richness often develops PO, and OC-rich
schwertmannite surfaces in nature that supports growth of
planktonic microbes (e.g. leptospirilium) unlike crystalline
and nutrient-free counterparts (Sanchez-Espafia et al. 2012)
facilitating development of Fe-reducing bacteria (RB; Roden
and Zachara 1996). Excess PO,*~ loading normally stabi-
lizes schwertmannite for relatively long periods, e.g. up to
41 days for > 400 umol g~! PO, vs. 5 days for no PO, (Sch-
oepfer et al. 2017). However, significant schwertmannite-
Fe(I1I) reduction took place at low PO, loading, yielding
greigite along with goethite.

Dissolved Silica

Concentrations of Si around AMD and ASS localities are
relatively high because of the abundance of aluminosilicates
and proton-driven dissolution of clay minerals (Collins et al.
2010; Povrovski et al. 2003; Preda and Cox 2004). Its affin-
ity towards schwertmannite is negligible in an acidic pH,
preventing its co-precipitation with schwertmannite (Burton
and Johnston 2012; Jones et al. 2009), but in alkaline and cir-
cumneutral pH conditions, Si can form a single surface layer
Langmuir absorption isotherm on schwertmannite (Burton
and Johnston 2012). X-ray absorption spectroscopic study
demonstrates that adsorption of Si reduces iron double-
corner linkage during Fe(III) hydrolysis, thereby decreas-
ing Fe polymerization (Doelsch et al. 2000) and enhancing
its stability.

Microbial transformation is hardly affected by the pres-
ence of Si (Burton and Johnston 2012), especially when
Fe(I)-schwertmannite interaction occurs prior to formation
of surface-passivating Si species. Both the Fe(III) and SO, in
the schwertmannite are microbially reduced, facilitating for-
mation of siderite (FeCO;) and mackinawite (FeS). Predomi-
nance of schwertmannite was documented after 100 years
of artificial drainage of acidified coastal lowland from NE
New South Wales, Australia, where Si concentrations were

relatively high (< 1.8 mM) compared to Fe(II)aq (~ 1 mM)
and not favorable for biological reduction process (Col-
lins et al. 2010). Such contradictory stability behavior of
schwertmannite is attributed to the time of interaction, i.e.
simultaneous presence of schwertmannite, Fe(II)aq, and Si
(e.g. Burton and Johnston 2012) vs. schwertmannite + Si,
with later stage Fe(ID),q (Collins et al. 2010; Jones et al.
2009). Blockage of surface sites by pre-adsorbed Si possi-
bly enhanced schwertmannite stability in the latter scenario
together with the concentration of Fe(II)aq itself (5 mM, Bur-
ton and Johnston (2012) vs. 1 mM, Jones et al. (2009)). The
ratio of Si: schwertmannite also partially regulates surface
occupancy of Si for subsequent accessibility of Fe(Il), for
catalytic action, e.g. ~ 100% (Jones et al. 2009) vs. 70%
(Burton and Johnston 2012) Si occupancy.

Organic Matter, Depth, and Season

Natural organic matter (NOM) usually enhances schw-
ertmannite stability in oxic conditions (Knorr and Blo-
dau 2007) and also limits Fe(Il),q catalytic action (Morel
and Hering 1993; Waychunas et al. 2001) by lowering
SO42_ release, possibly due to blockage of surface sites.
With increased depth below the surface of mine drainage
flow, schwertmannite becomes unstable and goethite domi-
nates, e.g.>?2 cm (Jiang and Chen 2005) or > 20 cm (Acero
et al. 2006) or > 30 cm (Peretyazhko et al. 2009), resulting
in an increased goethite: schwertmannite proportion with
depth (Gagliano et al. 2004). H;O*-jarosite formation has
been documented at increased depth in a mine pit lake water
column, SW Spain (Sanchez-Espaiia et al. 2012). Minor
schwertmannite was found up to 100 m (pH 2.2-3.0), after
which it was converted to jarosite, releasing considerable
amounts of SO,*".

Seasonal mineralogical variations also occur. At one
site, goethite was originally dominant during February,
then schwertmannite for up to 2 months, and then goethite
beyond that in May (Peretyazhko et al. 2009). The domi-
nance of schwertmannite in spring after snowmelt and goe-
thite in warmer summer seasons (Kumpulainen et al. 2007)
may indicate that drying favors precipitate cementation,
while limited S and H* diffusion prevents schwertmannite
to goethite conversion. Schwertmannite was dominant with
traces of goethite for two years (May 2002-July 2004) near
the Lomnice mine, Czech Republic, which was attributed
to the lack of alkaline stream water due to the hot, dry sum-
mer of 2003, maintaining the pH at ~ 3.0 to 3.3 (Murad and
Rojik 2003).

Temperature

High temperature expedites transformation of schwertman-
nite under acidic (e.g. Wang et al. 2006), alkaline (Davidson
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et al. 2008), and Fe(H)aq—enriched microbial conditions
(Houngaloune et al. 2015a). Studies show goethite forma-
tionin 1 hat>10 mM Fe(Il),, and 65 °C, which remained as
the sole end product at>50 mM Fe(Il),, (Houngaloune et al.
2015a), and jarosite formation in 40 days at 36 °C and pH =
2, that was reduced to 21 days at 45 °C in the presence of A.
ferrooxidans sp. (Wang et al. 2006). The temperature effect
is most pronounced in highly alkaline media. For example,
goethite formed in 200 min at 60 °C and pH ~ 13.2, which
was reduced to just 30 min at 80 °C, and was quickly trans-
formed to hematite with minor goethite at >90 °C (Davidson
et al. 2008). Three transformation stages can be inferred: (1)
an induction period with no detectable transformed prod-
ucts, (2) a primary crystallization period of two-line (2L)
ferrihydrite, goethite, and/or hematite formation, and (3) a
secondary crystallization stage of 2L ferrihydrite/goethite
transformation to hematite.

In addition to the effect of temperature on schwertman-
nite destabilization in the aqueous phase, research data sug-
gests that dry heating beyond 600 °C is capable of producing
hematite along with SO; gas (Hederson and Sullivan 2010;
Yu et al. 2002). Stable schwertmannite up to ~ 200 °C and
its partial transformation at ~ 400 °C followed by complete
transformation to hematite at > 600 °C (Hederson and Sul-
livan 2010; Johnston et al. 2016); hematite gains crystallin-
ity with temperature. The OM in OM-rich schwertmannite
acts as a combustion accelerant for its pyrolytic oxidation,
consequently causing weight loss and a decrease in total OM
content (Hederson and Sullivan 2010; Qiao et al. 2017). An
extended period of thermal exposure of schwertmannite to
200-600 °C yields goethite and hematite; hematite predomi-
nates over goethite beyond 400 °C (Johnston et al. 2012).
Increasing the temperature to 800 °C yields hematite much
faster, e.g. in 24 h vs. 90 days at 400 °C.

2L ferrihydrite forms as an intermediate product in a few
cases up to 300 °C (Qiao et al. 2017; Reichelt and Bertau
2015) but eventually transforms to hematite with better
crystallinity at > 500 °C, while schwertmannite predomi-
nates until & 200-250 °C (Table S-1). Siderite (FeCO;) and
mackinawite (FeS) form together with hematite at 400 and
600 °C, becoming relatively more abundant at 600 °C, but
absent at 800 °C (Johnston et al. 2012). A similar Fe(II)
mineral phase, maghemite (a Fe(II)-Fe(III) oxide with a
cubic spinal structure resembling magnetite), has also been
detected after schwertmannite exposure to > 300-400 °C
(Johnston et al. 2018). Fe(Il) generation takes place through
microbial reduction of schwertmannite-Fe(IIl) using soil
OM as an electron source with initial loss of OH followed
by SO, (Mazzetti and Thistlethwaite 2002). Intermediate
phases appear between 400 and 600 °C, but disappear with
time; hematite remains as the sole end product at > 800 °C
(Fig. 4).
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Control of Microorganisms

Both iron- and sulfur-oxidizing and -reducing bacteria are
widespread in mine drainage environments and regulate their
geochemistry significantly, generating acidity by promoting
oxidative dissolution of Fe-sulfides (Eq. 1) or generating
alkalinity by reductive dissolution of ferric (oxy)hydrox-
ides (Eq. 9) (Nordstrom 1982; Pallov4 et al. 2010; Singer
and Stumm 1970). Since both Fe(III) and SO42_ are readily
available, schwertmannite is promptly used by both FeRB
and SRB as an electron acceptor, triggering its spontaneous,
reductive dissolution. Differential Fe(III) reduction capabili-
ties are noted for few species, e.g. G. metallireducens and
Geobacter sp. Inefficiently reduce schwertmannite-Fe(IIl),
in contrast to reduction of jarosite-Fe(IIl) at pH 7, releas-
ing high concentrations of Fe**, SO,2~, and K* (Jones et al.
2006).

Peine et al. (2000) found that the schwertmannite that
was dominant at the surface layer of an acidic lake in eastern
Germany abruptly transformed to goethite within 5 cm of the
sediment—water interface (Fig. 5). This transformation was
associated with a pH increase from ~ 3 to = 6, together with
increased Fe?* and SO42_ down depth, which is attributed to
bacterial reduction of schwertmannite-Fe(III). The re-oxida-
tion of Fe(II) to Fe(III) triggered formation of goethite, but
S0,2~ reduction is not feasible at a pH < 5.5 (Fortin et al.
1996; Blodau 2006), though partial SO,>~ reduction might
have occurred as alkalinity increased with depth. Besides
goethite’s abundance at lower depths, FeCOj;, FeS, and FeS,
also constitute minor phases (Burton et al. 2006, 2013),

‘ Hematite ‘

ﬁ>600 °’Cc

‘ Hematite+Magnetite+SO,+(Gt) ‘

{}>600 °Cc

‘ Schwertmannite+Goethite+Hm+Mt ‘

+(Sid)+(Mgh)+(Mack)+(Fh)

ﬁ>400 °’Cc

’ Schwertmannite+Goethite‘

ﬁ>200 °’C

‘ Schwertmannite ‘

Fig.4 The sequence of secondary phases produced from schwert-
mannite with respect to exposed temperature. The mineral phases are
listed in decreasing abundance at any particular thermal treatment as
given in each stage, while those within brackets are minor intermedi-
ate phases those may form or may not depending on the condition.
SO; is a sulfur gas phase. Hm hematite, Gt goethite, Fh 2L ferrihy-
drite, Mgh maghemite, Mt magnetite, Sch schwertmannite, Sid sider-
ite, Mack mackinawite
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HCO;
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Fig.5 Schematic diagram showing schwertmannite transformation
to goethite at & 5—10 cm below the mine drainage surface flow (e.g.,
Peine et al. 2000) where generation of Fe?*/Fe’™ and H,S/HS™ by
FeRB and SRB can yield FeCO; and FeS (a). Blockage of schwert-
mannite surfaces by sorbed As and PO, for bacterial decomposition

possibly due to dissimilatory reduction of schwertmannite-
Fe(III) by FeRBs at pH = 3.5, which slowly increases the
pH to = 6.5 (Eq. 9), favoring dissimilatory SO42_ reduction
(Eq. 10). In addition to H,S generation, partial SO,*~ reduc-
tion can also produce elemental S, constituting up to 18% of
the total S (Burton et al. 2013) (Eq. 11). On the other hand,
Bertel et al. (2012) reported that acid-tolerant SO -reducing
Desulfosporosinus sp. Were producing both FeS and Fe,;S,
at pH 4.2 for 24 days where formation of Fe;S, was more
favorable at high Fe(IT):Fe(III) ratios.

— 24Fe** +3S0;™ + 6CO, + 420H" 2

6H" +3S0;™ + Cj,H,;,04 > 2H,S + 6CO, + 6H,0 (10)

3Feg04(OH)¢SO, + 4H,S + 14H" — 8Fe’* +4S° + SO2™ + 14H,0
1D

Sulfur speciation along with pH variations are well
reflected by XPS measurements with strong SO, (=
2481 eV) and weak elemental S (= 2470.6 eV) peaks in
acidic media and sulfur K-edge XANES SO42_ spectra
(2481 eV) along with FeS (2470 eV) (Burton et al. 2013).
This reduction process is amplified when additional organic
sources are available, yielding more FeCO; and FeS in
expense of goethite. The pH-controlled Fe(III) (Eq. 9) and
S0,*" (Eq. 10) reduction possibly governed such phase

Magnetite

s

Goethite
+Magnetite

= i
Bacteria

(€)

may yield goethite and magnetite contrary to magnetite yield in case
of pure schwertmannite (b). Nature of end products form upon bacte-
rial incubation in presence of SO42‘ (¢). Size of the individual min-
eral represents their approximate dominance (Gt goethite, Shm schw-
ertmannite, FeCO; ferric carbonate, FeS mackinawite)

transformations, where the formed H,S caused rapid pre-
cipitation of FeS (Eq. 12) and accumulation of Fe(II), and
HCO;™ produced FeCOj; (Eq. 13). The generated Fe(II)aq
also facilitates catalytic transformation of schwertmannite.
Appearance of FeS, from unstable FeS is documented along
anaerobic coastal lowlands (Burton et al. 2007). Reduc-
tion of As(V) in As-enriched schwertmannite yields orpi-
ment (As""L,S,, Eq. 14), especially in media low in aqueous
SO,>~ (Burton et al. 2013).

Fe’* + H,S < FeS +2H", logK =3.5 (12)

Fe** + HCO; — FeCO, + H* (13)

H;AsO; + %HZS - %ASZS3 +3H,0, logkK,, =119
(14)
Microbial transformation rates and nature of end prod-
ucts vary remarkably, depending on the nature of the ini-
tial schwertmannite and its synthesis method. Schwert-
mannite produced via temperature treatments up to 70 °C
(SSA=204.6 m? g7!) transformed completely to goethite
in 144 h incubation with acetate, while that produced via
dialysis (SSA =159.4 m? g~!) transformed to magnetite (~
84%) and goethite (~ 16%). AMD &&&sediments behave
almost identically as synthetic schwertmannite under micro-
bial domains with goethite and greigite (minor) in the pres-
ence of LNP nutrients (L =sodium lactate, N =ammonium
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chloride, P =potassium dihydrogen phosphate), whereas
its absence resulted in schwertmannite dominance after
100 days of incubation (Bao et al. 2018).

Nature of End Products

Schwertmannite is the predominant mineral phase in acidic
mine effluents (pH 2.8—4.5) with colours of orange, brown-
ish-yellow, and reddish-brown (Bigham et al. 1990, 1994,
1996a; Childs et al. 1998; Murad and Rojik 2003, 2004;
Murad et al. 1994). Oxic and acidic environmental condi-
tions normally witness unaffected schwertmannite for several
days to years (Bigham et al. 1996a; Regenspurg et al. 2004;
Schonberger 2016), as do Si- and NOM-enriched conditions
in anoxic, sulfatic wetlands (Collins et al. 2010). Likewise,
pre-sorbed As and the absence of any catalysts like Fe(ID),,
yields no new products for at least a few days (Burton et al.
2008b; Johnston et al. 2016; Paikaray et al. 2017). Heating
up to 200 °C also caused no mineralogical changes for sev-
eral months (Johnston et al. 2016). Traces of goethite are
often found to occur together with schwertmannite, possibly
as a separate precipitate, being a mineral of wider stability
within pH 2.5-8.5 (Bigham et al. 1990; 1996a; Murad and
Rojik 2003; Yu et al. 1999). Brady et al. (1986) demonstrated
that their simultaneous precipitation is possible, especially
in low SO,>~ mine streams with SO,/Fe < 1.5. However, in
a few circumstances, goethite may be a transformed product
of previously precipitated schwertmannite along the stream
bed (e.g. Acero et al. 2006; Schroth and Parnell 2005). The
end products formed by schwertmannite transformations with
different geochemical, microbial, and thermochemical setups
are compiled and summarized in Fig. 6.

Ferrihydrite occurrence has been documented along
the confluence of the acidic effluent (pH =~ 3.7) from the
Lomnice mine (Czech Republic) and alkaline (pH =~ 8.4)
streamwater, and further downstream (Murad and Rojik
2003). However, it was not clear whether ferrihydrite was
the transformed product of schwertmannite or a direct pre-
cipitate. Its occurrence has also been noted in numerous
mine drainage environments, especially at pH > 5, together
with traces of goethite (Bigham et al. 1992, 1996a; Schw-
ertmann et al. 1995; Winland et al. 1991). Precipitates of 44
AMD ochres from Australia, Finland, Germany, the U.K.,
and the U.S.A. suggests the abundance of schwertmannite
between pH 3 and 4, ferrihydrite at pH 5-8, and goethite at
pH 2.5-7.5 (Bigham et al. 1992).

Jarosite (MFe5(SO,),(OH))¢; M=Na*, K*, NH,*, H;0%)
at pH <2.5 is evident from field and laboratory studies (e.g.
Acero et al. 2006; Wang et al. 2006; Sanchez-Espaiia 2017).
Prolonged aging at RT conditions, e.g. > 237 days (Acero
et al. 2006) and exposure to > RT, e.g. 36 °C (40 days) and
45 °C (21 days) in the presence of jarosite directing cations
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was found to trigger such transformations (Wang et al.
2006).

Goethite is the most stable end product in oxic environ-
ments, requiring years to decades to form (Acero et al. 2006;
Bigham et al. 1996a), while lepidocrocite and goethite forms
in hours in Fe(Il), -enriched anoxic conditions (Burton and
Johnston 2012; Burton et al. 2008b; Paikaray et al. 2017).
Formation of acicular goethite is relatively fast in acidic (e.g.
pH 2-3, Antelo et al. 2013; Kumpulainen et al. 2008;) and
alkaline (e.g. pH 8, Kumpulainen et al. 2008) conditions,
compared to near-neutral conditions (e.g. pH 5.5-6.5). The
presence of trace metals, both in solid and dissolved phases
(e.g. Cu(Il): Antelo et al. 2013; As: Paikaray and Peiffer
2012b), enhance schwertmannite stability, but temperatures
beyond RT destabilize it (Houngaloune et al. 2015a).

Anoxic microbial domains witness the formation of
siderite and mackinawite due to schwertmannite-Fe(III)/
SO, reduction (Bertel et al. 2012; Burton and Johnston
2012). Mackinawite (~ 30%) and goethite (~ 65%) form
initially and siderite (= 65%) replaces goethite as the end
product due to Fe(IIl) reduction (Burton et al. 2013). Goe-
thite is often associated with magnetite in such scenarios,
and becomes the sole end product with prolonged aging
(Cutting et al. 2012; Zhang et al. 2016). Greigite (Fe;S,)
constitutes another secondary phase in SRB media; its for-
mation is better facilitated at higher temperature (65 °C vs.
22 °C), possibly due to faster reduction processes at higher
temperatures (Burton et al. 2013). Together with FeCO,
and FeS, As,S; may constitute a unique phase for As(V)-
rich schwertmannite (Burton et al. 2013) after dissimilatory
S0,~ reduction to H,S by SRB along with As(V) reduction
to As(IIl) (Eq. 14).

Mobilization of Trace Metals, Fe**, and SO,*~
Mobilization of Sorbed Contaminants

Being a promising sorbent for trace metal contaminants,
schwertmannite dissolution and reprecipitation as a new
iron oxide/sulfide phase normally facilitate partial release
of sorbed contaminants because of crystalline nature of
newly formed products with poor uptake affinity (Alarcén
et al. 2014; Houben 2003; Pedersen et al. 2006; Roméan-Ross
et al. 2008). Negligible As release is frequently measured,
e.g., 2 ug L™! As(III) in 90 days from 9.24 wt% As(III)-
schwertmannite at pH 6 and 8.5 (Liao et al. 2011); = 21 pg
L~' (= 0.02%) As(III) in 154 h at pH 8 and 1 mM Fe(Il),q
from 0.92 wt% As(III)-schwertmannite (Paikaray and Pei-
ffer 2015). Arsenic(V) bonding onto schwertmannite is rela-
tively stronger compared to other contaminants causing its
poor release (Li et al. 2018). Similar negligible release of
As (Acero et al. 2005) and Pb, Zn, Mn, As and Cu (Schroth
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Fig.6 A summarized chart
showing nature of products
form out of schwertmannite
upon its exposure to different
environmental conditions, e.g.
oxic vs. anoxic, wetlands vs.
AMD and influence of vari-
able parameters, e.g. Fe(1l),,,
microbes, temperature, pH and
contaminants. Note the differ-
ences in formed products in any
particular environmental condi-
tion by varying the parameters,
e.g. rapid formation of hematite
with increasing temperature,
goethite by increasing Fe(II)
Fes, Fe;0,, and FeCO;, by
FeRB and SRB

aq’

and Parnell 2005) was also seen from naturally precipitating
schwertmannites along AMD. Better fixation of Pb in jarosite
structure and formation of Pb-SO, complexes on goethite
surfaces causes Pb release negligible (Acero et al. 2006)
contrary to continuous As release (21 to 791 pg L™!) and
unchanged Ni, Co and Cd. Besides aging time and the nature
of contaminants, greater solid phase contamination normally
brings greater release, e.g. 9 vs. 33 ug L™! As from ~ 0.3 vs.
4.13 wt% As(V)-schwertmannite (Cutting et al. 2012).

The aqueous pH inversely influences As release, with the
highest release at pH 5 compared to pH 8 (Paikaray and Pei-
ffer 2012b) due to readsorption of released As onto newly
formed mineral phases at pH 8. The presence of competitive

ions, e.g. H;Si0,~ and SO42_ (Fig. 7a), usually enhances As
release because of the strong affinity of orthosilicate (H,SiO,
and H;Si0,;") and polymeric Si species (Burton and John-
ston 2012) and SO,>~ (Burton et al. 2013) for the same sorp-
tion sites as As (Luxton et al. 2006, 2008; Swedlund and
Webster 1999).

Mobilization of Schwertmannite Fe** and 0,2~
Mobilization of Fe**

Release of Fe’* is negligible or sometimes nil (Paikaray and
Peiffer 2015) due to its rapid precipitation as a stable ferric
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Fig.7 Mobilization of As from schwertmannite during its trans- »
formation to stable end products in the presence of 100 mM SO,
vs. no SO,*~ (Burton et al. 2013) as a competitive ion in an aging
medium. Release of Fe?* during anaerobic, microbially-mediated
transformation of schwertmannite (b) and Fe** (¢ and d) with schw-
ertmannite transformation at pH 3 (c) and 5 (d) under atmospheric
conditions (Li et al. 2018). The filled circles and filled triangles (a
and b) represent 100 and 0 mM aqueous SO,*", respectively, while
the vertical line indicates introduction of 140 g L™! glucose to the
incubation system at day 43. Note that As release in 100 mM SO,2~
reactors remained constant after ~ 60 days until the completion of
incubation in the 0 mM SO42_ reactors, which were also unaffected
by glucose input (a). Likewise, note the sharp initial Fe*/Fe’*
release and continuous decrease thereafter (b, ¢, and d), except for a
sharp Fe?* release for 0 mM SO,>~ after glucose input at 43 days and
decrease thereafter (b), which suggests reprecipitation of the released
iron. Also note the negligible Fe** release at pH 5 vs. pH 3 (¢ and d),
indicative of minimal dissolution at intermediate pH and the greater
Fe’* release from 100 mM Cu(ll) reactors (black diamond) compared
to 0 mM Cu(lIl) (white diamond), suggestive of Cu(II)-Fe(III) asso-
ciation, especially at pH 3 (Li et al. 2018)

precipitate. On the other hand, rapid dissolution can initially
contribute high Fe>* that decreases with time (Antelo et al.
2013). Favorable dissolution under acidic pH conditions
can produce up to 5 orders of magnitude greater (Fig. 7c
and 7d) (Regenspurg et al. 2004; Schonberger 2016; Li
et al. 2018) which is most pronounced when pH is uncon-
trolled (cf. Eq. 5). This can reach, for example, ~ 1050 to
~ 5550 mg L™" in 353 days with a drop of pH from =~ 3 to
~ 1.7 (Acero et al. 2005, 2006) or ~ 50 to ~ 200 ug L~
in 22 days (Schonberger 2016). The released Fe** did not
reprecipitate completely, possibly because the acidic pH and/
or Fe?* oxidation might have partly contributed to the over-
all Fe®* increase.

Pre-adsorbed solutes always cause relatively poor Fe**
release compared to pure forms and the least release occurs
in cases of highest uptake (Antelo et al. 2013; Khamphila
et al. 2017). On the other hand, contaminants in the aque-
ous phase, e.g. Cu(Il) cause more Fe** release because of
their partial substitution for Fe(II) in the schwertmannite
structure, provided the ionic radii are comparable (Antello
et al. 2013). Ferrous iron accumulates along microbial domi-
nated regimes that promptly respond to the availability of
OM (Burton et al. 2013; Cutting et al. 2012), but are slightly
lowered by SO42_ availability (Fig. 7b).

Mobilization of 50,2~

Sulfate release from schwertmannite is mostly pH depend-
ent, with the highest amount being released at an alka-
line pH, but is inhibited by pre-adsorbed sorbates such as
As(IIT)/As(V) (Cutting et al. 2012; Paikaray and Peiffer
2012b). Replacement of schwertmannite-SO, by As(III)
and As(V) is an important cause of excess SO42_ release
(Burton et al. 2010). Greater SO,*~ release always occur
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with As(V) exchange than As(III) because of its stronger
affinity. Although goethite, the transformed product of schw-
ertmannite, possesses substantial affinity for SO42_ under
acidic conditions (Bigham et al. 1996a; Brady et al. 1986),
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SO42_ release from schwertmannite can reach up to 100%;
especially in highly acidic and highly alkaline conditions
(Antelo et al. 2013), which remarkably modifies the overall
composition of schwertmannite (Burton et al. 2008b; Jons-
son et al. 2005).

The solid:water ratio (Jonsson et al. 2005), ionic strength
(Jonsson et al. 2005), and aging time (Acero et al. 2005,
2006) partly controls SO,>~ release. Similarly, in anaerobic
environments, SO,>" release gets amplified proportionately
with Fe(Il),, concentrations while adhering to its pH effect
(Burton et al. 2008b). Likewise, alkalinity and Fe(Il),, com-
binely accelerate SO42_ release, i.e. at a constant Fe(Il),,
more SO42_ gets released with increasing alkalinity and vice
versa (Burton et al. 2008b; Houngaloune et al. 2015b). Rapid
SO,>" release is often found in FeRB and SRB dominated
conditions due to reductive dissolution of schwertmannite
(Eq. 10), which subsequently decreases, forming Fe(Il) and
S(I) phases like mackinawite (Eq. 12) and siderite (Eq. 13).

Overall, three mobilization stages can be anticipated; (i)
an initially rapid release of both Fe** and SO,*~ when the
rate of dissolution is faster than the rate of reprecipitation,
followed by (ii) simultaneous dissolution and reprecipita-
tion, and finally, (iii) negligible release of both ions (Acero
et al. 2006; Antelo et al. 2013).

6. Mechanism of Schwertmannite TransformationGoe-
thite, lepidocrocite, hematite, magnetite, mackinawite,
siderite, and jarosite are common end products formed
by schwertmannite transformation with(out) formation of
intermediate ferrihydrite under suitable conditions. These
end products themselves transform from one form to the
other with time to reach the most stable form, e.g. early
formation of ferrihydrite that subsequently transforms to
goethite or goethite to hematite depending on the condi-
tions of exposure. Two mechanisms govern schwertman-
nite transformation to stable crystalline end products, i.e.
dissolution—-reprecipitation and solid state transformation
(Fig. 8). In the dissolution—reprecipitation mechanism, the
most common process under normal atmospheric condi-
tions, schwertmannite undergoes dissolution partially or
fully depending on the geochemical variables, and a new
mineral phase evolves out of the dissolved ions as a separate
mineral phase, e.g. schwertmannite transforming to goethite

Schwertmannite

Dissolution

> Re-precipitation

(Burton et al. 2008a, b; Davidson et al. 2008; Paikaray and
Peiffer 2012b; Paikaray et al. 2017). Suitability of goethite
formation has been well documented over a wide pH range
(i.e. pH 2-8, Bigham et al. 1996a) and at highly acidic and
alkaline pH (i.e. pH 2 vs. pH 8 (Kumpulainen et al. 2008).
The intermediate formation of ferrihydrite is proposed as
aggregation of ferrihydrite followed by crystallization of
hematite within the aggregates, where short range dissolu-
tion and reprecipitation is most likely (Davidson et al. 2008).
Reduction of schwertmannite-Fe(III) by FeRB gener-
ates Fe?* and OH™ (Eq. 9), threatening schwertmannite
stability; the produced H,S (Eq. 10) also reacts with
schwertmannite-Fe(IIT) (Eq. 11), generating additional
Fe(Il) (Peiffer and Gade 2007). Catalytic transformation
of schwertmannite causes rapid dissolution and repre-
cipitation of thermodynamically stable iron oxides like
a-FeOOH and/or y-FeOOH with very little SO,*~. This
Fe(Il),, effect normally functions in two mechanistic steps:
(1) adsorption of Fe(Il),, onto schwertmannite surfaces
forming surface complexes between Fe(Il) and schwert-
mannite followed by; ((2) electron transfer between Fe(II)
and structural Fe(IIl) (Hansel et al. 2005; Williams and
Scherer 2004), which ultimately leads to the breakdown
of the schwertmannite structure, releasing solid phase
Fe(III), structural Fe(II), and SO42_. The released Fe(I1I)
immediately hydrolyzes and reprecipitates as a new phase,
while the released Fe(II) re-adsorbs onto schwertmannite
surfaces, continuing the dissolution process. Considering
point of zero charge (pHp,) of 7.2 (Jonsson et al. 2005)
or 6.6 (Regenspurg et al. 2004), greater Fe(Il),, absorption
is expected under alkaline conditions (Houngaloune et al.
2015b), forming surface complexes on the schwertmannite
surface, while no such complex forms at pH <5 because of
negligible Fe(Il) adsorption (Burton et al. 2008a). How-
ever, the pHp, of iron oxides/hydroxides decrease with
increases in temperature (Houngaloune et al. 2015b).
The formation of Fe-sulfide minerals like FeS and Fe,S,
occur in anaerobic environments through dissimilatory
reduction of Fe(III) and SO,, generating substantial Fe(II)
and H,S into the aqueous media (Burton et al. 2011, 2013;
Cutting et al. 2012) where schwertmannite-SO,/Fe(III)
and released aqueous SO,>~/Fe>* act as terminal electron

-
Goethite

HZQ‘""S 302‘4,, y
Solid state transformation

Fe(ll),,, pH >8, bacteria

Hyddrolysis of Fe**

lon diffusion-nucleation

Fig.8 Schematic representation of schwertmannite transformation mechanisms, i.e. dissolution—reprecipitation and solid state diffusion (refer to

the text for detailed discussion)
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acceptors for the SRB and FeRB metabolism. Their abun-
dance in O,-restricted AMD localities (Coupland and
Johnson 2008; Pallova et al. 2010) causes simultaneous
reduction of both SO,>~ and Fe(III), although they com-
pete with each other for available electron donors (Burton
et al. 2008a; Lovely and Phillips 1987). Ideally, Fe(III)
reduction during the course of rapid schwertmannite dis-
solution predominates over SO,*~ reduction at pH<5.5,
while SO,*"reduction is thermodynamically more favora-
ble at higher pH conditions (Blodau 2006; Burton et al.
2008b, 2013; Kiisel et al. 1999; Regenspurg et al. 2002).
However, the schwertmannite to goethite transformation
often restricts Fe(III) availability for microbial action
(Burton et al. 2007; Peine et al. 2000), switching the
regime from Fe(III) to SO,*~ reduction, making it suit-
able for Fe-sulfide formation (Blodau 2006; Blodau and
Peiffer 2003; Burton et al. 2007, 2008a). Bacterial species
of Geobacter, Acidiphilium, and Desulfosporosinus use
schwertmannite-Fe(Ill) and Desulfosporosinus, Desulfovi-
brio, and Desulfurispora commonly use schwertmannite-
SO, as electron acceptors (Bao et al. 2018). Mackinawite
transformation to greigite via solid state transformation
without undergoing mackinawite dissolution also partly
contributes to overall greigite formation (Burton et al.
2011), while As,S; formation out of As(V)-rich schwert-
mannite operates by the identical mechanism via simulta-
neous dissimilatory reduction of SO,*~ to H,S and As(V)
to As(IIT) (Burton et al. 2013).

Simultaneous dissolution—reprecipitation and solid state
transformation is possible, although a sharp distinction
between the two processes is not feasible (Paikaray and
Peiffer 2015). The non-uniform crystal system of schw-
ertmannite (tetragonal) and end product lepidocrocite
(orthorhombic) at RT (22 +2 °C) rules out complete solid
state transformation. This was further supported by less
SO,*” and no Fe’* release in Fe(II),,-containing reactors
(0.4-1.0 mM), compared to reactors containing no Fe(II)aq.
It would have caused excess SO,*~ and Fe®* release in
Fe(Il),, reactors if dissolution-reprecipitation was the sole
governing process. However, increased SO,>~ release with
increase in Fe(Il),, suggests that dissolution was active
together with lepidocrocite reprecipitation. Further, being
the study pH of 8 is close to the pHp, of 7.2 for schw-
ertmannite (Jonsson et al. 2005) and Fe(OH)20 is the pre-
dominant species at pH > 7.4, the solid-state transforma-
tion process is favored.

Pre-adsorbed and/or solution phase Si (Burton and John-
ston 2012; Jones et al. 2009), As (Burton et al. 2010; Pai-
karay and Peiffer 2012b, 2015; Paikaray et al. 2017), Cu
(Houngaloune et al. 2015b), Cr (Regenspurg et al. 2004),
SO, (Burton et al. 2013) etc. significantly enhance schwert-
mannite stability even under Fe(Il),, catalyzed transforma-
tion process. Such process operates in a twofold mechanism,
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(i) first, adsorption blocks the reactive surface sites of schw-
ertmannite, which prevents/restricts dissolution and Fe(II)-
Fe(III) electron transfer, and, (ii) second, its presence either
in solid or aqueous phase prevents nucleation of the formed
stable crystalline mineral phase (Cornell and Schwertmann
2003; Jones et al. 2009; Paikaray et al. 2017; Pedersen et al.
2005).

Conclusions and Future Prospects

Schwertmannite stability beyond pH 2.8-4.5 is largely con-
trolled by pH, microbial metabolism, dissolved Fe**, tem-
perature and availability of dissolved and adsorbed ions such
as As, Cu, Mo, Cr, and PO,. Goethite, being a stable ferric
oxide with a wide environmental pH range (2.6-8.5), often
forms in highly acidic and alkaline conditions while jarosite
dominates in K*, Na*, and NH,* enriched acidic media.
Acid tolerant Fe(III)- and SOf‘-reducing bacteria such as
Geobacter and Desulfosporosinus sp. and/or Fe(Il),, accel-
erate schwertmannite dissolution, releasing Fe** and H,S
into the aqueous media. This eventually yields FeS, Fe;S,,
FeCO;, maghemite, and As,S; (for As(V)-rich schwertman-
nite) as secondary minor phases together with goethite as
the dominant end product via a dissolution—reprecipitation
mechanistic pathway. Surface accumulation of Fe(II) trig-
gers Fe(II)-Fe(Il) electron flow and destabilize the schw-
ertmannite structure, ultimately causing rapid formation
of goethite and ferrous sulfide minerals. However, schw-
ertmannite can remain stable for years or decades in oxic
media, especially when enriched with foreign ions such as
Si, As, Cr, and contaminants with strong sorptive affinity.
Although release of Fe’* reaches equilibrium in a few hours
with simultaneous reprecipitation as ferric oxides, signifi-
cant SO,*" release occurs with schwertmannite dissolution,
irrespective of oxic vs. anoxic conditions. Ligand exchange
between schwertmannite-SO, and trace metals contributes
a major fraction of overall SO,*~ release, which gets ampli-
fied by FeRB/SRB activities and Fe(Il),, catalysis. Trace
metal mobilization remains negligible and independent of
schwertmannite transformation due to readsorption onto
the newly formed precipitates. Most formed products fol-
low the principle of dissolution—reprecipitation, yet solid
state transformation mechanisms regulate certain conditions,
especially thermal transformation beyond 400 °C.

Thus, current knowledge on schwertmannite stability pro-
vides insights to its behavior in complex environmental sce-
narios. However, a few specific research questions have yet
to be addressed, such as the role of organic acids, differential
impact of surface sorbed vs. structurally incorporated trace
metals, and solar photo dissociation on its stability. Recent
reports about the role of tartaric acid on its photo-reductive
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dissolution exemplifies such new directions (Zhang et al.
2019). Why does the presence of H,O accelerate thermal
transformation of schwertmannite to hematite, e.g. 150 °C
(Davidson et al. 2008), while it requires = 400 °C with dry
heat to achieve the same mineralogy (Hederson and Sul-
livan 2010; Johnston et al. 2012)? Although mackinawite,
greigite, and siderite formation due to microbial reduction
of schwertmannite-Fe(III)/SO, (Burton et al. 2007, 2013;
Bertel et al. 2012) is confirmed, their long term stability
and potential uptake of contaminants is an open question.
Further, non-formation of intermediate products, such
as 2L ferrihydrite, under all cases (e.g. Murad and Rojik
2004) needs better understanding. As a point of planetary
interest, the discovery of schwertmannite on Mars (Bibring
et al. 2007) and polar regions (Raiswell et al. 2009) opens up
opportunities to establish possible environmental suitability
of schwertmannite precipitation.
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