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ABSTRACT
Glacial and iceberg sediments contain nanoparticulates of schwert-

mannite, ferrihydrite, and goethite formed where pyrite was oxidized 
by dissolved oxygen in aqueous subglacial environments. Schwertman-
nite, typically found in acid mine drainage, only forms at low pH by the 
oxidative weathering of pyrite. Stoichiometric models show that these 
conditions can be created in closed-system microenvironments contain-
ing at least 10−4 M dissolved oxygen, where volume ratios of water/pyrite 
are ~105 to 106. Ferrihydrite is the only product at higher and lower vol-
ume ratios. In these microenvironments the oxidation of pyrite to form 
schwertmannite is possible in several decades. Schwertmannite and 
ferrihydrite are metastable in contact with water and are transformed 
to goethite in <100 yr unless preserved in ice. The presence of these 
nanoparticulates demonstrates the existence of transient, acidic, and 
oxic aqueous microenvironments where enhanced biochemical and/or 
geochemical activity occurs beneath glaciers and ice sheets.

INTRODUCTION
The subglacial biosphere is currently of interest as a potential analogue 

for extraterrestrial microbial life. However, biochemical and/or geochemical 
conditions in subglacial environments can only be inferred from measure-
ments of meltwaters sampled from glacial outlets or drillholes reaching the 
ice-rock interface (Tranter et al., 1997). These subglacial waters integrate 
chemical signals from a relatively large area and cannot demonstrate small-
scale spatial and temporal variability. By contrast, authigenic minerals in 
subglacial sediments can preserve a remnant signal from transient, bio-
chemically and geochemically active subglacial microenvironments.

Raiswell et al. (2006, 2008) have shown that subglacial sediments 
contain authigenic ferrihydrite and goethite as nanoparticulates. Here we 
present further chemical and microscopic data of Fe-bearing nanoparticu-
lates in sediments from icebergs and basal glacier ice from Antarctica and 
Svalbard, and show that these nanoparticulates provide a mineral signa-
ture for hotspots of biochemical and/or geochemical activity in the sub-
glacial environment.

SAMPLING AND METHODOLOGY
Chemical and microscopy studies were carried out on the following 

samples (described by Raiswell et al., 2008); icebergs S1–S4 from the 
Weddell Sea (Antarctica), icebergs KG1–KG2 collected from Admiralty 
Strait (Southern Ocean), plus basal ice from Taylor Glacier (T1–T3) and 
Canada Glacier (C1) in the Dry Valleys (Antarctica). All the iceberg sam-
ples were collected from sediment-bearing layers in dense, clear blue ice 
representing compressed glacier ice (Raiswell et al., 2008). The Taylor and 
Canada samples were derived from slabs of basal sediment-bearing ice low 
in solutes (e.g., Fe and Cl; Raiswell et al., 2008). In addition, two new sam-
ples were collected from sediment-rich (SV1) and sediment-poor (SV2) 
basal ice in Monaco Glacier (Svalbard, 79°30′N, 12°40′E), and three new 
samples (IS2B, IS3B, and IS3T) were collected from water-saturated sedi-

ments at the base of the West Antarctic Ice Stream (82°22′S, 136°24′W). 
Sediment samples were treated by an ascorbate solution, which extracts 
fresh, nanoparticulate ferrihydrite (Hyacinthe and Van Cappellen, 2004) 
and partially extracts schwertmannite (see the GSA Data Repository1). 
The Fe removed by ascorbate is hereafter termed FeA. The residual sedi-
ment was extracted with sodium dithionite (Raiswell et al., 1994), which 
removes Fe present as residual, aged ferrihydrite plus goethite, hematite, 
and lepidocrocite (termed FeD). High-resolution imaging, nanodiffraction, 
and elemental analysis of the sediments was carried out using a fi eld emis-
sion gun—transmission electron microscope (FEG-TEM) equipped with 
an energy dispersive X-ray spectrometer (EDS) and selected area electron 
diffraction (SAED) capabilities (see the Data Repository).

RESULTS
Figure 1 shows typical occurrences of Fe-bearing nanoparticulates 

with their X-ray diffraction (XRD) patterns and elemental composi-
tions. As-rich schwertmannite was identifi ed in samples from the Taylor, 
Canada, and Monaco Glaciers by the characteristic stumped pin-cushion 
morphology, XRD lines at 2.55 and 1.51 Å, and EDS analysis (which 
shows an Fe-, S-, and As-rich composition; see Figs. 1A, DR1, and DR2). 
Ferrihydrite occurs as nanoparticles (5–10 nm diameter) in structureless 
aggregates, which have an XRD pattern similar to that of schwertman-
nite, but do not show the distinctive pin-cushion morphology (Fig. 1B). 
EDS analysis of ferrihydrite confi rms an Fe-rich composition with S and 
As absent. Goethite was identifi ed by its morphology and characteristic 
XRD lines (i.e., 4.18, 2.69, 2.45, 1.72, and 1.56 Å), and was found as laths 
typically <100 nm in length and 5–10 nm in diameter, which were often 
assembled into bundles (Fig. 1C). Goethite also occurred in aggregates in 
which adjacent nanoparticles were ordered, as shown by a crude align-
ment of their lattice fringes (Fig. 1C). The ice stream samples contained 
unidentifi ed Fe-bearing nanoparticulates rich in Ti and Si. The %FeA and 
%FeD extraction data are shown in Table DR1.

INTERPRETATION

Origin of Fe Nanophases
Nanoparticulates of schwertmannite, ferrihydrite, and goethite are 

believed to form at high degrees of supersaturation (Waychunas et al., 
2005) that could result from repeated freezing and melting cycles (Raiswell 
et al., 2008). It is unlikely that these phases were present prior to glacial 
weathering because nanoparticles are metastable, and do not survive over 
geological time scales (see following). Instead these Fe-bearing nanopar-
ticles form by chemical weathering of pyrite in subglacial sediment where 
water is present. Pyrite oxidation initially produces Fe2+, which is hydro-
lyzed to octahedral Fe3+(O, OH, OH

2
) units that slowly aggregate to colloi-
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dal sizes. Green rust could be a possible intermediate (Ruby et al., 2006), 
but requires fully anaerobic conditions and a higher pH than schwertman-
nite. These nanoparticulates are metastable, but persist in nature where the 
transformation kinetics are slow (see Waychunas et al., 2005).

The %FeA and %FeD data (Table DR1) are consistent with our sam-
ples comprising schwertmannite and fresh 2 line ferrihydrite, along with 
dithionite-soluble phases (goethite, 6 line ferrihydrite). Schwertmannite is 
a poorly ordered ferric oxyhydroxy-sulfate or nanophase with a composi-
tional range of Fe

3
O

8
 (OH)

8–2x
 (SO

4
2–)

x
. nH

2
O, where x = 1–1.75 and n = 

8.17–8.62 (Yu et al., 2002). Schwertmannite only forms by the oxidative 
weathering of pyrite at pH 2–5, and ferrihydrite is the main product at near-
neutral pH (Bigham et al., 1996). Arsenic (as the arsenate ion) substitutes 
for sulfate and is a common trace component of schwertmannite found in 
acid mine drainage. At low As/(As + Fe) ratios, the classic pin-cushion 
morphology is retained, but the needles are progressively blunted (Fig. 
1A) with increasing As content (Carlson et al., 2002). Schwertmannite 
transforms via a ferrihydrite intermediate to goethite or hematite (David-
son et al., 2008). Figure 1C shows that goethite nanoparticles aggregate 
by orientated attachment, which occurs where Brownian motion collisions 
between nanoparticles align their lattice fringes (Banfi eld et al., 2000).

The occurrence of schwertmannite clearly demonstrates the presence 
of subglacial environments where aqueous, oxidative weathering of pyrite 
occurs. These environments must typically have high enough dissolved 
concentrations of Fe3+ to precipitate ferrihydrite at near-neutral pH, with 
schwertmannite forming in hotspots having (SO

4
2–), pH 2–5, and higher 

(Fe3+). Schwertmannite, ferrihydrite, and goethite all require water for their 
formation (Schwertmann and Murad, 1983; Davidson et al., 2008), and 
their presence demonstrates the existence of subglacial water. Regelation 
induces melting and refreezing at bedrock obstructions in the polythermal 
Monaco Glacier, and bedrock temperatures allow water to be abundant. 
However, temperatures in the Taylor and Canada Glaciers are too low 
(<−10 °C) for water to be abundant, although zones of temperate ice may 
exist (Hubbard et al., 2004). Water may also occur as a thin fi lm (20–40 nm 
thick) at the ice-rock interface of these glaciers (Cuffey et al., 1999).

Stoichiometric Models of Schwertmannite and Ferrihydrite Formation
Further insight into the conditions that produce schwertmannite can 

be gained by stoichiometric modeling. Pyrite is the most likely mineral 
reactant (Tranter et al., 1993). However, oxidation can occur aerobically 
and anaerobically (Williamson and Rimstidt, 1994) using either dissolved 
O

2
, NO

3
–, or Fe3+. Dissolved O

2
 is often depleted in glacial meltwaters 

by pyrite oxidation (Tranter et al., 1993). Nitrate depletion also occurs 
but concentrations are low in meltwaters (Bottrell and Tranter, 2002), and 
O

2
 must fi rst be consumed in order to establish the suboxic conditions 

required for NO
3
– reduction. The stoichiometry of pyrite oxidation by dis-

solved O
2
 and Fe3+ (Williamson and Rimstidt, 1994) is compared here: 

 2FeS
2
 + 15/2O

2
 + H

2
O → 4SO

4
2– + 2Fe(OH)

3
 + 8H+, (1)

 FeS
2
 + 14Fe3+ + 8H

2
O → 2SO

4
2– + 15Fe2+ + 16H+. (2)

A

100 nm C

B

Figure 1. Transmission electron microscope photomicrographs, Taylor Glacier. A: 
Stumped pin-cushion aggregates of As-rich schwertmannite with inset of energy 
dispersive X-ray spectrometer pattern showing S and As. B: 2-line ferrihydrite ag-
gregates with inset of the selected area electron diffraction (SAED) pattern revealing 
typical diffuse rings at 2.56 and 1.51 Å. C: Goethite laths with insets showing high-
resolution detail of orientated attachment and the indexed SAED pattern.
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Concentrations of Fe3+ in our glacial ice are <4 nM (Raiswell et al., 
2008), which can oxidize only trivial amounts of pyrite anaerobically. 
Aerobic oxidation using Fe3+ is possible because oxygen is present to 
reoxidize Fe2+ to Fe3+:

 2Fe2+ + 1/2O
2
 + 5H

2
O → 2Fe(OH)

3
 + 4H+. (3)

However, the oxidation of pyrite by Fe3+ in Equations 2 and 3 con-
sumes exactly the same amount of dissolved O

2
 as in Equation 1.

Hence the stoichiometric model is based on Equation 1 for pyrite 
oxidation in 1 L of pure water (pH 7) using dissolved O

2
. The model 

assumes that there are no additions of O
2
 or losses of solutes from outside 

the system. The solubility product of ferrihydrite (log K
so

 = −39; Cornell 
and Schwertmann, 2003) is so low that only trivial amounts of Fe3+ are 
required to reach saturation at pH 6–7, and thus the Fe3+ concentration 
is controlled by ferrihydrite saturation until increasing concentrations of 
Fe3+, SO

4
 2–, and H+ produce schwertmannite saturation (log K

so
 = −18 ± 

2.5; Bigham et al., 1996).
Figure 2 shows the model changes in the concentrations of SO

4
2–, H+, 

and Fe3+ (in equilibrium with schwertmannite and/or ferrihydrite) and the 
ion activity product of schwertmannite (IAP

sch
) as a function of O

2
 con-

sumed. Concentrations of SO
4
2– and H+ increase during the early stages of 

reaction, but ferrihydrite saturation is maintained because Fe3+ concentra-
tions increase more rapidly than OH– concentrations decrease (Fig. 2). 
These changes also increase the IAP

sch
, which exceeds the solubility prod-

uct (making schwertmannite more stable than ferrihydrite) once ~10−4 mol 
of O

2
 have been consumed. The model is insensitive to starting pH values, 

and an initial pH of 5 (instead of 7) only decreases the pH by 0.2 when 
10−4 mol of O

2
 are consumed.

This model also places constraints on the size of the oxidizing envi-
ronment, assuming 1 mol of pyrite requires 3.75 mol of O

2
 for complete 

oxidation and dissolved O
2
 is 1–4.5 × 10−4 M (ranging from the lowest con-

centration producing schwertmannite saturation up to equilibrium concen-
trations at 0 °C; Benson and Krause, 1980). Thus 1 mol of pyrite requires 
9–36 m3 of meltwater for complete oxidation. A pyrite grain of radius r 
(m) and density d (5 × 106 g m–3) contains 0.17 × 106 r3 mol of pyrite and so 
needs (1.5–6) × 106 r3 m3 of oxygenated water. The volume ratio (water)/
(pyrite) = (0.3–1.5) × 106, which occurs when a grain of 1 μm radius is in 
contact with a thin fi lm of oxygenated water 30 nm in height and ~7–14 
mm long and wide. These volume estimates indicate that oxidative sub-
glacial weathering is confi ned to microenvironments. Subglacial microen-
vironments with volume ratios smaller 0.3 × 106 contain insuffi cient O

2
 

to oxidize enough pyrite to form schwertmannite. Volume ratios >1.5 × 
106 contain insuffi cient pyrite to accumulate high enough concentrations 
of dissolved products to reach schwertmannite saturation. Ferrihydrite is 
the only product at these lower and higher volume ratios. Note that the 
volume ratios would increase by a factor of 2 if the microenvironment was 
water-saturated sediment with a porosity of 50%. Schwertmannite forma-
tion only occurs at pH < 5, but the dissolution of carbonate may buffer pH 
values to higher values (>5.5) that prevent schwertmannite formation.

Rates of Pyrite Oxidation
Empirical rate laws (Williamson and Rimstidt, 1994) permit a rough 

estimate of the time needed to oxidize pyrite by dissolved O
2
: 

 rate of pyrite oxidation, (mol2 m–2 s–1) = 10–8.19 (O
2
)0.5/(H+)0.11, (4)

where (O
2
) is the concentration of dissolved oxygen and (H+) is the activity 

of H+. Schwertmannite saturation is reached after the consumption of ~10−4 
mol of O

2
 and, at this point in the reaction (indicated by star in Fig. 2), (Fe3+) 

= 10–8.72 and the residual (O
2
) ranges from 1 to 3.5 × 10−4 M, and pyrite is 

being oxidized at a rate of (2–4) × 10−10 mol m–2 s–1 (from Equation 4). An 

idealized spherical pyrite grain of radius (r) contains 0.17 × 106  r3 moles 
of pyrite, has a surface area of 1.4 × 104 r mol m–2, and can be oxidized 
in (1.4 × 104 r)/[(2 – 4) × 10−10 × 3.15 × 107] yr. A 1-μm-radius pyrite 
grain would fully oxidize in ~1–2 yr and a 10 μm grain in ~10–20 yr. Up 
to the point of schwertmannite saturation these rates are faster than those 
estimated by the Williamson and Rimstidt (1994) equations for oxidation 
using Fe3+ at the trace concentrations shown in Figure 2, and faster than 
those for microbial oxidation in the presence of O

2
 (Gleisner et al., 2006).

These estimates are only approximate for several reasons. First, rates 
are derived for room temperature and may be an order of magnitude slower 
at subglacial temperatures. Second, rates have been estimated using a con-
stant surface area. Third, rates may be enhanced by microbial involvement 
(Sharp et al., 1999) where there are optimal conditions of low pH and high 
(Fe3+) and (O

2
) (Gleisner et al., 2006). Overall it is clear that schwertman-

nite may form in less than several decades in subglacial environments by 
pyrite weathering, even without involving microbial activity (which may 
further enhance oxidation rates).

Transformation of Schwertmannite and Ferrihydrite
Studies of the transformation of schwertmannite to goethite can be 

used to estimate the half-life for the survival of schwertmannite in glacial 
environments. Davidson et al. (2008) studied the transformation of sch-
wertmannite to goethite at pH 13.2 and temperatures from 60 to 190 °C. 
An Arrhenius plot of their rate constant data versus reciprocal temperature 
has the form:

 ln (k) = −3973 (1/T) + 3.18, (5)

(r = 0.97) where k is the rate constant and T is temperature (in K). Equa-
tion 5 can be used to estimate the effects of temperature and the ratio of 
the rate constants at 0 °C (k

0
) and 25 °C (k

25
), given by:

 ln (k
0
)/ln (k

25
) = 1.12.  (6)

A rough estimate of the rate constants for this transformation at pH 6 
and 7.2 and 25 °C can be made from the data of Schwertmann and Carl-
son (2005), which show an approximate fi rst-order relationship for the 
production of H+ during the transformation of schwertmannite to goethite. 
The fi rst-order rate constants at 25 °C are 0.0038 and 0.0024 day–1 at pH 
7.2 and 6, respectively, or 0.0018 and 0.0012 day–1 at 0 °C (from Equation 
6). Thus schwertmannite in contact with water at 0 °C and pH 6–7.2 has 
a half-life of 1–2 yr.

Ferrihydrite in our samples may represent an intermediate formed as 
schwertmannite transforms to goethite or hematite (Davidson et al., 2008), 

Figure 2. Stoichiometric model of closed-system oxidation of pyrite 
by dissolved oxygen in glacial meltwaters. Concentrations of Fe3+ 
(dots and dashes) represent equilibrium with ferrihydrite. Dotted line 
shows ion activity product (IAP) of schwertmannite, which reaches 
saturation levels above horizontal shaded line.

-20

-16

-12

-8

-4

0

-8 -7.5 -7 -6.5 -6 -5.5 -5 -4.5 -4 -3.5 -3

Log O2 consumed (mol)

L
o

g
 c

o
n

ce
n

tr
at

io
n

(m
o

l/
L

)

2

3

4

5

6

7

8

p
H

pH

SO4
2-

Fe3+

IAPsch



434 GEOLOGY, May 2009

or may be formed directly from the breakdown of pyrite. The transformation 
of ferrihydrite to goethite proceeds by a dissolution-reprecipitation mecha-
nism, the rate of which is limited by the solubility of ferrihydrite (Yee et al., 
2006). Conversion to hematite is favored at pH 6–8, where the solubility 
of ferrihydrite is low and appears to occur by orientated attachment (Fig. 
1C). Schwertmann and Murad (1983) gave half-lives for the conversion of 
ferrihydrite to goethite-hematite mixtures at pH 6 (166 days) and pH 7 (112 
days) at 24 °C. Decreasing temperature decreases the rate of transformation, 
which may take several years at 4 °C (Cornell and Schwertmann, 2003).

These kinetic data are for pure phases (and should be interpreted cau-
tiously), but the passage of 3 half-lives results in a 95% transformation, and 
it seems unlikely that either schwertmannite or ferrihydrite could survive 
for >100 yr in contact with water, unless stabilized by the coprecipitation 
of transition metals or oxyanions (e.g., Davidson et al., 2008). The pres-
ence of these Fe-rich nanophases therefore indicates the transient nature of 
the oxidative weathering microenvironments, and their long-term survival 
requires that contact with water is prevented by freezing into ice.

CONCLUSIONS
Nanoparticulate schwertmannite occurs in ice-hosted sediments 

from Arctic and Antarctic glaciers, and nanoparticulate ferrihydrite and 
goethite occur in icebergs from Antarctica. The presence of schwertman-
nite indicates the occurrence of oxidative, subglacial weathering of pyrite 
at low pH (2–5), and does not necessarily involve microbial activity. Stoi-
chiometric modeling shows that schwertmannite occurs where pyrite is 
oxidized by dissolved O

2
 in a closed system, after the consumption of 

~10−4 mol of dissolved O
2
 (corresponding to a microenvironment with a 

water/pyrite volume ratio of ~105). Microenvironments with smaller vol-
ume ratios may contain insuffi cient dissolved O

2
 to reach schwertmannite 

saturation, and larger volume ratios (>~106) produce fl uids that are too 
dilute to reach schwertmannite saturation. In both cases pyrite weathering 
will only produce ferrihydrite.

Estimates of the rate of pyrite oxidation by dissolved O
2
 indicate that 

several decades are needed for the oxidation of pyrite grains (r < 10 μm) 
in closed-system microenvironments. Furthermore, the transformations of 
schwertmannite to goethite, and ferrihydrite to goethite, in contact with 
water require <100 yr. Longer-term survival of schwertmannite and fer-
rihydrite thus requires isolation from water by freezing.

The presence of nanoparticulate schwertmannite clearly indicates the 
existence of transient, aqueous subglacial microenvironments. These exist 
in polythermal glaciers, where regelation induces melting and refreezing 
at bedrock obstructions and where bedrock temperatures allow water to 
be abundant. However, in polar glaciers such as the Taylor and Canada 
Glaciers, temperatures are <−10 °C, and the glaciers move too slowly to 
permit regelation; however, transient aqueous microenvironments may 
exist in zones of temperate ice or in thin fi lms of water at the ice-rock 
interface. The formation, preservation, and delivery of nanoparticulate 
schwertmannite and ferrihydrite into the Southern Ocean may exert an 
important infl uence on the Fe biochemical-geochemical cycle by reliev-
ing Fe-limited productivity and so stimulating present productivity and 
productivity during the Last Glacial Maximum (Raiswell et al., 2008).
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