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Abstract—A poorly crystallized oxyhydroxysulfate of Fe has been identified as the primary component
of ochreous precipitates from sulfate-rich mine waters having pH values in the range of 2.5 to 4.0. The
compound is characterized by rapid dissolution in acid (pH 3.0) ammonium oxalate, an Fe/S mole ratio
ranging from 5 to 8, a high specific surface area (175-225 m?/g), a yellowish brown (9.0-10.0YR) color,
a fibrous morphology, and a broad, 8-line X-ray diffraction profile. Analyses of synthetic analogs prepared
by hydrolysis of 0.02 M FeCl; solutions containing up to 2000 ug/mL SO, show the material to have a
tunnel structure akin to that of akaganéite (8-FeOOH). Sulfate occurs both as a bridging element between
Fe atoms lining adjacent walls of the tunnels and as a specifically adsorbed surface component. Extraction
of the tunnel SO, destabilizes the structure and causes the compound to transform to goethite (a-FeOOH)
under ambient conditions. Mossbauer spectra taken at 4.2 K yield hyperfine fields lower than those of
even the most poorly crystallized iron oxides, indicating that SO, inhibits magnetic ordering. A tetragonal
unit cell with @, = 1.065 and ¢, = 0.604 nm is proposed to describe the structure. The corresponding
unit cell formula is Fe O s(OH)2(SO,), but may range to Fe;s0,5(OH),o(SO,); depending upon the
degree of saturation of the tunnel and surface sites with SO,. Because of its abundance and high surface
reactivity, this compound should play an important role in regulating the solubilities of both major and
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trace elements in surface waters impacted by acid mine drainage.

INTRODUCTION

THE ATMOSPHERIC OXIDATION of iron sulfides occurring in
ore and coal deposits, and the subsequent release of H,SO,
and Fe to leaching waters, is a well-known phenomenon.
The process has been commercially exploited for the con-
centration of trace metals through solution mining of ores
and tailings; however, it has also become a scourge in some
areas due to the uncontrolled release of acid effluents into
streams and lakes from abandoned mines and spoils. Sulfide
dissolution under Earth-surface conditions is a complex bio-
geochemical process involving numerous hydrolysis and re-
dox reactions as well as microbial catalysis (NORDSTROM,
1982). While mechanistic details of many subreactions are
lacking, the general process has been described as follows
(KLEINMANN et al., 1981):

FeS; + 3.50, + H,O — Fe?* + 2H* + 28037, (1)

Fe** + 0.250, + H* — Fe** + 0.5H,0, )
FeS, + 14Fe** + 8H,0 — 15Fe?* + 2503 + 16H*, (3)
Fe?* + 2.5H,0 + 0.250, = Fe(OH)3 + 2H*.  (4)

The most emphasis to date has been placed on understanding
the initial abiotic/biotic oxidation mechanism (reaction 1),
the subsequent microbial oxidation of Fe?* under acid (pH
< 3.0) conditions (reaction 2), and the accelerated oxidation
of the metal sulfide by dissolved Fe** (reaction 3). In contrast,
the final off-site oxidation and hydrolysis of Fe (reaction 4)
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has been little studied, even though the labile character of
the sediment produced by this reaction (MCKNIGHT et al.,
1988) and its scavenging potential for some metal species
(CHAPMAN et al., 1983; FILIPEK et al., 1987; KARLSSON et
al., 1987) have recently been documented.

Most technical sources refer to the precipitate produced
in streams and lakes receiving acid mine drainage as simply
“amorphous ferric hydroxide” (e.g., STUMM and MORGAN,
1981). A few more detailed studies have suggested the pres-
ence of ferrihydrite (FERRIS et al., 1989), feroxyhite (CROSBY
etal., 1983), and/or jarosite (FILIPEK et al., [987), even though
water analyses and geochemical calculations frequently in-
dicate equilibrium with a sulfate-bearing phase having a sol-
ubility (at ~ pH 3) higher than those of jarosite or the com-
mon iron oxides (CHAPMAN et al., 1983; FILIPEK et al., 1987,
SULLIVAN et al., 1988; KARATHANASIS et al., 1988). BRADY
et al. (1986) recently identified such a compound but were
unable to fully characterize the mineral or define its structure
due to poor crystallinity and the presence of associated goe-
thite (a-FeOOH). In this paper we present results from both
synthetic and natural specimens to show that a sulfate-rich
oxyhydroxide with a tunnel structure akin to that of akaga-
néite (3-FeOOH) is the so-called “amorphous iron hydroxide”
associated with many mine drainage waters.

MATERIALS AND METHODS

Natural Specimens

The specimen set includes five sediment samples collected from
mine effluents in the eastern Ohio coalfield and from drainage exiting
an abandoned copper-arsenic mine in Finland. These samples were
selected on the basis of mineralogical purity from a larger set of 43
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specimens acquired from several locations in the United States, Eu-
rope, and Australia. Most of these samples contained the mineral in
question, and their full mineralogical variability will be described
elsewhere. Additional site details for those materials inctuded in this
paper are provided in Table 1. All samples were obtained as fluid
bottom sediments that were subsequently gravity sedimented in water
to partially exclude coarse-grained mineral particles of detrital origin
and to remove excess salts. Fine (<6 um) fractions were either freeze
dried or dried at 40°C after centrifuging to remove excess water.
Separate water samples were collected fron; the acidic effluents and
were transported under ice to the laboratory where they were sub-
sequently analyzed for CI-, SO%", total dissolved Fe, Fe?*, and a
variety of other dissolved metals; pH was measured both in the field
and laboratory. Analytical details for the Ohio water samples are
provided by WINLAND (1989).

Preparation of Laboratory Specimens

Sulfate-bearing specimens analogous to those occurring in the field
were successfully prepared using both abiotic and biotic approaches.
Abiotic samples were synthesized by hydrolyzing a series of 0.02 M
FeCl; solutions containing 0, 62, 125, 250, 500, 750, 1000, 1500,
and 2000 ug/mL SO3™ (as Na,SO,) for 12 min at 60°C. After cooling
to room temperature, the suspensions were dialyzed for 30 days against
deionized water using cellulose membranes with an average pore
radius permeability of 2.4 nm. Initial pH values ranged from 2.09
(0 pg/mL SO37) to 2.25 (2000 ug/mL SO3F). Following dialysis, all
precipitates were freeze dried.

Additional specimens were synthesized by bactenal oxidation of
FeSO, - 7H,0 solutions at pH 2.0 to 3.0 using a strain of Thiobacillus
ferrooxidans (acquired from Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen GmbH; DSM-Nr.: 583) and a batch fer-
mentation system (B. Braun, model Biostat M) with a 1 L reaction
vessel instrumented to provide constant temperature, controlled stir-
ring, and continuous readout of pH and redox potential. The sample
described in this paper was prepared by adding 200 mL of feed solution
[0.2% (NH4),S04, 0.01% KCI, 0.025% MgSO,, 0.025% K,SO,,
0.001% Ca(NOs3),, 4.0% FeSO4, pH 1.4 with H,SO,4] containing ac-
climated bacterial cells to 800 mL of a 4.0% FeSQO, solution to yield
a system with an initial pH of 2.9 and redox potential of 270 mV.
Temperature and stirring rate were maintained constant at 24°C and
500 rpm, respectively. Within 10 days, the pH of the system decreased
to 1.4, the redox potential stabilized at 825 mV, and NHg-jarosite
precipitated in the reaction vessel. This material was separated by
centrifugation, and the brown colloid remaining in suspension was
flocculated by slow titration to pH 4.0 with 0.1 M NaOH. The pre-
cipitate thus collected (identified as Z510b) was water washed by
centrifugation and freeze dried. A separate but similar biological
specimen (Z500a) was utilized for Mossbauer spectroscopic studies
and has been described elsewhere (MURAD, 1988).

Analytical Methods

Total sulfur (S;) and carbon (C,) were obtained by a combustion
procedure using either a Leco Model 521 or a Leybold-Heraeus Series
302 induction furnace. With the former, SO, evolved at 1000°C was
collected in a starch solution and measured using a semiautomatic
titrator with KIO; as the titrant. With the latter, both SO, and CO,

Table 1. Location of sample sites

Sample Location Lat./Long.

Bt-4 Belmont Co., Ohio, USA 40° 07'N  80° 45'W
La-1 Lawrence Co., Ohio, USA 38°48'N  82°37'w
Nb-1 Nobie Co., Ohio, USA 39°43'N  81°27'W
Yt Ylsj4rvi District, Fintand 61°36'N 23°30'E
Y3b Y1&jarvi District, Finland 61°36’'N 23°30'E

were measured directly with an infrared analyzer after combustion
in an O, atmosphere at 1000°C. Total oxide Fe (Fe,) in the samples
was determined after cold dissolution with 5M HCI. Acid insoluble
residues from the extraction were washed, dried, and weighed. Ox-
alate-extractable Fe (Fe,) was determined according to the method
of SCHWERTMANN (1964) using both 15 and 120 min extraction
times in the absence of light. Iron in all extracts was measured by
atomic absorption spectroscopy. Total Cl (Cl,) was measured col-
orimetrically after dissolution of 40 mg of sample in 4 mL of 60%
HCIO, over an open flame. Following dissolution, the solution was
brought to 20 mL volume and a 5 mL aliquot was mixed with 4 mL
of 0.25% HNO; and 4 mL of a color reagent containing Hg(SCN),,
methanol, and Fe(NO;),. This solution was diluted to 25 mL and
the absorbance at 490 nm was measured after [0 min (FARZANEH
and TROLL, 1978). Total As was determined either by neutron ac-
tivation analysis at the University of Wisconsin Nuclear Reactor
Laboratory in Madison, Wisconsin, USA, or after cold dissolution
of the samples with 12.5 M HCL. In the latter procedure, As was
reduced to the trivalent state by treatment with KI and SnCl,. Arsenic
was subsequently liberated in the presence of elemental Zn and ab-
sorbed in a solution of silver diethyldithiocarbamate in chloroform-
quinoline. The reddish-brown As complex was then quantified col-
orimetrically at 545 nm (MARSHALL, 1978).

Dissolution-time curves were constructed by a batch procedure in
which duplicate, 10 mg samples were continuously shaken in 10 mL
of 0.1M HCI for predefined time pertods ranging from 0.25 to 24 h.
After quenching of the reaction through filtration, dissolved Fe was
determined by atomic absorption spectroscopy and SO, by ion chro-
matography.

X-ray diffraction (XRD) analyses of backfill powder mounts were
conducted using CoKe radiation with a Philips PW 1070 goniometer
equipped with a diffracted-beam monochromator and a 1° divergence
slit. All specimens were step scanned from 10 to 80°26 in increments
of 0.05°26 and with 20 sec counting time. The digitized scans were
then fitted with the FIT curve program of JANIK and RAUPACH (1977)
as modified by H. Stanjek (unpubl. data). Unit-cell edge lengths were
subsequently calculated with the program GITTER (W. Hummel,
unpubl. data) using six tan 8 weighted reflections.

Massbauer spectra (MURAD, 1988; MURAD et al., 1988) were taken
on samples mixed with two parts sugar using a ¥ ’Co/Rh source. The
samples were placed in plastic sample holders to produce absorbers
with Fe concentrations of about 9-16 mg/cm? Spectra were taken
at room temperature, between 90 and 70 K, and at 4.2 K while
cooling both source and absorber in a bath cryostat over different
velocity ranges between +2 and +10 mm/sec until 1.1 - 10°t0 9.4 - 10°
counts per channel had been collected. Spectra of selected samples
were also taken under applied magnetic fields up to 9 T. The trans-
mitted radiation was recorded with a proportional counter and stored
in a multichannel analyzer. The mirror halves of the spectra were
folded and Lorentzian line fits carried out by a computer procedure
constraining corresponding lines of every doublet and sextet to have
equal widths and intensities. Isomer shifts are given relative to the
centroid of the room-temperature spectrum of metallic Fe.

Infrared (IR} absorption spectra were recorded with a Beckman
IR-4250 spectrometer from 200 to 4000 cm™' using KBr pellets (0.3%
sample) and a scan speed of 150 em™'/min. Specific surface areas
were determined by ethylene glycol monoethyl ether (EGME) ad-
sorption (CARTER et al., 1963). The precision of the EGME method
is about 5% based on calibrations with a ZnO powder having a BET
surface area of 48 m%/g. Colors of both the synthetic and natural
samples were obtained from powdered specimens using a double-
beam Perkin Elmer, Lambda-3 spectrophotometer equipped with a
reflectance integrating sphere attachment; the reflectance measure-
ments were converted to Munsell notations according to the procedure
described by TORRENT and SCHWERTMANN (1987). Simultaneous
differential thermal and thermogravimetric analyses (DTA, TGA)
were performed with a Linseis instrument operated at a heating rate
of 10°C/min in air with 40-50 mg of dry (over P,Os) sample and
hematite as an inert reference material. Weight losses after static
heating to 100 and 800°C for 12~18 h were also determined for the
natural and selected synthetic specimens. Finally, transmission elec-
tron micrographs (TEM) were obtained with a Zeiss EM 10 A/B
electron microscope.



Oxyhydroxysulfate formed in acid mine waters 2745

Table 2. Water chemistry trast, stoichiometric jarosite [KFe3(SO,4),(OH)s] contains
38.4% SO, and yields an Fe/S mole ratio of 1.5.

Sample pH 30, I fe=” Feyoral Mni™ Ca®* Mg KT Na

Oxalate Solubility

————————————————————————— Bg/ML —eemm oo

O3 uE B 5 LM w5 o Acid ammonium oxalate at pH 3.0 has been widely used
No-loo30 s %D g SO U S as a selective extractant of poorly crystallized Fe-oxides from
Ysbooo34 827 66 7 & 123 36 1zl soils and sediments. The HCl-soluble fraction of the mine
drainage samples is almost completely soluble in oxalate;

hence, ratios of oxalate-extractable to total oxide Fe (Fegi20/

RESULTS AND DISCUSSION Fe,). approach unity (Table 3) and are indicative of a material

having only short-range structural order (SCHWERTMANN and

Chemical Composition of Source Waters and FISCHER, 1973; CARLSON and SCHWERTMANN, 1981). In-
Mineral Samples creasing values of Fe, 5 /Fe, in the synthetic specimens are

associated with increasing SO, and decreasing Cl contents
(Table 4). BRADY et al. (1986) noted similar trends in Cl-
free specimens prepared from Fe(NOs)s; therefore, it appears
that SO, may have a positive influence on reactivity of the
solid phase toward oxalate.

The dissolution reaction in oxalate is complete for most
of the sediment samples within 15 min as indicated by ratios
of Fe,,s/Feq 120 near unity (Table 3). Comparable rates were
achieved with the synthetic specimens only when SO, con-
tents exceeded 11% (Table 4). Natural sample Y1, with Fegs/
Fe,120 equal to 0.85, likewise contains less than 11% SO,.

Waters collected with the sediments had pH values ranging
from 3.0 to 4.9 (Table 2) and, with one exception, were within
the range of 2.0-3.5 normally reported for acid mine drainage
(FENCHEL and BLACKBURN, 1979). Sulfate was the dominant
anion in each system, even though absolute concentrations
varied by a factor of 25 from 168 to 4343 ug/mL. In all cases,
some Fe’* remained in solution with variable quantities of
associated alkali and alkaline earth cations. Detailed analyses
of both major and trace constituents in the Ohio water sam-
ples are given by WINLAND (1989).

Secondary iron precipitates comprising the bulk of each
sediment sample were readily dissolved in the course of a
10-20 min extraction with 5 M HCI. The gray, acid-insoluble Surface Area, Color, and Particle Morphology
residues consisted primarily of quartz, feldspars, and phyl-

losilicates and represented 1 to 12.5% of the original samples A marked change in the physical characteristics of the syn-
(Table 3). When adjusted for the weight of these detrital min- thetic B-series samples is also associated with SO, contents
erals, the Fe and SO, contents of the ochreous precipitates in the range of 11 to 12% (Table 4). Specimens containing
average 43 and 13%, respectively, and are comparable to those <11.5% SO, consist of rod-shaped particles that are reddish
of the biotic (Z510b) and abiotic laboratory preparations brown to dark reddish brown in color and densely aggregated
formed at high sulfate concentrations. Samples in the latter when dried. Because of this strong tendency to aggregate, the
series appear to approach a maximum of approximately 12% measured surface areas are probably conservative estimates
SO, (Table 4). Oxide summations including Cl; and with since the EGME molecules might not have access to all par-
corrections for the detrital mineral fractions range between ticle surfaces. This is particularly true for sample B-0S which
99 and 102% and indicate complete analysis of the acid sol- was a stable sol before drying. Electron microscopy (Fig. 1a)
uble materials (Table 5). Fe/S mole ratios in the mine pre- shows this sample to consist of particles that are only 3-6
cipitates range from 4.7 to 8.3 and, in general, compare fa- nm in diameter, yet the surface area is one of the lowest
vorably with the ratio of 5.0 obtained by JACOBSEN (1976) measured at 250 m?/g. Mine sediment sample Y I, with 8.5%
and LAZAROFF et al. (1985) from similar sediments. In con- SO, is also composed of rod-shaped particles (Fig. 1e} and

Table 3. Properties! of natural samples

Sample Specific SOa¢1) Feoc1s) Fea(120) Fet Ce Cle Feoqrs) Feot1z0) A.I.R. Color As:

Surface

(m3/g) X Feo(120) -Fes ¥ ¥
Bt-4 225 14.1 38.8 39.4 39.4 1.0 0.4 0.98 1.00 10.5 9.3YR 6.2/7.5 0.4
La-1 196 12.1 35.6 371 37.7 2.4 0.9 0.96 0.98 12.1 0.2Y 6.7/7.0 Ndt
Nb-1 199 13.9 40.5 41.1 40.7 0.7 0.2 0.97 1.00 10.0 9.7YR 6.8/7.4 <0.1
Yl 229 8.5 32.3 7.9 41.1 2.8 1.6 0.85 0.92 4.5 9.0YR 6.2/8.0 0.7
Yib 175 10.7 41.3 41.3 41.8 3.1 1.2 1.00 0.99 1.1 n.d. 1.2
! SOa¢ty = total sulfate; Feoc1s) = Fe extractable with oxalate in 15 min; Fec(120) = Fe extractable with
oxalate in 120 min; Feir = Fe extractable with 5M HCl; A.I.R. = 5M HCl insoluble residue; Ci = total carbon; Cl.
= total chloride; As: = total arsenic. All values except color derived from duplicate or triplicate analyses.

N.d. = not determined. Ndt = not detected.
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Table 4. Properties! of synthetic samples
Sample Specific SOscty Feoris) Feotsz0) Fer Fear10) Feo(120) Color cl

Surface

(n2/g) X Feo(120) Fet 1 1
B-0S 249 0.1 6.8 24.2 56.7 0.28 0.43 4.9YR 3.6/5.3 1.5
B-625 316 4.9 18.1 37.8 51.2 0.48 0.74 5.7YR 4.1/6.0 0.8
B-1258 307 6.8 30.2 45.1 49.9 0.66 0.92 6.1YR 4.2/6.3 0.6
B-2505 337 9.6 8.9 45.2 48.2 0.86 0.94 5.4YR 3.1/4.8 0.3
B-500s k2K 11.4 43.3 4.8 46.5 0.97 0.96 6.2YR 3.4/5.6 0.2
B-7508 311 11.7 43.4 44.9 47.6 0.97 0.94 7.6YR 4.7/7.1 0.1
B-10005 319 11.7 4.7 45.1 45.8 0.99 0.98 9.2YR 6.4/8.1 0.1
B-15008 262 12.0 45.1 45.4 46.3 0.99 0.98 9.0YR 6.2/9.1 0.1
B~20005 240 12.3 45.4 45.9 45.9 0.99 1.00 9.1YR 6.2/9.1 0.1
Z510b 120 15.5 42.0 43.2 43.2 0.97 1.00 n.d. <0.1

(biotic)

1 see Table 2 for definition of terms.

has the highest specific surface area of the natural materials
(Table 3).

As SO, contents approach 11.5% in the B-series samples,
the particles become more acicular (Fig. 1b) and eventually
coalesce (Fig. 1c) to form rounded aggregates that are 200 to
500 nm in diameter with electron-dense interiors and “grassy”
surfaces (Fig. 1d). Although the aggregates have the appear-
ance of single crystals, selected area electron diffraction (data
not given) has shown them to be polycrystalline. These sam-
ples are distinctly yellow in color (Table 4) and are volumi-
nous both in suspension and upon drying. The natural pre-
cipitates (except specimen Y1) exhibit similar colors, surface
areas, and morphologies and are also voluminous in character
(Table 3, Fig. le).

Using scanning electron microscopy, LAZAROFF et al.
(1985) described “amorphous” bacterial precipitates pro-
duced in similar fashion to sample Z510b and also noted a
filamentous morphology that they termed fibroporous. This

filamentous morphology appears typical of the ochreous pre-
cipitates from many acid sulfate environments (BRADY et
al., 1986; LAZAROFF, et al., 1985; FERRIS, et al., 1989) and
contrasts sharply with those of jarosite and ferrihydrite. The
former is usually composed of pseudocubic crystals (Fig. le),
whereas the latter is comprised of highly aggregated, spherical
particles with diameters in the order of 2 to 6 nm (TOWE and
BRADLEY, 1967).

X-ray Diffraction Data

With the exception of sample Y1, diffractometer tracings
from the mine sediments (Fig. 2) consist of eight broad dif-
fraction bands with superimposed sharp peaks due primarily
to detrital quartz and silicate minerals. Minor to trace
amounts of goethite (Gt) are present in four of the five spec-
imens, and sample Nb-1 (not shown) also contains trace
amounts of jarosite. Sample Y 3b is essentially free from im-

Table 5. Total chemical analyses!
Sample Fez Og Asz0s  SOa CO2 HzOc¢t00)? H20(800)? Ccl T Fe/s
%

Bt-4 63.0 0.6 13.1 4.2 8.8 11.3 0.4 101.4 4.7
La-1 61.3 - 11.5 9.9 8.8 9.3 1.0 101.8 5.4
Nb~-1 64.7 - 12.9 2.8 7.4 12.9 0.2 100.9 5.0
Y1 61.5 .2 7.4 10.6 9.1 8.1 1.7 99.6 8.3
Y3b 60.4 1.9 9.0 11.5 10.4 6.8 1.2 101.2 6.7
Z510b 61.8 12.9 9.8 14.1 - 98.6 4.8
B-2000s 65.6 10.2 8 14.9 1 99.7 6.4

! Data corrected for detrital mineral fraction.

4 H:O(ro00y =
3 H:Ocwoo, =
{Hz Oc100)

+ 503 + COz

weight loss after drying at 100°C for 12 - 18 hr;
weight loss after drying at 800°C for 12 - 18 hr less
evolved at 1000°C]

(see discussion of TGA results).
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Fia. 1. Trgqsmission electron micrographs of synthetic samples (a) B-0S, (b) B-750S, (c) B-10008S, (d) B-2000S, and
natural precipitates (e) Y1 and (f) Nb-1 with jarosite crystals identified as **J.” Bar represents 0.1 gm.
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FIG. 2. X-ray powder diffraction patterns from representative sed-
iment samples and the high SO, synthetic specimens (Z510b and B-
20008).

purities. Peak position and line width data for the 8-line dif-
fraction profiles of specimens Bt-4, La-1, Nb-1, and Y3b are
in agreement with results obtained from synthetic specimens
Z510b (biotic) and B-2000S (abiotic) (Fig. 2, Table 6). In all
cases, the broad but consistent character of the diffraction
maxima indicates a material that is poorly crystallized but
certainly not X-ray amorphous. Structural relationships be-
tween these samples and specimen Y 1, which yields two ad-
ditional XRD lines at 0.739 and 0.172 nm (Fig. 2), can be
clarified by considering data from the complete series of syn-
thetic materials (Fig. 3).

In this series, the material prepared by hydrolysis of 0.02
M FeCl; solution without added SO, (sample B-0S) is a pure

but poorly crystallized akaganéite containing 1.5% Cl and
displaying all the diagnostic X-ray lines for 8-FeOOH
(MURAD, 1979) (Table 4, Fig. 3). Well-crystallized specimens
of synthetic akaganéite usually contain 3-9% Cl (KELLER,
1970; IsHIKAWA and INOUYE, 1975; ELLIS et al., 1976; MU-
RAD, 1979; CHILDS et al., 1980; PATERSON et al., 1982), and
the (110) and (310) reflections at 0.75 and 0.33 nm, respec-
tively, comprise the most intense diffraction lines. In sample
B-0S both of these peaks are reduced in intensity relative to
the (211) reflection at 0.254 nm and all peaks are noticeably
broadened, suggesting a possible relationship between Cl
content and crystallinity. To test this possibility, a subsample
of B-0S was equilibrated for 90 days in a 0.05 M solution of
AgNO; to extract structural Cl. The AgNO, effectively low-
ered the Cl content from 1.5 to 0.9% through formation of
AgCl with no apparent effect on X-ray line intensities or
breadths. ISHIKAWA and INOUYE (1975) likewise reported no
change in the X-ray diffraction profile of a synthetic akaga-
néite when its Cl content was reduced from 6.3 to 2.7 wt%
by exhaustive washing.

Addition of SO, to the initial hydrolysis solutions in
amounts ranging from 62 to 2000 ug/mL caused further
broadening of all peaks relative to sample B-0S (Fig. 3). Pro-
gressive reductions in the intensities of the (110) and (310)
peaks at low SO, levels (62-250 ug/mL) are especially evident
and are consistent with the suggestion of TOWE (1981) that
these spacings may be particularly sensitive to decreasing
particle size and/or crystallinity. At higher SO, concentrations
(750-2000 ug/mL), the (110) line is completely suppressed.
When I*WHH (product of intensity and full width at half
height with correction for background) of the (110) peak is
plotted as a function of total SO, (Table 4), a linear relation-
ship is observed in the B-series samples, suggesting that the
reduced intensity of the (110) line is directly related to SO,
content (Fig. 4). Over the same concentration range, Cl is
essentially eliminated from the synthetic samples, indicating
a strong competitive effect from SO, that is presumably re-
lated to its higher charge and its ability to form inner sphere
complexes with structural Fe.

When the regression line in Fig. 4 is extrapolated to
I*WHH(110) = 0, the corresponding SO, content is 10.7%.
All natural specimens not showing a (110) diffraction line
contain =10.7% SO, and variable (0.2-1.3%) amounts of Cl.
Specimen Y1, with only 8.5% SO,, contains 1.6% Cl and
exhibits not only a weak 0.74 nm reflection but also resolved
peaks at 0.172 and 0.164 nm corresponding to the (600) and
(521) lines, respectively, of akaganéite (Figs. 2 and 3). As SO,
contents of the synthetic specimens increase from near 0 to
11.4% (B-0S to B-5008), the (600) peak weakens and is grad-
ually displaced by the (521) to yield a single diffraction band
centered at approximately 0.166 nm (Fig. 3, Table 6). In
addition, the (200) reflection undergoes an apparent shift to-
ward lower spacings, the (301) broadens to form a shoulder
on the high angle side of the intense (211) peak, and multiple
reflections in the range of 74 to 78°26 (corresponding to the
611,710,550, 112,202, and 541 lines of akaganéite) coalesce
to form a single broad diffraction band. The net result is an
8-line diffraction profile like those of natural specimens Bt-
4, La-1, Nb-1, and Y3b. Sample Y 1, which is almost identical
to synthetic sample B-2508S, appears to represent a transitional
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Table 6. X-Ray results
Natural Specimens Synthetic Specimens
Bt-4 La-1 §b-1 Yib 25100 B-20008
hkl hkl d WHH d WHH d WHH d NHR d WHH d WRH
(proposed) {(p-FeOOH) nm °20 nm  °20 nm  ©28 om  °20 nm  °20 nm °20
110
(200,111} 200 0.483 5.9 0.487 5.7 0.491 4.8 0.521 3.0 0.502 7.0 0.512 6.1
310 310 0.338 7.4 0.341 5.5 0.336 6.3 0.333 1.6 0.334 8.1 0.336 4.4
212 211 0.254 3.3 0.254 3.3 0.255 3.1 0,255 2.9 0.255 4.1 0.255 3.0
302 301 ©.233 6.2 £.232 5.4 0.237 6.6 0.232 4.5 0.227 4.7 0.230 5.4
412 411 0.195 3.2 0.1%5 3.0 0.193 1.6 0.1%34 3.1 0.185 3.6 0.194 1.9
600
522 521 0.165 7.0 0.166 6.7 0.166 5.5 0.166 6.3 0.166 7.6 0.166 6.7
004 002 0.1%1 3.8 0.151 3.4 0.151 3.4 0.151 1.6 0.151 3.2 0.151 1.6
{204,542} 541 0.143 8.2 0.144 9.3 0.146 8.8 0.146 9.3 0.145 10.1  0.146 9.5

-

a .063$0.004 1.07210.004

Ca

o

phase and provides a strong link between the natural and
synthetic specimens. Although XRD data clearly indicate that
the structure of the mine drainage mineral is similar to that
of akaganéite, other results yet to be discussed suggest that a
modified structure and different line indexing may, in fact,
be appropriate.

Thermal Behavior

Thermal decomposition of the mine precipitates produces
a low-temperature endotherm between 100 and 300°C fol-
lowed by an exotherm at 540 to 580°C that immediately
gives way to a second endothermic reaction centered at ap-
proximately 680°C (Fig. 5). Similar results were achieved by
MARGULIS et al. (1975) from a synthetic gel with composition
2Fe,03-80;-mH;0. Samples Y1, Y3b, and La-1 (not
shown) exhibit an additional broad exothermic effect between
300 and 460°C that is primarily due to combustion of organic
matter.

The initial endothermic reaction is associated with a weight
loss of 15 to 20% that probably derives from the vaporization
of a monolayer of chemisorbed H,O (SCHWERTMANN et al.,
1985) as well as structural OH/H,O. XRD analyses of samples
taken after quenching of the thermal reaction at 300°C in-
dicate the presence of a disordered variety (or modification)
of the mine drainage mineral which yields a broad, asym-
metric diffraction band with maximum intensity at 0.254
nm. By 460°C, this material is at least partially converted to
poorly crystallized hematite. The extent of hematite trans-
formation appears to be negatively related to the SO, content,
indicating a possible inhibitory effect on structural reorga-
nization in much the same manner as Si represses the thermal
decomposition of ferrihydrite to hematite (CARLSON and
SCHWERTMANN, 1981). MACKENZIE (1957) also noted that
the thermal alteration of “ferric oxide gels” to hematite was
delayed by adsorbed SO,.

Just prior to onset of the exothermic reaction at 560°C all
samples consist of hematite with substantially improved

1

-60410.001 0.603:0.001 O,

.06310.010 1.06310.005 1
604£0.003 0.60510.001 0.

.062£0.004 1.06610.005
60410.001 0.60510.002

crystallinity, as reflected in XRD peak widths. Products im-
mediately after the reaction include both hematite and
Fe,(SO,)s, indicating that crystallization of the latter could
be responsible for the observed exothermic effect; however,
thermal decomposition of a sulfatic, poorly crystallized
goethite (data not presented) also yielded Fe,(SO,); but with-
out a corresponding exotherm. A slight weight loss in the
temperature range 600 to 640°C is consistently expressed in
DTGA curves (Fig. 5) and suggests that the high-temperature
exotherm is largely produced by further expulsion of water
during recrystallization of hematite. The final endotherm at
680°C can be attributed to decomposition of Fe,(SO4); to
yield additional hematite and SOs. Volatilization of the latter
produces a weight loss of 6 to 12%.

Infrared Characteristics

LAZAROFF et al. (1982) studied in detail the IR properties
of ochreous precipitates produced by bacterial oxidation of
acid ferrous sulfate solutions in the laboratory. Major prod-
ucts included a variety of jarosites and a material described
as “amorphous ferric hydroxysulfate.” Experimental data
obtained from the latter substance correspond well with those
produced in the present study (Fig. 6, Table 7); however, our
interpretations of these results differ significantly.

In their analyses, LAZAROFF et al., (1982) describe a single,
broad #3(SO,) absorption band at 1110-1120 cm™! with a
shoulder at 1170 to 1180 ¢m™! due to “additional sulfate IR
activity.” Bands at 970 to 980 and at 1045 cm™' were assigned
to »(SO,) and 6(OH), respectively. The latter assignment
was based on residual absorption at 1045 cm™' following
partial replacement of SO4 by SeO, which exhibits a »; mode
at a substantially lower (870 cm™) frequency. Additional
bands at 670-690, 610620, and 410-460 cm ™! were observed
but not assigned. Later, LAZAROFF (1983) and LAZAROFF et
al. (1985) attributed the 690 cm™! band to the hindered ro-
tation (1) of H,O.
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(002) 0529
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0.145—0.150, (600) 0195
]

60 40 20
279 CoKa

F1G. 3. X-ray powder diffraction patterns from laboratory speci-
mens prepared by hydrolysis of 0.02 M FeCl; in the presence of 0,
125, 250, 500, and 1000 pg/mL SO,. Indices for sample B-0S are
based on the akaganéite unit cell.

Apparently because of the rather diffuse character of the
primary »3(SO,) feature, LAZAROFF et al. (1982, 1985) as-
signed T, symmetry to the SO, in their samples. 7, symmetry
is typical of the free ion state in which only the v; and v,
fundamental bands should be infrared active (HARRISON and
BERKEISER, 1982). If the symmetry of SO, decreases with
coordination, a splitting of the »; fundamental occurs. For a
unidentate complex (Cs, symmetry) two bands appear as in
Jjarosite (POWERS et al., 1975), and for a bidentate complex
(C,, symmetry) three bands should be present. Appearance
of the v, mode also indicates low site symmetry for SO;.

To resolve the question of a contribution from 8(OH) in

the 1040-1070 cm™! region a completely selenated analog of
synthetic sample B-20008 was prepared (to be described else-
where) as attempted by LAZAROFF et al. (1982). No absorp-
tion was observed in this region when SO, was excluded,
indicating that the band reported by LAZAROFF et al. (1982)
was due to v absorption from residual SO, and not from
S(OH). Thus, the intense band at 1125 cm™' and the asso-
ciated shoulders at 1170 to 1180 and 1040 to 1070 cm™!
must arise from the formation of a bidentate complex between
SO, and Fe in the mine drainage precipitate. Such complexes
may form by replacement of OH groups with SO, at the
mineral surface through ligand exchange or within the struc-
ture during nucleation and subsequent growth of the crystal.
The bonds resulting from these two binding sites are probably
similar in energy and geometry, and, as a result, may be dif-
ficult to distinguish by IR spectroscopy.

For example, PARFITT and SMART (1978) and HARRISON
and BERKHEISER (1982) observed a strong splitting of the
v3(S04) fundamental with adsorption of SO, on “amorphous”
iron oxide. The published spectra from their samples are
similar to those in Fig. 6 over the range of 900 to 1200 cm™'
and include a band at 970 cm™' due to »,(SO4). To further
examine the contribution of adsorbed SO, in the present
study, sample B-0S was subsampled after aging in dialysis
but before drying. This material was subsequently equilibrated
for 30 days against a solution containing 2000 ug/mL (20.8
um/mL) SO, as employed in the preparation of sample B-
2000S. After washing with distilled H,O and drying, the sul-
fated subsample of B-0S retained 2.9% SO, as compared to
12.2% SO, in sample B-2000S (both with a measured surface
area of approximately 250 m?/g). The infrared spectrum from
the sulfated specimen (Fig. 6) shows weak but clearly dis-
cernable splitting of »3(SQ4) as well as absorbance due to
v1(SO,); however, the intensities of these lines are much
weaker than in the mine precipitates. From these results it is
apparent that adsorbed SO, may be significant, but it cannot
account for the full SO, content of the mine precipitates.

F-Y

I,,0*WHH x10°
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FiG. 4. Relationship between total sulfate content and the product
of the intensity and width at half height of the (110) X-ray diffraction
peak.
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FIG. 5. Differential thermal (DTA), thermogravimetric (TGA), and
differential thermogravimetric (DTGA) patterns from sample Bt-4.
Total initial sample weight = 57.4 mg,

Because of structural similarities, further clarification of
IR results from the mine drainage materials can be expected
by analysis of the infrared characteristics of akaganéite. The
IR spectrum of a well-crystallized specimen of akaganéite
usually includes two bands at 640 and 840 cm™' due to OH
deformation [§(OH)] and two additional bands at 690 and
410-460 cm™!, the latter of which can be attributed to Fe-O
stretch (Fig. 6). By comparison, the poorly crystallized (-
FeOOH prepared in this study (sample B-0S) exhibits much
weaker absorption due to OH deformation (Fig. 6). The high
frequency OH band is particularly weakened and is shifted
from 840 to 800 cm™'. The 640 cm™' band is broadened and
difficult to distinguish from the adjacent feature at 690 cm™!.
ISHIKAWA and INOUYE (1975) found that as Cl was partially
removed from the structural tunnels of synthetic 3-FeOOH
by exhaustive washing, the OH deformation bands dimin-
ished in intensity and shifted to lower frequencies. They
speculated that the intensity reductions were due to the
transformation of OH™ to O~ to maintain electrical neutrality
as CI~ was replaced by H,O.

Although the relative intensity of the 1040 cm™! band in
sample Bt-4 (also La-1 and Nb-1) may be enhanced due to
trace amounts of jarosite, it is apparent from Fig. 6 that the
IR spectra of both the natural and synthetic mine drainage
samples are similar to that of poorly crystallized 8-FeOOH
with superimposed Fe-SO, absorption features. Of particular
interest is the band at 610 cm™! that can be attributed to
v4(SO4) (NAKAMOTO, 1986). This band is absent in the sul-
fated sample of B-0S and may provide a means of distin-
guishing structural and adsorbed SO, in samples of this type.
Furthermore, the appearance of this band is associated with
a decrease in the OH deformation at 640 cm™' observed in
akaganéite, indicating that SO, has displaced OH during for-
mation of the mine drainage mineral. In contrast, the broad
absorption feature in the 800-900 cm™ region of most sam-
ples indicates residual OH in the structure as would be re-

quired to explain the full low temperature (100-400°C)
weight loss observed with TGA (Fig. 5). Relative to sample
B-0S, the Fe-O stretch band at 410-460 cm™! is asymmetric
in the mine drainage samples and may be influenced by
Vz(SO4 ).

An assignment for the 690 cm ™! absorption feature remains
problematic for both the mine drainage mineral and akaga-
néite. LAZAROFF (1983) attributed this band to »(H,0) in
his bacterial precipitates, whereas KELLER (1970) assigned it
to 8(OH) in akaganéite. The position and intensity of ab-
sorption is rather insensitive to tunnel composition (Cl, F)
and to deuteration (KELLER, 1970); therefore, assignment to
Fe-O stretch is perhaps more appropriate even though the
band occurs at a higher frequency than similar vibrations in
other iron oxyhydroxides. The absorption feature occurring
at 1400 cm™' in sample Y3b (also Y! and La-1) is a COO-
band arising from organic impurities and is weakened when
the samples are treated with H,O,.

Mossbauer Spectra

Room-temperature Mossbauer spectra from sediment
samples Bt-4 and Y3b and from synthetic sample Z500a (see
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FIG. 6. Infrared spectra of selected natural and synthetic specimens.
Sample B-0S analyzed both before and after SO, adsorption.
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Table 7. Summary of infrared data for the mine drainage mineral and B-FeOOH
Mine Drainage Mineral B-FeQOH
~ em~! - - et -
UOH 3300 - 35001.2 UOH 3150 - 3350°
H20 deformation 1620 - 16502 H20 deformation 16309
VS0« 1170 - 1180 sh?
1110 ~ 1140t-2
1040 - 10702
U1S04 970 - 98012
SOH 10452
50H 800 - 880% 50H 800 - 8402-4.3
VeH20 670 - 7003
Fe-0 stretch (?} 670 - 7002 Fe-0 stretch (?) 6902
50H 6807
10); ¢ 620 - 6502-4.9
V4S04 610 -~ 6202
Fe-0 stretch 410 - 4602 Fe-Q stretch 410 - 4602
V2504 {2} 420 - 4402

. Lazaroff et al., 1982.
This paper.

Lazaroff, 1983.

Ishikawa and Inonye, 1975.
Keller, 1970.

L T U N

MURAD, 1988) consist of a broadened Fe(IlI) doublet. The
low-velocity line in all cases has a higher dip and is narrower
than the high-velocity line (Fig. 7). Spectra taken in an ex-
tended velocity range of 10 mm/s show that this asymmetry
is neither due to the presence of Fe(II) nor a result of relax-
ation due to incipient magnetic order. Because of their asym-
metry, these spectra could not be properly fitted with distri-
butions of quadrupole splittings having identical isomer shifts,
a model that has proven suitable to fit the room-temperature
spectra of most poorly crystalline iron oxides. Adequate re-
sults were obtained when the spectra were fitted with quad-
rupole-splitting distributions that assume a linear correlation
between the quadrupole splitting and the isomer shifts or
with two discrete quadrupole-splitting distributions that have
different isomer shifts (Table 8). The former model assumes
the isomer shift to vary linearly as a function of the quad-
rupole splitting, so that different incremental increases of the
isomer shift with the quadrupole splitting parallel different
extents of spectral asymmetry. The second approach implies
the existence of two discrete iron sites within the structure
of the mineral.

Independent of the fitting model, average quadrupole
splittings of maximum probability for the natural and syn-
thetic samples were about 0.65 mm/sec. This value is similar
to that of relatively “well”-crystallized, 6 XRD-line ferrihy-
drite. Although the existence of quadrupole-splitting distri-
butions rather than well-defined quadrupole splittings indi-
cates significant variations of Fe-site symmetry, the distri-
bution half-widths of the samples studied here (0.46-0.51
mm/sec for single distribution fits) are considerably narrower

than those of even the best-crystallized ferrihydrites (about
0.72 mm/sec; MURAD et al., 1988), indicating less variation
of Fe-site distortion than in the latter.

Maossbauer spectra of sample Z500a show the onset of
magnetic order to be somewhat diffuse, with an average or-
dering temperature of about 75 K (Fig. 7). The application
of a magnetic field of 6 T at this temperature or above did
not induce magnetic order, suggesting that distributions of
Néel temperatures rather than superparamagnetic relaxation
are responsible for the gradual magnetic ordering. Fitting the
magnetic components with a hyperfine field distribution
showed the magnetic fields of maximum probability to in-
crease from 38.4 T at 50 K to 45.4 T at 4.2 K. These fits also
indicate the quadrupole interaction to have a considerably
higher average value (—0.20 mmy/sec) than in magnetically
ordered ferrihydrite (—0.02 to —0.10 mm/sec).

Spectra of the magnetically ordered specimens taken at
4.2 K were clearly asymmetric, with a low-velocity line that
has a higher dip but a narrower width than the corresponding
high-velocity line. Distributions of hyperfine fields with iden-
tical isomer shifts and quadrupole interactions for all com-
ponents, which give acceptable fits for the Mdssbauer spectra
of most poorly crystallized iron oxides at 4.2 K, could not
be used to describe these asymmetric spectra. Better results
were obtained using fits that imply variations of quadrupole
splitting as a function of the hyperfine field or two discrete
hyperfine field distributions with different isomer shifts and
quadrupole splittings (Table 9). It is interesting to note that
the latter is in contrast to akaganéite, the Mossbauer spectra
of which can be fitted with three subspectra that have essen-
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tially identical isomer shifts (MURAD, 1979). Regardless of
the fitting procedure, the hyperfine fields of maximum prob-
ability are also lower than those of even the most poorly
crystallized (2 XRD-line) ferrihydrites (MURAD et al., 1988)
by about 1 T. Both the low ordering temperature and the
low hyperfine field strongly indicate that some structural
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FIG. 7. Mossbauer spectra of synthetic precipitate Z500a at 297
and 4.2 K and in the vicinity of the Néel temperature.

component, presumably SO, inhibits magnetic ordering in
the mine precipitates.

Dissolution Kinetics and SO4 Extraction

Dissolution-time curves for samples Bt-4 (Fig. 8) and La-
1 (not shown) vield a plateau after 12 h indicating complete
dissolution of the oxide fraction in 0.1 M HCI. The S-shaped
portion of the curves produced from data collected at shorter
time intervals presumably reflects a change in particle mor-
phology (dissolution cavities, break up of aggregates, etc.) as
the samples dissolve (SCHWERTMANN, 1984). By extrapola-
tion of the curves to fy, it is apparent that approximately 15%
of the total SO, is immediately released, as compared to only
310 4% of the total Fe. This initial “burst” of SO, is probably
derived from surface sites. Half-reaction times (¢sy) for the
remaining Fe and SO, are similar (Bt-4: sorc) ~ 550 = 3.0
h; La-1: fsorey = 6.0 h, fss0,) =~ 5.4 h), indicating congruent
dissolution and dispersion of both species within the mineral
structure. Differences in bulk dissolution rates between the
two samples probably reflect differences in morphology.
Sample La-1 consists of “grassy” spheres like those shown
in Fig. le, whereas specimen Bt-4 is composed of a much
looser aggregation of fibers.

While dissolution kinetics confirm that SO, occupies sites
both on the surface and within the structure of the mine
drainage mineral, they do not demonstrate conclusively that
it is an essential structural component. If O bridging occurs
between SO, and Fe at internal sites, extraction of the sulfate
should destabilize the structure. To test this hypothesis, sub-
samples of natural specimen Bt-4 were equilibrated at room
temperature in aqueous 0.05 M Ba(NO;), solutions (pH 3.0
to 3.5) for varying time periods. After 6 h, 35% of the SO,
present in the acid soluble fraction (5.5 wt% SO,) was ex-
tracted to form BaSO, without degrading the mineral struc-
ture. The amount extracted did not change significantly after
24 h, suggesting “equilibrium” with a defined fraction of “la-
bile” SO, . Even after 18 days, no detectable alteration of the
8-line diffraction profile was observed, indicating that most
of the readily extractable SO, was derived from surface or
near-surface sites. With prolonged equilibration for 77 days,
additional SO, was extracted through a reaction that was
presumably diffusion-controlled, and the sample was com-
pletely converted to goethite. This transformation supports
an essential structural role for the remaining SO,.

Proposed Structure

Poor crystallinity and small particle size prohibit a direct
structural analysis of the mine drainage mineral or its syn-
thetic analogs using XRD techniques, but data presented in
this paper strongly support a structure similar to that of ak-
aganéite. Akaganéite has a tetragonal unit cell with a, = 1.054
and ¢o = 0.303 nm (MURAD, 1979) and is composed of double
chains of FeO3;(OH); octahedra that share corners to yield
square tunnels of 0.5 X 0.5 nm? extending parallel to the ¢
axis. Each tunnel is composed of adjoining cavities formed
by eight OH groups, and there is one cavity per unit cell. It
has been estimated that these cavities can accommodate ions
or molecules of up to 0.35 nm in diameter and that the necks
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of the cavities are 0.27 nm in diameter (CHILDS et al., 1980).
The diameter of Cl™ is approximately 0.36 nm. By compar-
ison, the SO, ion is 0.50 nm in diameter and could not be
accommodated in such cavities without sharing O with the
surrounding Fe atoms.

It can reasonably be assumed that hydroxyls lining the
faces rather than O comprising the corners of each tunnel
would be responsible for such bridging. Distances between
the centers of exposed hydroxyls on the same, adjacent, and
opposite faces of a cavity are approximately 0.30, 0.35, and
0.50 nm, respectively (Fig. 9a), compared with an O-O dis-
tance in the free SOZ™ ion of 0.26 nm (PARFITT and SMART,
1977). Bonding between SO, and adjacent Fe atoms on the
same face would involve the least distortion of the bidentate
complex but would require the remaining S (0.06 nm) and
two O (each 0.26 nm in diameter) of the SO, ion to occupy
a single cavity in the tunnel, which is not possible. Bonding
to Fe atoms on two adjacent sides of a cavity to form a bridged
bidentate complex of type -Fe-O-SO,-O-Fe- would permit
the remaining S and the two “free” O in the SO, ion to occupy
two adjacent cavities parallel to the tunnel axis (Fig. 9b).
Such bonding could not be achieved without distortion of
the structure, but distortion is consistent with the poor crys-
tallinity of the mineral.

J. M. Bigham et al.

Table 8. Room-temperature Mossbauer parameters of synthetic bacterial and natural iron
oxide precipitates from acid drainage environments.

Sample Fit Qpax Wyis §/Fe 5(8)
Z500a VARISO 0.63(1) 0.51 0.3491(4) 0.0040(1)
Y3b VARISO 0.64(1) 0.46 0.348 (1) 0.0036(3)
Bt-4 YARISO 0.65(1) 0.46 0.3469(7) 0.0035(2)
2500a TWOISO 0.62(1}) 0.48 0.390 (2)

0.62(1} 0.41 0.322 (3)
Bt-4 TWOISO 0.68(1) 0.37 0.391 (3)

0.68(1) 0.37 0.328 (4)

VARISO fits variable isomer shifts which increase from §/Fe by §(§) mm/s per 0.20 mm/s
increment in quadrupole splitting; TWOISO fits two distributions of quadrupole
splittings with discretely different isomer shifts, Quax is the quadrupole splitting of
maximum probability and Wdis the distribution half -width.

Table 9. Méssbauer parameters at 4.2K of synthetic bacterial and natural iron oxide
precipitates from acid drainage environments.

Sample Fit By Wis §/Fe Q Q)
Z500a VAREQ 45.4(1) 44 0.493(1) -0.399(4) 0.023(1)
Y3b VAREQ 45.6(1) 4.5 0.488(1) -0.375(8) 0.020(1)
Bt-4 VAREQ 45.0(1) 4.9 0.488(1) -0.363(5) 0.019(1)
Z500a TWODIS 45.2(1) 39 0.489(1) -0.362(3)

45.6(1) 3.9 0.501(1) 0.001(3)
Bt-4 TWODIS 44.9(1) 4.6 0.493(1) -0.329(4)

45.0(1) 4.6 0.477(2) -0.027(6)

VAREQ fits variable quadrupole interactions which increase from the minimum Q by &Q)
mm/s per 1.5 T increment in hyperfine field, TWODIS fits two distributions of hyperfine
fields with different quadrupole splittings and isomer shifts. B, is the hyperfine
field of maximum probability and W 4ie the distribution half-width.

Additional evidence to support this bonding mechanism
can be derived from the IR and Mossbauer results. NAKA-
MOTO (1986) suggests that it is possible to distinguish between
bidentate and bridged bidentate complexes, both with C;,
symmetry, on the basis that the highest SO frequency of the
bidentate groups normally lies above 1200 cm™! while the
bidentate bridging complexes yield frequencies below 1200
cm™! as observed with the mine precipitates. The formation
of bidentate bridging complexes would require that two dis-
tinctly different Fe sites occur in the structure, one in which
Fe sits in its usual octahedral coordination with O and OH
as FeO;(OH); and one in which OH is replaced by SO, to
yield FeO3(OH),0-SO;. Based on the proposed structural
model (Fig. 9b), the ratio of these sites should be 1:3. The
physical existence of two such sites is supported by Mossbauer
spectroscopy data (Tables 8 and 9) which can readily be in-
terpreted to indicate two distributions of quadrupole splittings
in the paramagnetic state and two distributions of magnetic
hyperfine fields with different quadrupole interactions in the
magnetically ordered state; however, the area ratio of the
subspectra is approximately 1:1.5. The discrepancy between
predicted and experimental results may reflect the difficulty
of determining accurate area ratios due to a distribution of
parameters caused by short-range variations in structure that
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FiG. 8. Release of Fe and SO, from sample Bt-4 as a function of
time by dissolution in 0.1 M HCL

may include incomplete saturation of the tunnel sites with
SO, (see following discussion).

Because the “free” O of the structural SO, must occupy
two tunnel cavities, a doubling of ¢, relative to akaganéite
{ao = 1.054 nm, ¢; = 0.303 nm, space group = I/4 m) would
be required to accommodate the SO,, as shown in Fig. 9b.
Average unit cell lengths derived from XRD analyses of the
natural specimens (Bt-4, La-1, Nb-1, and Y3b) would then
be a, = 1.065 and ¢, = 0.604 nm (Table 6). Experimentally,
a doubling of ¢, and an assignment of space group P4/m is
supported by XRD data for the proposed (200, 111) peak
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FIG. 9. Proposed structural model of the mine drainage mineral (a) perpendicular to “z

centered at approximately 0.5 nm (Table 6). Analyses of 22
natural and synthetic specimens show an apparent migration
of this peak from the calculated position of dao (0.533 nm)
toward that of di,; (0.471 nm) with increasing SO, content
(Fig. 10). Diffraction from (111) is prohibited with space group
14/m but is not restricted with space group P4/m. Since dago
should actually occur at a slightly sigher spacing (relative to
akaganéite) with the proposed value of g, we must assume
that the observed peak “migration” actually reflects increased
diffraction from d,, relative to dyg With increasing SO, con-
tent and that the broad character of the peaks prohibits the
resolution of a diffraction doublet. A direct comparison of
line indices using both the akaganéite and the proposed {en-
larged) unit cell is provided in Table 6.

In the proposed structure, a unit cell includes 16 Fe oc-
tahedra surrounding 2 cavities of the central tunnel. In ad-
dition, the contents of 4 adjacent tunnels are shared with
adjoining unit cells. If all tunnel sites are filled, the unit cell
formula would be Fe4016(OH)12(SO4),, with an Fe/S ratio
of 8.0. This ratio is consistent with that observed for sample
Y1, but approximately 25% of the tunnel sites in this speci-
men must be occupied by Cl (Table 5). Furthermore, a ratio
of 8.0 is substantially greater than those obtained from the
other specimens. In particular, samples Bt-4, La-1, and Nb-
1, with an average Fe/S ratio of 5.0, would conform more
closely to a formula of Fe,;s0,4(OH)1a(8O4 )3. If the proposed
structural model is accurate, these stoichiometric discrep-
ancies can only be explained by adsorption of significant
quantities of SO4 on the particle surfaces as indicated by dis-
solution, Ba-extraction, and IR data.

4,08

with open and shaded
circles indicating oxygens or hydroxyls occurring in and below the plane of the paper, respectively. Circles labelled “s”
denote tunnel oxygens comprising part of the SO, ion; (b} parallel to “z” with solid and broken lines indicating atoms
occurring in and below the plane of the paper, respectively. Both drawings are shown without distortion.
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In samples such as Y1 and Y 3b, the tunnel positions are
presumably filled with both Cl and SO,, and any excess SO,
is specifically adsorbed at surface sites. Other specimens such
as Bt-4 and Nb-1, that are formed from very sulfatic solutions
(Table 2) and that contain little Cl, should be near saturation
with respect to SO, in both surface and tunnel positions.
Assuming that SO, exchanges only with singly coordinated
(A-type) hydroxyl groups on the surface to form a bidentate
bridged complex (PARFITT and SMART, 1978), it is possible
to calculate a theoretical adsorption maximum for an oxide
with an akaganéite-type structure displaying primarily (100)
and (010) faces. Each face should contain two A-type hydroxyl
groups within an area of 0.637 nm? thereby yielding a max-
imum adsorption capacity of 2.6 umol SO, m~2. A specimen
with 250 m?/g surface area could thus accommodate a max-
imum of 6.2 wt% adsorbed SO4. When the total chemical
data (Table 5) are adjusted to reduce the SO, contents by an
amount corresponding to maximum adsorption, samples Bt-
4 and Nb-1 vyield Fe/S mole ratios of 7.9 and 7.8, respectively.
The calculated adsorption maximum for sample Bt-4 (5.6
wt%) also corresponds well with that obtained experimentally
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by Ba extraction (5.5 wt%). All other specimens yield higher
ratios since they are apparently not at saturation with respect
to SO4 .

Most of the analyses presented in Table 5 also include
more structural H,O [H,Oq0] than would be permitted by
the proposed unit cell formulation(s). SCHWERTMANN et al.
(1985) observed that goethites of varying crystallinity retained
a monolayer of chemisorbed water after heating to 80°C. If
such water is included in the H,O o), measurements, the total
chemical data can be further refined by estimating the amount
of adsorbed water in monolayer coverage from the measured
surface areas and assuming a cross-sectional area for a H,O
molecule of 0.108 nm?. The resulting calculations (Table 10)
are in reasonably good agreement with the proposed formulae
having Fe/S ratios ranging between 8.0 and 5.3. Calculated
mineral densities corresponding to these ratios would be 3.75
and 3.90 g/cm?, respectively.

Measurements from electron micrographs (e.g., Fig. 1d)
show that the acicular structures protruding from surfaces of
the particles are approximately 30 nm (or 3 unit cells) in
width. The needles are also very thin, indicating preferential
growth parallel to the needle axis which is, presumably, in
the c direction. Thinness perpendicular to ¢ is consistent with
disappearance of the 110 XRD line with increasing SO, (Fig.
4), since the development of this reflection would require
extended order in the @ and b dimensions of the crystal. In
contrast, the 004 reflection at 0.15 nm reflects the full length
of the needles and is usually the sharpest diffraction line (Table
6). Figure 9a shows the approximate cross-sectional area of
a needle and also serves to illustrate the unit cell and proposed
SO, bonding perpendicular to c.

CONCLUSIONS

We believe the mineral described in this paper is the prin-
cipal compound formed by bacterial oxidation of Fe(II) in
acid sulfate ecosystems (e.g., acid mine effluents; acid sulfate
soils) within the pH range 2.5-4.0. It has not previously been
identified due to poor crystallinity and has commonly been
referred to in the technical literature as “amorphous ferric
hydroxide” or sometimes mistakenly as ferrihydrite. It is dis-
tinguished from ferrihydrite by a tunnel structure similar to

Table 10. Total chemical analyses adjusted for COz and adsorbed HZO‘
Sample Fe, Oy SO} AszOS Cl HZO
__________________________________ O m e e em
Bt-4 77.7 16.2 0.7 05 6.3
La-1 80.3 15.1 - 1.3 5.1
Nb-1 76.6 15.3 - 0.2 8.8
Y1 83.2 10.1 1.6 23 2.5
Y3b 82.0 12.2 2.6 1.6 2.8
Fe,40,,(OH),,(80,), 82.7 10.3 - - 7.0
Fe,,0,4(OH), (SO, )5 79.5- 149 - - 5.6
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that of akaganéite and from akaganéite by a SO, content
averaging 12 to 16% by weight, yielding an Fe/S ratio in the
range of 5.3 to 8. The latter represents a significantly higher
ratio than can be attributed to often associated sulfate min-
erals such as jarosite. The tunnel SO, also creates distortion
and subtle but distinct changes in structure relative to aka-
ganéite.

The identification of this previously undefined compound
can perhaps account for the anomolous mineral stability re-
lationships reported from previous geochemical analyses of
acid mine solutions (CHAPMAN et al., 1983; FILIPEK et al.,
1987; KARATHANASIS et al., 1988; SULLIVAN et al., 1988)
and strongly suggests that “amorphous iron oxide” may, in
fact, embrace a variety of minerals. The clear role of 8O, as
a structural element also raises anew the issue of adsorption
vs. precipitation reactions and their relative significance in
reactions yielding or involving poorly crystallized Fe com-
pounds.
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