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ABSTRACT

Jarosite-group compounddiFe;(SOy),(OH)e: argentojarositeM* = Ag®), jarosite 1" = K*), ammoniojarositeM* = NH,")]
were synthesized by supplying¥éns in three different ways: biological oxidation ofFiens byT. ferrooxidangbiological
products), chemical oxidation of #¥gons by slow addition of yD, (chemical products 1), and chemical oxidation by rapid
addition of HO, (chemical products 2). These were characterized by XRD, FTIR, chemical analysis and SEM; as well, the
morphological features were compared with those formed by the hydrothermal method (standard substances). The jarosite-group
compounds so synthesized do not contain crystalline by-products, as revealed by XRD, but the order of purity inferred from IR
spectra, which is determined by the intensity of specific peaks, was found to be dependent on the method of preparation and is
independent of the jarosite species; the order was found to be standard substances > chemical products 2 > chemical products 1
> biological products. Two main factors were found to affect the morphology, the method and rate of sugplipo$ e the
system and the nature of the monovalent cations, which determine the intrinsic rate of formation under given conditions. Where
Fe** ions are present in the system from the beginning, the order of rate of formation is confirmed to be argentojarosée > jarosit
> ammoniojarosite at 3€. Morphological features of jarosite-group phases formed by the biological method were rendered
distinguishable by the effect of extracellular substances. Morphological information is useful to distinguish the mode of occur
rence of jarosite-group phases in natural samples, since it may be difficult to do so by other analytical techniqgueRBuch as X
FTIR, Raman spectroscopy and chemical analysis.

Keywords argentojarosite, jarosite, ammoniojarosite, morphol@tyobacillus ferrooxidansoxidation rate of F& ions, pre-
cursor.

SOMMAIRE

Les composés du groupe de la jarositB¢;(SOy)(OH)s: argentojarositeM* = Ag*), jarosite M+ = K*), et ammoniojarosite
(M* = NHZ")] ont été synthétisés en ajoutant les ion¥ Ee trois fagons différentes: oxydation biologique d’ion% par la
participation deT. ferrooxidangproduits biologiques), oxydation chimique des ion Par addition lente de 4@, (produits
chimiques 1), et oxydation chimique par addition rapide g®,Hproduits chimiques 2). On a caractérisé ces produits par
diffraction X, par spectroscopie infra-rouge avec transformation de Fourier, par analyse chimique et par microscopieiélectroniq
a balayage. De plus, les aspects morphologiques ont été comparés avec ceux des produits de synthése hydrothermale (étalons).
Les composés du groupe de la jarosite ainsi synthétisés ne contiennent pas d’autres produits cristallins, comme le prouve la
diffraction X. En revanche, la séquence de pureté, d’apres les spectres infra-rouges, déterminée a partir de I'intemitihd’abso
spécifiques, dépend du mode de préparation et non de I'espéce de composé. Cette séquence serait: étalons > produits chimiques
2 > produits chimiques 1 > produits biologiques. Deux facteurs régissent la morphologie des particules, le mode de formation et
le taux d’addition des ions Feau systéme et la nature des cations monovalents, qui détermine le taux intrinséque de formation
a des conditions spécifiées. Lorsque les io$ §ant présents dans le systéme dés le début, le taux de formation diminue selon
la séquence argentojarosite > jarosite > ammoniojarositéCa Bes caractéristiques morphologiques des phases du groupe de la
jarosite formées par la méthode biologique ont pu étre distinguées grace a I'effet de substances extracellulaires. Idiaformatio
propos de la morphologie est trés utile pour distinguer le mode d’origine des phases du groupe de la jarosite dangdes échantil
naturels, vue la grande difficulté de les distinguer par les autres méthodes d’analyse, par exemple diffraction X, spectroscopi
infra-rouge, spectroscopie de Raman et analyse chimique.

(Traduit par la Rédaction)

Mots-clés argentojarosite, jarosite, ammoniojarosite, morpholdgigbacillus ferrooxidanstaux d’oxydation des ions Fe
précurseur.
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INTRODUCTION MATERIALS AND METHODS

Jarosite-group mineral$/LFe;(SOy)2(OH)s, where  Formation of jarosite-group compounds
M is a monovalent or divalent cation, amis 1 or 1/2]
commonly occur as secondary minerals in acidic and Method | is a simple preparation made by heating
sulfate-rich environments, such as acid mine-drainagée appropriate “alkali” sulfate with KH&0y)3*xH20 to
Therefore, they are good indicators of strongly acidiemperatures near the solution’s boiling point. Details
environments, whereas goethite-FeOOH) and have been reported elsewhere (Dutrizac & Kaiman
schwertmannite [F©g(OH)sSOy] are ultimate products 1976). The jarosite, ammoniojarosite, and argento-
of pyrite weathering in weakly acidic or neutral envijarosite synthesized by this method were supplied by
ronments (Nordstrom 1982, Tayletral. 1984, Lazaroff Dr. J.E. Dutrizac at CANMET, Canada, and used as
et al 1982, Bigham 1994, Akat al. 1999). standard substances for our spectroscopic analyses. The

It is well known that the iron-oxidizing bacteriacomposition of these phases is shown in Table 1.
(mainly Thiobacillus ferrooxidansactively grow in Method Il involves the biologically mediated forma-
mine environments and play an important role in thigon of jarosite-group phases using®Fens oxidized
formation of acid mine-drainage (Singer & Stumnirom F&*ions byT. ferrooxidansJarosite-group com-
1970). Thermophilic bacteria, suchAsidanus briery, pounds were formed in light-shielded 5003cErlen-
are also suggested to be indirectly involved in the foreyer flasks with gas-permeable plugs (silico plug)
mation of jarosite in hydrothermal chimney fragmentsontaining 150 cfhof 160 mmol dm® FeSQe7H,0,
of black smoker (Veratet al. 1999). There has beenadjusted to a pH of 2.2 using,80, and LpCOs.
some debate concerning the way the acidophilic bactathium ions are not structurally incorporated in jarosite-
ria take part in the formation of jarosite: do they corntype compounds (Dutrizac & Kaiman 1976). We used a
tribute to the crystallization of jarosite and, in additionstrain of Thiobacillus ferrooxidangHUTY 8906) that
to the oxidation of F& ions? Sasalkét al. (1995) have was isolated from acid drainages in the Toyoha mines,
reported the formation of argentojarosite in the presenekkaido, Japan (Sasakt al. 1993), and cultivated
of T. ferrooxidansand concluded that neithdr. conventionally in 150 cfof 9K medium (Silverman &
ferrooxidansitself nor extracellular substances maké&undgren 1959) adjusted to a pH of 2.0 withSi,
any direct contribution to crystallization of argentousing 500 cri Erlenmeyer flasks capped with gas-per-
jarosite. Our group found, however, that biologicallyneable plugs (Sasa&t al. 1995). Inoculation size was
mediated products commonly form aggregates, proB-x 10° cells/flask. The flask was incubated on a rotary
ably because of extracellular substances, such as sesteker for 56 days at 30. Under such conditions, bac-
tions from cells. Sadowski (1999) has reported thétria cannot grow fully because of a lack of N and P
polysaccharide causes an increase of the adhesiorsofirces. After the oxidation of #éons was complete,
microbial cells and jarosite particles. Jarodifé € K*), which was confirmed by spectrophotometry with 1,10-
natrojarositel1* = Na’), ammoniojarositeM* = NH;*),  phenanthroline, stoichiometric amounts of AgiO
and argentojarositeM* = Ag*) have been formed ex- K,SOy, or (NHy) 2SO, were added to the solutiorM{]
perimentally in the presence Bfferrooxidansand the = 53.3 mmol dim’). The precipitate was aged for 168
morphology of the products has been reported by sewurs in the incubator under the same conditions. Cells
eral investigators (Lazarofft al. 1985, Grishinet al. were killed by the addition of Agons, which was con-
1988, Koiwasaket al. 1993, Sasalét al. 1995, Sasaki firmed by microscopy and the termination of bacterial
1997). On the other hand, which factors control theotion. The critical dose of Agons is reported to be
morphology of jarosite-group phases has not been fullyound 16° mol dnt3 (Sugioet al. 1981). The precipi-
discussed. The process of formation of natural jarositate for characterization was collected by filtration with
is roughly explained by three steps: the oxidation &f Fea 0.20um Millipore filter, air-dried, and kept in a des-
to Fe* ions, the formation of crystal nuclei (embryo)jccator at room temperature. Hereafter, this sample is
and the growth of crystals of a jarosite-group phasdenoted the “biological product.”

Therefore, it is probable that several factors affect the Method Il involves chemical formation using¥e
morphology of jarosite-group minerals. The morphoions oxidized by HO,. First, 6.672 g of FeS@7H,0O
logical information is important in order to understanavas dissolved into 50 c¢hof H,SO, (pH 2.00) in a 500
the environment in which jarosite-group phases occuem® Erlenmeyer flask. Then, 100 éraf 0.42% HO,

In the present work, argentojarosite [Agf80,), was added using a peristaltic pump to the flask at 0.7
(OH)g], jarosite [KFg(SQy)o(OH)g], and ammonio- cm?® minto slowly oxidize F&" ions at 36C, giving a
jarosite [NHFe3(SOy)o(OH)e] were synthesized by 1) final pH of 2.10. Addition of Ag, K*, or NH;* ions and
mediation of biological agents, with chemical oxidatiomging for precipitation were carried out as with Method
of F€* to Fé* ions, and 2) providing F&ions initially.  1I. An experiment with the rapid addition of 100 tof
The morphological development of the precipitates af42% HO, was also carried out, and the precipitate
compared and discussed. was collected and kept in the same manner as above.
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TABLE 1. COMPOSITION, COLOR, SPECIFIC SURFACE-AREA, FWHM*!
OF THE 113 XRD PEAK AND UNIT-CELL PARAMETERS
FOR BIOLOGICALLY AND CHEMICALLY PRODUCED
ARGENTOJAROSITE, JAROSITE AND AMMONIOJAROSITE

Sample Elemental composition Color™ Serr FWHMof 113 Lattice
M Fe S /wt% XRD peak/ 26 parameter
(mole ratio M:Fe:S) fm*g’ anm ¢/nm

argentojarosite (M'= Ag"): JCPDS 41-1398 7.35 16.58

Standard 17.3 298 119 5.0Y8.5/11 27
(I 331: 233)

Biological 146 291 112 5.0Y 85/11 1.7, 0.111 7.35 16.56
(1: 3.71: 2.50)

0.106 7.35 16.55

Chemical 1 155 314 117 S.0Y 85/11 1.2 0.097 7.35 16.55

(slow) (1: 393 255)

Chemical2 145 296 11.1 5.0Y85/11 14, 0.106 7.35 16.57

(rapid) (1: 395 258)

jarosite (M= K*): JCPDS 36-427 7.29 17.22

Standard 549 300 136 5.0Y 8.5/11 4.0, 0.160 7.29 17.14
(1. 336 3.03)

Biological 522 308 134 50Y85/11 1.1, 0.18 729 17.06
(1: 412: 3.13)

Chemical | 484 310 146 5.0Y 9.0/7 1.1, 0.18 731 17.12

(slow) (1:  4.96: 3.98)

Chemical2 393 278 128 5.0Y 9.0/7 0.6, 0.18 7.28 17.12

(rapid) (1:  4.48: 3.69)

ammoniojarosite (M'= NH,*): JCPDS 26-1014 7.33 17.50

Standard 346 338 421 5.0Y 9.0/7 3.8 0.13 7.33 17.58
(1. 271 223)

Biological 146 291 112 50Y8.5/11 0.9, 0.16 7.28 17.42
(1. 4.06: 289

Chemical 1 155 314 117 5.0Y 8.5/11 0.9, 0.18 7.31 17.45

(slow) (1: 3.15: 241)

Chemical 2 145 296 11.1 2.0Y 8.0/14 0.5 0.17 7.33 17.45

(rapid) (- 380: 259

*! full width at half maximum
2 expressed by JIS symbols.

Hereafter, the sample prepared by the slow additionésission spectrometry, ICP—AES (SEIKO Co. Ltd.,

denoted “chemical product 1" and that by rapid addBPS 1200) after dilution with a 0.01 mol dhsuper

tion, “chemical product 2. special grade (SSG) of HCI solution. After aging the
Method IV also involved chemical formation, butprecipitate, the residue was separated by filtration and

Fe(SOy)sxH,0 was used instead of oxidizing%F¢o stored for characterization.

Fe** ions. This was carried out to determine the rate of

formation of the jarosite-group compounds. The 12Characterization of products

cm® of 100 mmol dm? FeX(SOy)32xH,O was put into a

500 cn? Erlenmeyer flask, and then AgNQK,SQy, or The X-ray-diffraction (XRD) patterns of samples

(NH4)>,SO, were added to the flask in order for the finalvere collected with a diffractometer (JEOL JDX-3500)

concentration to beéV]*]sina = 53 mmol dms, whereM*  with a monochromator under the following conditions:

indicates a monovalent cation such a$,Ad, or NH;*. CuKa radiation, 30 kV, 200 mA; scanning spe€d 2

Finally, 30 cnd of H,0O was added. The final pH was26 min~’; time constant 0.5 second.

adjusted to 1.90-2.00 using,CiOs. Aging for precipi- Morphologies were observed with a scanning elec-

tation was continued for 56 days af@0At intervals, tron microscope, SEM (JEOL JSM-6300F) at 2-3 kV.

pH was measured, and 1%af supernatant was pipettedThis field-emission type of SEM enabled observation

off and filtered with a 0.2.m membrane filter for so- with very thin evaporation of platinum on the sample to

lution analysis. The total Fe and S concentrations weawoid differential charging effects.

determined by the induced coupled plasma — atomic



48 THE CANADIAN MINERALOGIST

Infrared spectra were recorded by a Fourier transimilar to those of the standards. There are distinctive
formation infrared spectrometer, FTIR (JASCAR absorbance frequencies of jarosite at 1190-1200 and
VALOR lIl) using diffuse reflectance infrared Fourier1080-1090 cr (v3 mode of S@), at 1010-1030 crh
transform spectroscopy (DRIFTS) with 0.3 mass % of
sample precipitate in KBr, under the conditions: accu-
mulation, 64 times; resolution, 4 chdetector, TGS; 2
range of wavenumbers, 400—4000-&m 5

The specific surface-area of product was determined ©

)

by the N gas adsorption method by a Quantasorb U
J - R W o

110
006

104
202

(Yuasa lonics QS-13 with a cell QS-300 for low-value
measurements).

Elemental compositions for the jarosite-type phases
produced were determined by ICP-AES (SEIKO Cd?
Ltd., SPS 1200) after decomposition in 6 mot&HCl.

ResuLTsAND Discussion

ty/ arbitrary

All XRD patterns indicate that the jarosite-group2
compounds synthesized do not contain crystalline b J\N
products; this finding is shown for argentojarosite i~ 1 A

Figure 1, jarosite in Figure 2, and ammoniojarosite in (d)
Figure 3. Cell parameteasandc of these jarosite com-
pounds are in good agreement with the JCPDS data as
M_J\ L AN M
20 30 40 50

listed in Table 1. As shown in Table 1, the composition
was found mostly to be stoichiometric, except that some
monovalent cations were slightly deficient: the mole

ratios of Fe/S are close to 1.5 [the stoichiometric ratio Diffraction angle/ 26 [CuKa]
in the formulaMFe;(SOy)2(OH)g] in all samples. Also,

the colors of biological and chemical products wergG. 2. XRD patterns of the jarosite produced. (a), (b). (c)
and (d) are the same as in Figure 1.
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Fic. 1. XRD patterns of the argentojarosite produced. (a) Diffraction angle/ 26 [CuKa]

standard, (b) biologically mediated product (Biological),
(c) slow oxidation of F& ions by HO, (Chemical 1), and Fic. 3. XRD patterns of the ammoniojarosite produced. (a),
(d) rapid oxidation of F& ions by HO, (Chemical 2). (b), (c) and (d) are the same as in Figure 1.
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Fic. 4. FTIR spectra for the argentojarosite produced. Vertical bar indicates 1.2 Kubelka—

Munk units for (a), one Kubelka—Munk unit for (b), (c) and (d). (a), (b), (c) and (d) are
the same as in Figure 1.

(v; mode of SG), at 640-650 cnt (v4 mode of SG), and 1080-1090 cth are linearly related to mass per-
at 3300-3400 cm (stretching mode of OH), at 1000—centage of standard substances in KBr over the concen-
1010 cnt (o mode of OH), and at 470-480 ©n{r tration range of two orders of magnitude with high
mode of OH) (Lazarofét al.1982, Tuovinen & Carlson correlation-coefficients, as shown in Figures 7a, b and
1979). For all products, these characteristic IR bands showing that IR-derived purities can be estimated
were observed by FTIR in agreement with those fdrom this relationship (Sasaét al. 1995). The order of
standard jarosite-group compounds, though peak intd® purity was found to depend on the method of prepa-
sities of biologically mediated products are weaker thaation, but to be independent of species, as follows: stan-

those of chemical products, as shown in Figures 4,dard substances > chemical products 2 > chemical
and 6. Peak intensities of the bands at 1190-1208 crproducts 1 > biological products.
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Fic. 5. FTIR spectra for the jarosite produced. Vertical bar indicates 1.2 Kubelka—Munk

units for (a), one Kubelka—Munk unit for (b), (c) and (d). (a), (b), (c) and (d) are the
same as in Figure 1.

The morphology of synthesized jarosite-grougal products consist of aggregates of submicroscopic
phases depends on the method of preparation. Geraystal units (Figs. 8b, 9b, 10b), and (3) chemical prod-
ally, the jarosite-group phases formed by the sanuets show distinct morphological characteristics: chemi-
method showed similar morphology, though some dital products 2 (rapid) have large size-distributions and
ferences were observed depending on which monovavolve much larger particles (Figs. 8d, 9d, 10d) than
lent cations were involved. Common features from thehemical products 1 (slow), which are relatively uni-
different methods are summarized as follows: (1) cry$srm in crystal size (Figs. 8c, 9c, 10c).

tals of the standard substances are small and irregular inThe reason why the rate o£®, addition results in
shape, and not euhedral (Figs. 8a, 9a, 10a), (2) biolotlie above feature (3) cannot yet be explained com-
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Fic. 6. FTIR spectra for the ammoniojarosite produced. Vertical bar indicates four

Kubelka—Munk units for (a), one Kubelka—Munk unit for (b) and (c), and two Kubelka—
Munk units for (d). (a), (b), (c) and (d) are the same as in Figure 1.

pletely, but it may be stated in a qualitative way as fo[OH)]?* in addition to [Fe(H0)s(SQy)]*, which is the
lows. On the oxidation of F&ions to F&* ions, rapid precursor to jarosite-group phases (Sasakil 1995).
addition of HO, causes rapid increase in the solutiofRapid addition may lead to lower amounts of precur-

pH locally, according to the reaction

2F&" + H,0p + 2 H =2 Fé* + 2 H,0
(chemical) [1]

and readily forms F¥ species such as [Fef@)s

sors or nuclei of jarosite-group phases at the initial stage.
Lazaroffet al (1982) described that polymers offe
bearing octahedral species having hydroxyl and sulfate
ligands could be precursors of both jarosite-group
phases and amorphous hydroxysulfates, and that the
incorporation of appropriate monovalent catiokB)(
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and additional sulfate ions leads to formation of and a slow decrease due to the formation of a jarosite-
jarosite-group compound. The formation ofFpoly- type compound (eg. [2]). This situation avoids the for-
mers is promoted by the increase of pH, since normaliyation of different types of Béspecies, leading to the
Fe**ions polymerize by hydroxo-bridges. Formation oformation of many small precursor particles or nuclei
a jarosite-group phase decreases the solution’s pHdsa jarosite-type compound having more uniform size
expressed in eq. [2], which is favorable to further fothan those from rapid addition o£6h.
mation of jarosite and not of amorphous species such asThe biological oxidation of & ions proceeds as in
Fe*-oxyhydroxides. eg. [3] and is much slower than the chemical oxidation

by slow addition of HO, carried out in the present work.

M* + 3 Fé™+ 2 HSQ ™+ 6 K0 =
MFey(SOy)»(OH)s + 8 H* (chemical) [2] 2FE"+12Q+2H =2 Fé" + H,0
(biological) [3]

Thus, fewer precursor particles or nuclei of jarosite and
various types of & species, which eventually dissolveln addition, extracellular substances, such as polysac-
and contribute to the ripening of crystals (Ostwald ripsharide (Sadowski 1999), are produced during cellular
ening), may result in the large size-distribution. On theetabolism, and they affect the surface free energy of
contrary, the slow addition of @, does not change the crystal nuclei of a jarosite-group phase. Usually, crystal
solution’s pH very much, that is, the pH is balanced byrowth is inhibited in biologically mediated systems.
a slow increase due to the oxidation of'Fgeq. [1]) Therefore, the biological products often occur in the
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Fic. 8. SEM images of the argentojarosite produced. (a), (b), (c) and (d) are the same as in Figure 1. Magnification is the same
for all images. Scale bar:dm.

form of small crystal units that bind to each other, anization. However, the tendency of aggregation and par-
they are not as euhedral as the chemical products 1ticle-size distribution are very similar to those of
Morphological features from the monovalent cationargentojarosite when prepared by the same method.
involved are summarized as follows. As reported prevAmmoniojarosite looks like aggregates of near-cubic
ously (Sasaket al. 1995), argentojarosite is commonlyparticles (Figs. 10b, ¢ and d), though the sizes of chemi-
euhedral, except for the standard substance (Fig. 8ed product 2 are exceptionally large (Fig. 10d). Appar-
the biological product consists of “aggregates” of mangntly, morphologies of biological product (Fig. 10b) and
square pieces with sharp edges and submicrometcizemical product 1 (Fig. 10c) are similar, but the planar
microstructures (Fig. 8b), whereas the chemical prothcets are more developed in the latter than the former.
ucts consist of several micrometric particles that form The above differences are considered to be caused
pyramidal rhombs with smooth surfaces and separdig the rate of formation of the jarosite compounds, de-
from each other (Figs. 8c, d). In contrast to argentpending on which monovalent cations are involved. Fig-
jarosite, jarosite consists mostly of round and granulare 11 shows the changes in the concentration of Fe and
particles, and sharp edges are not developed (Figs. 98, species and pH during experiments in Method IV.
and d). Akaket al.(1999) reported that the shape of crysXRD patterns of products confirmed the formation of
tals of natural jarosite at the Gunma iron mine, Japasingle-phase argentojarosite, jarosite and ammonio-
which is abiotic in origin, is similar to that in Figures 8darosite. It should be noted again that in this method,
and 10d, and their sizes are much larger than the predeeit’ ions were supplied as a sulfate at the same initial
results, though the chemical composition of the naturabncentration and not by the oxidation of Fiens. It is
jarosite is not reported. The differences from the presesiear from Figure 11 that the rate of formation of a
results may be due to the time and conditions of crystgdrosite-group phase is higher in the order argento-
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Fic. 9. SEM images of the jarosite produced. (a), (b), (c) and (d) are the same as in Figure 1. Magnification is the same for all
images. Scale bar: dm.

jarosite > jarosite > ammoniojarosite. Ivarseinal. slow addition of HO,, and the chemical oxidation by
(1979) have reported that in the biologically mediatehpid addition of HO,. They were characterized by
formation of jarosite-group compounds By ferro- XRD, FTIR, chemical analysis and SEM, and morpho-
oxidans jarosite is formed more quickly than ammoniological features were discussed compared with those
jarosite under the same conditions. The slow rate fifrmed by the hydrothermal method (standard sub-
formation of ammoniojarosite may lead to the formastances). Conclusions are summarized as follows.
tion by the chemical method of aggregates with many (1) XRD patterns indicate that synthesized jarosite-
small crystals, similar to the biological products. Thigroup compounds do not contain crystalline by-prod-
phenomenon does not occur in the formation afcts. The order of IR purity was found to be dependent
argentojarosite and jarosite, because the rate of fornma the method of preparation and to be independent of
tion by the slow addition of $#D, is sufficiently faster the jarosite-group species; the order was standard sub-
than the biological oxidation method Byferrooxidans stances > chemical products 2 (by rapid oxidation of
Fe?* ions) > chemical products 1 (by slow oxidation of
CoNCLUSIONS Fe* ions) > biological products.
(2) Two main factors were found to affect the mor-
Argentojarosite, jarosite and ammoniojarosite wernghology, the method and rate of supply of‘Fens,
synthesized by supplying ¥eions in three different and the nature of the monovalent cation, which deter-
ways: the biological oxidation of Btions by T. mines, the intrinsic rate of formation under given con-
ferrooxidans the chemical oxidation of Feions by ditions.
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Fic. 10. SEM images of produced ammoniojarosite. (a), (b), (c) and (d) are the same as in Figure 1. Magnification is the same
for all images. Scale bar:dm.

(3) Where F&'ions were present in the system from REFERENCES
the beginning, the order of rate of formation was con-
firmed to be argentojarosite > jarosite > ammonic®Kal, J., A&al, K., ITo, M., Nakano, S., Maki, Y. &
jarosite at 3€C. SASAGAWA, . (_1999): Biologic_ally localized iron ore at
(4) The morphological features of jarosite-group Gunma iron mine, JapaAm. Mineral.84, 171-182.
compounds formed by the biological method were pag;

: S . . IGHAM, J.M. (1994): Mineralogy of ochre deposits formed by
ticularly distinguishable owing to the effect of extracel- "¢ fide oxidation.In Environmental Geochemistry of
lular substances.

Sulfide Mine-Wastes (J.L. Jambor & D.W. Blowes, eds.).
Mineral. Assoc. Can., Short Courg2, 103-132.
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