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ABSTRACT

Poland) were studied using 57Fe Mössbauer spectroscopy. Samples of naturally altered stilpnomelane 

and chlorite were also studied. The Mössbauer spectrum of an untreated sample was fitted to two Fe2+

doublets and two Fe3+ doublets. The Fe2+ 

respectively), and an M1:M2 area ratio of nearly 1:3. For ferric iron, the first doublet was assigned 

characteristic for stilpnomelane. The oxidation of Fe2+ is fast at low temperatures, with a maximum at 

of two sextets and two ferric iron doublets. The predominant phase in this new material is hematite, as 

represented by the two sextets. The abnormally high fractional Fe2+ content in the altered stilpnomelane 

2+

and Fe3+ 3+ in M3) in the altered stilpnomelane and associated chlorite strongly 

suggest that chlorite is transformed into stilpnomelane.
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INTRODUCTION

Stilpnomelane belongs to the group of modulated 2:1 layer 

silicates and is generally recognized as a group of minerals, with 

Fe ranging from primarily Fe2+ 

Fe3+

is regarded as a metamorphic mineral and is particularly wide-

Stilpnomelane frequently accompanies iron ore deposits. It is 

-

ary alteration. The formula for stilpnomelane averaged from 37 

4 0.1Al2.3Fe35.5Mn0.8Mg9.3 Al9 2O. A 

1978) based on one eighth of the above structural formula. In this 

sense, ferrostilpnomelane can be represented as K Fe 8Al)

27 2  21.8 Å, 

d001 ~ 12.2 Å. The structure of stilpnomelane as deduced 

between octahedral and tetrahedral sheets is maintained over a 

-

pointing in the opposite direction from those of the islands. These 

rings have a more trigonal configuration, and their apices are 

-

It is thought to be the first recorded occurrence of stilpnomel-

ane in a granite pegmatite and was found in association with 

chlorite, tourmaline, microcline, cleavelandite, and zeolites. 

Its characteristic feature is an intense luster and glitter due to 

microprobe, and the composition was given as SiO2 49.2%, 

Al2O3

2O 0.5%, K2O 2.1%. In this analysis, total Fe was determined 

as FeO. Additionally, the chemical analysis has revealed the 

pneumatolitic and hydrothermal processes. In the same paper, 

the DTA curve shows an indistinct endothermic maximum at 80 

2+ to Fe3+. The next, narrow 

The X-ray diffractogram of the stilpnomelane sample that was 
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to 12.3 Å due to the oxidation of Fe2+ -

–1 due to stretching vibrations of the 

2O molecules. The 1140 cm–1 band, which corresponds to vi-

brations of the Fe2+

According to calculations based on the cell parameters in a 

contain 15 Fe3+

chemical composition, there should also be at least 18 Fe2+ ions. 

Thus, the ratio Fe2+/ Fe 

they were from the same geochemical province, the same stage 

composition. Their composition was 14.04 wt% FeO and 20.82 

wt% Fe2O3
2+/

well with the results obtained by Mössbauer spectroscopy for 

be assumed as the starting ratio of Fe2+/ Fe.

PREVIOUS MÖSSBAUER STUDIES OF STILPNOMELANE

The Mössbauer data for stilpnomelane that are available in 

the literature are given in Table 1. The first results of Mössbauer 

measurements for stilpnomelane were reported by Taylor et al. 

-

solved Fe2+ doublet and two Fe3+ doublets. The Fe2+ doublet was 

assigned to divalent iron in Oc and Op octahedral sites according 

Oc site was described as consisting of four hydroxyls and two 

in cis-arrangement). The Op site had four hydroxyls and opposed 

of 1.10 mm/s and 

was interpreted by the authors as representing trivalent iron in 

the tetrahedral site. The second ferric doublet, denoted by small 

was assigned to Fe3+ in both Oc and Op octahedral sites. 

ferric doublets from the top, middle, and bottom parts of the iron 

ore are assigned to Fe3+

Fe2+

-

tion of hematite and magnetite sextets was higher than 90%, the 

parameters of these three Fe3+ doublets are uncertain. Preliminary 

-

pose of the present paper is to show that certain observed spectral 

features of stilpnomelane, both untreated and after heating up to 

SAMPLES AND EXPERIMENTAL PROCEDURES

-

ment of granite pegmatite. The sample had dimensions ca. 10  10  4 cm. The 

-

about 4.5  2  1.5 cm associated mainly with stilbite and chlorite. The altered 

stilpnomelane is definitely lighter in color than the SZ sample and consists of a 

-

ness 25–45 mg/cm2). The Mössbauer transmission spectra were recorded at room 

temperature using a constant acceleration spectrometer with triangular velocity 

shape, a multichannel analyzer with 1024 channels, and a linearly arranged 57

with a high purity -Fe foil. Values of isomer shifts for all identified subspectra 

are defined relative to the -Fe standard. All Mössbauer spectra were numerically 

TABLE 1. Previous 57Fe Mössbauer studies of stilpnomelane
Reference Locality Oxidation state IS (mm/s) QS (mm/s) Intensity Site
Taylor et al. 1968 Cuyuna Iron Range, Minnesota Fe2+ 1.20 2.40 nd.  Octahedral (Oc and Op) 

Fe3+ 0.55 1.10 nd.  Tetrahedral 
Fe3+ 0.55 0.60 nd. Octahedral (Oc and Op)

Singh et al. 1978 Iron ore band, Garhwal Himalaya  Fe3+ (top part of the iron ore band) 0.45 0.47 0.03 Octahedral
 Fe3+ (middle part of the iron ore band) 0.35 1.04 0.03 Octahedral
 Fe3+ (bottom part of the iron ore band) 0.42 0.73 0.05 Octahedral

Fig1
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FIGURE 1.

a b) fragment 

with altered stilpnomelane and associated chlorite. Arrows point to 

particular minerals.
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RESULTS AND DISCUSSION

The Mössbauer spectra of the untreated stilpnomelane and 

parameters derived from the fitting procedure are summarized in 

Table 2. The SZ, ASZ, and heated samples did not contain Zee-

man’s sextets, which reflect magnetically ordered compounds. 

All components in the spectra were represented by character-

istic doublets. Magnetic ordering did appear due to heating at 

the spectra of the altered stilpnomelane and associated chlorite 

are discussed later.

Changes in Fe2+ distributions

Electric quadrupole interactions arising from the interaction 

between the nuclear quadrupole moment and the electric field in 

which nuclei occur produces characteristic quadrupole doublets 

in Mössbauer spectra. For high-spin 57Fe2+ ions, these doublets 

are usually characterized by large isomer shifts, generally ranging 

from 0.7 to 1.40 mm/s with respect to -Fe foil. The doublets 

also have large quadrupole splitting values, ranging from 0.7 

absorber oxidation state and coordination number. It has also 

been established that quadrupole splitting is generally negatively 
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values for Fe2+ are associated with regular, undistorted polyhedra, 

18 of these cations share 4 O atoms with Si, another 18 share 3 

O atoms with Si, 8 share 2 O atoms, and 4 share 1 or no O atoms 

with Si. In the following sections of this paper, these sites will 

2+ ions in the M1 site should 

have a greater barrier against oxidation than Fe2+ in the M2 site. 

This assumption will be used to differentiate between these two 

sites in the Mössbauer spectra. 

As expected, the spectrum for the untreated SZ sample 

showed two doublets representing Fe2+ in the M1 and M2 sites 

2+ in M1. The second 

to Fe2+ in the M2 site. The relative areas of these doublets were 

0.12 and 0.33, respectively, with a total relative contribution 

of 0.45 Fe2+

M1 and M2 populations from the two Fe2+ doublets were de-

termined based on a free parameters fitting procedure. In Figure 

has a visible inflection at v

determined Fe3+ spectral parameters, this suggests an M2:M1 

area ratio of 3:1. The use of quadrupole splitting distribution 

necessary in this case because all components are well specified 

and characterized by low 

ratio other than 3:1 can be obtained only by arbitrarily fixing 

parameters for doublets 1 and 2, leading to artificial results. 

2+ Fe2+/ Fe) in the 

Mössbauer spectra of the untreated sample and those heated up 

The total decrease in relative areas of the two Fe2+ doublets 

This indicates that the oxidation of Fe2+ to Fe3+ begins at a low 

temperature. Simultaneously, the Mössbauer parameters of these 

Fe2+ doublets changed slightly as compared to the unheated SZ 

the DTA curve, corresponding to interlayer water loss. 

decrease in the relative contributions from doublets 1 and 2, 

to a total of 0.22. Oxidation is more efficient in the M2 site, 

where the contribution of doublet no. 2 decreased from 0.33 

1:1. The hyperfine parameters for doublet no. 1 were noticeably 

TABLE 2. Parameters for 57Fe Mössbauer spectra for stilpnomelane from Zółkiewka (SZ) after heating for 3 h in air at the given temperatures
Sample 2 No. IS* (mm/s) QS† (mm/s) /2‡ (mm/s) Intensity§ Site assignment
Untreated stilpnomelane (SZ) 1.29 1 1.126(4) 2.274(8) 0.167(10) 0.12 M1-Fe2+

2 1.160(2) 2.664(3) 0.175(4) 0.33 M2-Fe2+

3 0.364(1) 2.066(2) 0.133(4) 0.16 M3-Fe3+

4 0.410(6) 1.176(9) 0.341(7) 0.39 M1+M2+M4-Fe3+

80 °C 1.06 1 1.137(10) 2.216(20) 0.150(14) 0.10 M1-Fe2+

2 1.147(5) 2.626(8) 0.156(9) 0.31 M2-Fe2+

3 0.356(3) 2.044(3) 0.121(7) 0.17 M3-Fe3+

4 0.407(10) 1.198(16) 0.308(15) 0.42 M1+M2+M4-Fe3+

200 °C 0.89 1 1.143(9) 2.324(9) 0.219(14) 0.10 M1-Fe2+

2 1.152(6) 2.620(14) 0.132(13) 0.12 M2-Fe2+

3 0.353(4) 2.006(5) 0.150(9) 0.15 M3-Fe3+

4 0.400(4) 1.252(6) 0.282(6) 0.63 M1+M2+M4-Fe3+

360 °C 0.88 2 1.104(27) 2.708(27) 0.147(11) 0.05 M2-Fe2+

3 0.349(4) 2.066(7) 0.130(9) 0.28 M3-Fe3+

4 0.451(21) 1.190(23) 0.217(9) 0.35 M1+M2+M4-Fe3+

5 1.082(20) 0.760(20) 0.121(10) 0.02 M5-Fe2+

6 0.156(18) 1.472(26) 0.153(15) 0.11 M1-Fe3+

7 0.399(20) 1.672(24) 0.186(19) 0.19 M2-Fe3+

450 °C 1.06 3 0.338(4) 2.002(8) 0.163(9) 0.22 M3-Fe2+

4 0.454(10) 1.094(13) 0.216(11) 0.32 M1+M2+M4-Fe3+

5 1.085(9) 0.740(10) 0.147(10) 0.06 M5-Fe2+

6 0.193(20) 1.346(13) 0.179(11) 0.16 M1-Fe3+

7 0.417(13) 1.406(10) 0.184(15) 0.24 M2-Fe3+

600 °C 0.74 3 0.343(3) 2.020(7) 0.165(9) 0.24 M3-Fe3+

4 0.438(13) 1.038(18) 0.219(12) 0.33 M1+M2+M4-Fe3+

5 1.045(9) 0.840(9) 0.130(12) 0.04 M5-Fe2+

6 0.166(24) 1.282(14) 0.178(10) 0.15 M1-Fe3+

7 0.419(16) 1.408(13) 0.192(20) 0.24 M2-Fe3+

810 °C 1.03 3 0.341(4) 2.000(8) 0.154(14) 0.15 M3-Fe3+

5 1.013(24) 0.934(14) 0.131(13) 0.02 M5-Fe2+

7 0.345(5) 1.342(19) 0.230(21) 0.20 M2-Fe3+

8 0.342(2) 0.772(11) 0.256(10) 0.63 Octahedral Fe3+

880 °C 0.92 3 0.356(2) 2.022(3) 0.168(5) 0.24 M3-Fe3+

8 0.324(3) 0.810(4) 0.408(8) 0.76 Octahedral Fe3+

* Isomer shift values IS are given relative to the -Fe standard.
† Quadrupole splitting.
‡ Half width at half maximum.
§ Estimated error I/I ≤ 12%.
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Two Fe2+ -

Doublet no. 2 was assigned to Fe2+ in the M2 site. The second 

no. 2 decreased to 15% of its original value and doublet no. 1 

was absent. 

The Mössbauer parameters of the new Fe2+

suggest an environment that is either highly distorted or very 

case from Mössbauer data alone. It was assumed that this Fe2+

1.08 mm/s). It seems reasonable to conclude from structural 

and Mössbauer data that this site may respond to effects from 

3+, Mg2+, Mn2+, and Ti4+) and 

results from greater ditrigonal distortion of the tetrahedral layer 

Furthermore, the groups Fe2+Al3+ and Fe2+Ti4+ would require 

the highest oxidation potentials to oxidize the ferrous iron. It is 

worth noting that doublets with nearly the same parameters have 

xFe ]yO solid solutions 

Figure 4 shows that the spectra for the samples heated at 450, 

outermost edges of the spectra, EL and EH,

influence from doublet no. 5), respectively. They are vertically 

shifted relative to each other due to the M5 doublet, and the dis-

placement decreases with decreasing Fe2+ content at the M5 site 

side of the high energy arm is distinctly broadened by doublet no. 

2+ component is also strongly supported by the 

2
red

represented in these spectra. If the doublet was not represented, 

the value of 2 varied between 2 and 3 and these spectra were 

inconsistent. The data, therefore, strongly suggest the presence 

of Fe2+ in the M5 site after heating at high temperatures. 

2+ was assigned solely to the M5 

-

ing Fe2+ -

bution of Fe2+ to the entire spectrum was 0.04, and as with the 

previous sample, all remaining ferrous ions are located at the M5 

Fe2+ ions decreased to only 0.02. This characteristic Fe2+ doublet 

was absent in the spectra for the higher temperature samples. 

Figure 3 shows two stages of relative Fe2+ content as a func-

tion of heating temperature. The oxidation of Fe2+ to Fe3+ caused 

an almost linear decrease in the Fe2+ contribution over a large 

Changes in Fe3+ distributions
The interaction of the electric field gradient with high-spin 

Fe3+ ions in the octahedral crystalline positions is reflected in the 

Mössbauer spectrum by characteristic doublets with relatively 

2+, high quadrupole splittings for Fe3+ ions imply 

increasing distortion of the coordinated octahedra.

In the spectrum for the untreated SZ sample, two doublets 

were assigned to Fe3+ ions, with a contribution of 0.55. The first 

It is the most characteristic and stable component. This doublet 

-

similar parameters have been recorded in the spectra of minerals 
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experimental stilpnomelane spectrum presented in an extensive 

probably be assigned to individual Fe3+ octahedra from the octa-

hedral sheet, which expands laterally by thinning or compressing. 

tetrahedral rotation) that allows the tetrahedral and octahedral 

Figure 5 shows the relative content of doublet no. 3 vs. tem-

perature for all spectra. A significant change in the doublet area is 

on the DTA curve was assigned to the oxidation of Fe2+ to Fe3+ near 

this temperature. The Mössbauer results can also be explained as 

the first real rearrangement in the structure of stilpnomelane. Fe3+

ions have a smaller ionic radius than Fe2+ ions, and replacement of 

Fe2+ with Fe3+ causes contraction of the octahedral sheet, warping 

the tetrahedral layer into greater ditrigonal distortion to retain the 

-

ment is that part of the Fe2+ that is oxidized to Fe3+

higher is placed into the new, strongly distorted Fe3+ octahedra. 

contribution of this doublet had nearly the same value as for the 

explain. In part, the intensity of doublet no. 3 may be lowered by 

the fitting procedure as a result of a strong overlap with doublets 

7 and 8. Again, this observation coincides well with the last exo-

The second doublet assigned to Fe3+

2) in the SZ spectrum had an area of 0.33. This doublet had the 

The high 

doublet represents all overlapped components of ferric iron from 

the M1, M2, and M4 sites. The intensity of this doublet increased 

2+ to Fe3+ in the M2 site 

2+

at these temperature ranges changed slightly from 0.42 to 0.45 

mm/s, and quadrupole splittings decreased systematically from 

more regular arrangement of these ferric positions. This doublet 

-

-

ment of these doublets to Fe3+ positions. As might be expected, 

3+

oxidation of Fe2+ in M1). Doublet no. 7 was assigned to Fe3+ in 

2+ in M2). These doublets can 

Fe3+ M1 and M2 sites. 

value, indicating that most of the ferric iron was formed in a 

very asymmetric environment. This can be explained by dehy-

ions and a vacancy than for those bonded to two trivalent ions 

2– ion left over 

due to the condensation of hydroxyls can be connected to these 

two divalent octahedral ions and lead to some distortion of the 

octahedral layer. In other words, this site will tend to have a 

coordination lower than six. The isomer shift remains nearly 

constant with temperature, but quadrupole splittings for this 

Similarly, doublet no. 7 represents a highly distorted M2 

octahedral Fe3+ position and is characterized by practically 

values due to the formation of a more uniform structure. In the 

from the superposition of a large number of somewhat different 

quadrupole doublets assigned to Fe3+ in octahedral positions. The 

-

The predominant iron phase in this new material is hematite. 

It is represented by the two sextets, with a contribution of 0.71 

in the spectrum. The parameters allowed the assignment of the 

doublets to Fe3+ in octahedral positions. The hyperfine parameters 

results primarily from the influence of Al3+ substitution, which 

lowers both the magnetic ordering and the saturation hyperfine 

FIGURE 5. Variation in the relative contents of doublet no. 3 vs. 
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indicate deviations from ideal chemistry. 

3+ in tetrahedral posi-

tions should be characterized by an IS 

0.50 mm/s with respect to an 

with such spectral components were not observed in this study. 

splittings were much higher than 0.50 mm/s. Furthermore, 

this doublet originates from the deformation of the octahedral 

layer in M1 positions caused by dehydroxylation and oxidation 

occupy tetrahedral sites in stilpnomelane. 

Altered stilpnomelane and associated chlorite
Unexpected results were obtained for the sample of altered 

many features of chemical alteration. Fitted doublets and cal-

culated parameters for the spectra of the altered stilpnomelane 

and associated chlorite are shown in Figure 7 and Table 4. The 

2+

sites had nearly the same parameters as analogous doublets in 

content of Fe3+

3+ doublet no. 3 was less 

2+

in ASZ, and the simultaneously low content of Fe3+ in the M3 site 

processes operating locally.

Stilpnomelane can be regarded as an intermediate mineral 

transformation of Fe-rich chlorite. The specimen from the Pol-

ish pegmatites is probably a secondary mineral arising from 

direct comparison of the ASZ Mössbauer spectrum with that 

1.12–1.13 and 1.14 mm/s, and quadrupole splittings of 2.35–2.33 

TABLE 3. Parameters of 57Fe Mössbauer spectrum for stilpnomelane after heating for 3 h in air at 1050 °C
 Sample 2  No.  IS* (mm/s)  H† (T) QS (mm/s) /2 (mm/s)  Intensity§
1050 °C 0.95 D1 0.304(15) – 1.316(27) 0.229(19) 0.15

D2 0.367(17) – 0.670(30) 0.232(21) 0.14
S1 0.373(6) 50.9(1) 0.204(6)‡ 0.339(33) 0.32
S2 0.331(15) 47.6(2) 0.066(1)‡ 0.166(13) 0.39

* Isomer shift values are given relative to the -Fe standard.
† Hyperfine magnetic field. 
‡ Suggested reference e.g., McCammon (1995).
§ Estimated error I/I ≤ 12%.
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the ASZ and SZ samples, but is absent in the chlorite spectrum 

and 1:2 for the chlorite. 

The reduction of Fe3+ intensity in M3 is connected with 

the rehydroxylation process. As a result of rehydroxylation, 

hydroxyl anions re-occupy the original sites in the original ori-

– content in micas after rehydroxylation was restored to 

early stage of stilpnomelane formation. If so, it can be assumed 

that pegmatite ferristilpnomelane forms by oxidation of earlier 

ferrostilpnomelane. 
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TABLE 4. Parameters of 57Fe Mössbauer spectra for the altered stilpnomelane from Zółkiewka (ASZ) and associated chlorite
Sample 2 No. IS* QS (mm/s) /2 (mm/s) Intensity† Site assignment

(mm/s)
Altered stilpnomelane (ASZ) 1.31 1 1.116(10) 2.346(13) 0.199(9) 0.17 M1-Fe2+

2 1.144(1) 2.682(4) 0.152(4) 0.53 M2-Fe2+

3 0.353(3) 2.066(4) 0.135(7) 0.10 M3-Fe3+

4 0.512(16) 0.864(17) 0.336(17) 0.20 M1+M2-Fe3+

Associated chlorite 1.51 1 1.127(2) 2.334(8) 0.209(6) 0.26 M1-Fe2+

2 1.145(1) 2.696(7) 0.158(2) 0.51 M2-Fe2+

3 – – – – –
4 0.581(6) 0.854(4) 0.363(8) 0.23 M1+M2-Fe3+

* Isomer shift values are given relative to the -Fe standard.
† Estimated error I/I ≤ 8%.




