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Abstract—Results of thermic transformations of ore minerals from genetically different oceanic ferromanga-
nese rocks in the course of their heating up to 1000°C are considered. Manganese minerals with various types
of crystalline lattice have different grades of thermic stability. Layered manganese minerals (buserite I,
asbolane-buserite, and birnessite) are stable up to 120-150°C; asbolane up to 180°C; vernadite, up to ~500°C;
todorokite and pyrolusite (minerals of the tunnel group), up to 600 and 670°C, respectively. Sorbed cations of
heavy metals govern the transformation temperature and mineral composition of products of the calcination of
ferromanganese rocks. Study of birnessite and todorokite demonstrated that genesis of ferromanganese rocks

do not affect thermic properties of minerals in them.
DOI: 10.1134/S0024490207040013

By the beginning of the 20th century, researchers
have accumulated a large body of mineralogical—
geochemical data pertaining to the chemical composi-
tion of oceanic ferromanganese rocks. High contents of
Ni, Cu, and Co in nodules and crusts suggest that these
rocks can be considered raw material for nonferrous
metals and manganese (ferromanganese). However,
crystallochemical, physicomechanical, and mechanical
features of ore minerals in these rocks are insufficiently
studied.

Data on the behavior of manganese and iron miner-
als from oceanic ferromanganese rocks in aqueous
solutions of electrolytes are presented in several publi-
cations (Chelishchev et al., 1991, 1992; Giovanoli,
1980; Golden et al., 1986; Gorshkov et al., 1992; Grib-
anova and Shatskaya, 1988; Gunneriusson, 1994;
Lysyuk, 1991; Novikov, 1988, 1996; Novikov and
Baturin, 1997; Novikov and Cherkashov, 2000;
Novikov and Murdmaa, 2007; Novikov and Shatskaya,
1990; Novikov et al., 2006; Pivovarov, 2001, 2004,
Pivovarov and Lakshtanov, 2003; Takematsu, 1979;
Varentsov et al., 1988; and others). Results of these
investigations show a significant chemical and struc-
tural stability of ferromanganese rocks in ion exchange
reactions in the course of basic and acid treatments.
Phase transformations of layered manganese minerals
(buserite I, asbolane-buserite, birnessite, and vernadite)
into each other in the reactions (Chelishchev et al.,
1991, 1992; Gorshkov et al., 1992; Gribanova and
Shatskaya, 1988; Novikov and Shatskaya, 1990;
Novikov, 1996; Novikov et al., 2005) support previous
theoretical conclusions about the similarity of these
minerals (Chukhrov et al., 1989).

The thermic analysis provides new insight into the
general picture of structural transformations of layered
manganese minerals in oceanic nodules and crusts. The
behavior of manganese minerals during heating
depends on reducing processes accompanied by the
release of oxygen. Phase transformations usually pro-
ceed in a wide temperature range. Identification of
products of the calcination of nodules and crusts is
hampered by the similarity of diffractometric charac-
teristics of newly formed manganese and iron oxides.
Moreover, data on the chemical composition of newly
formed phases are absent. Therefore, data on the X-ray
phase analysis can only suggest the prevalence of cer-
tain phases during their heating to more than 500°C.

The aim of the present work was to study thermic
transformations of (a) ore minerals in genetically dif-
ferent ferromanganese rocks and (b) cationic products
of ion exchange reactions in the course of successive
calcination of rocks up to 1000°C.

EXPERIMENTAL

Characteristics of the initial material. We studied
genetically different ferromanganese rocks (diagenetic
and sedimentary nodules, crusts, crustal nodules, and
low-temperature hydrothermal manganese crusts from
different regions of the World Ocean). The mineral
composition of the ferromanganese rocks is repre-
sented by the typical association of manganese miner-
als.

Diagenetic nodules contain the following typical
minerals: buserite I, asbolane-buserite (samples 666-5,
2483-12, 19/t-1: Clarion—Clipperton ore province in
the Pacific; sample 1352-30: Central Basin in the
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Table 1. Contents of metal cations (Wt %) in genetically different ferromanganese rocks

Stationno.| Fe |Mn,, | Mn?**| Ni Co | Cu | Zn Pb Mo Cd | Ca | Mg | Na K [Mn/Fe
Diagenetic nodules
666-6 6.85(28.25|1.56 |1.30 |0.18 |1.10 |[0.16 |0.035 0.037 | 1.4]1.34|2.06|1.50]|0.72 | 4.86
2483-12 5.52(26.16|1.47 |1.24 |0.20 |1.06 [0.12 |0.035 0037 | 14136 |1.88|1.47|0.74| 4.74
19/t-1 4.56(26.80|1.65 |1.08 [0.22 |1.05 |0.14 |0.060 0045 | 40|145|1.75|1.81|0.72| 5.88
19/t-2 4.76(28.40(1.75 |1.22 [0.20 [0.96 | 0.12 |0.060 0.038 | 3.0|134]1.68|1.76 | 0.78 | 5.98
2520-25/2 | 6.6321.90|0.87 [0.98 [0.10 |0.66 |0.041|0.054 0022 | 1.7/097|1.50 122|035 3.35
6A-124-2 | 7.42]24.82|1.12 |1.21 |0.038|0.46 |0.071|0.048 0048 | 1.5]|130|1.54|1.83|035]| 3.34
3852/1 4.26|37.60(1.82 |0.80 [0.024|0.47 |0.24 [0.0057| 0.018 | 1.5|1.88|2.23|238|0.86| 8.83
3857 1.3640.86 | 1.86 |0.67 [0.016|0.40 |0.25 [0.013 0.025| 1.6 1.06 | 2.44 | 2.10 | 0.55 | 30.0
1352-30 42412690152 |1.20 [0.16 |[1.43 |0.19 [0.048 0.038 | 1.0|1.05|2.15|1.24|0.64 | 6.34
1370-1.5 4.66(34.88|1.72 |1.30 [0.10 |1.14 |0.14 |0.042 0.056 | 2.6|1.94|2.16|1.68 | 0.82 | 7.48
6742-13 5.67126.38|1.30 [0.94 |0.15 |0.98 |0.16 |0.086 0032 | 22 |144|1.52 148|043 | 441
Sedimentary nodules
2520-17 9.30(17.96|0.41 |0.65 [0.28 |0.47 |0.065[0.057 0018 | 15]132]1.26|1.85|0.71 | 1.93
6298-56 |15.34|15.61|0.48 [0.28 [0.48 |0.44 |0.15 |0.18 0032 | 14094 |1.27 156|033 1.02
6754-5 11.55|17.00{0.35 [0.51 |0.22 [0.36 |0.092]0.071 0022 | 13]1.82]|1.60|1.64|046 | 1.47
43-63 19.00|16.95[0.26 [0.42 |0.40 |0.18 |0.054|0.060 0.036 | 11.0 | 1.03 | 1.15 | 1.84 | 0.45 | 0.90
Sedimentary crusts and crustal nodules
9-124 10.50|17.85{0.38 [0.45 |0.56 [0.13 |0.044|0.18 0041 | 26| 1.66|0.82|0.78|0.24 | 1.70
11-298 11.16117.95{0.36 |0.43 |0.48 [0.15 |0.064(0.19 0.038 | 2.5]|4.00|0.92]|1.27|0.26| 1.61
9-77 10.90(17.060.36 |0.38 |0.48 |0.14 |0.044]0.17 0.034 | 1.8|228|0.72|0.85|0.29| 1.64
Low-temperature hydrothermal manganese crusts
285-1 0.5639.60 | 1.08 |0.025]0.017 |0.023|0.084 [0.0080| 0.0010| 1.4 |2.04 | 1.40 | 2.58 | 0.40 | 70.7
415-2 3.33142.30|1.62 [0.30 |0.067|0.067|0.042|0.043 |<0.0010|<1.0 | 2.13 | 2.02 | 1.75 | 0.90 | 12.70
415-4 2.45156.20|0.082|0.051 |0.017|0.097 | 0.018 |0.028 |<0.0010|<1.0 | 1.05 | 0.58 | 0.85 | 0.20 | 20.50

Note: The Cd content is given in ppm.

Indian Ocean; sample 6742-13: East Indian Ridge);
asbolane-buserite, birnessite (sample 19/t-2: Clarion—
Clipperton ore province; sample 2520-25/2: Central
Basin of the Pacific); buserite I, birnessite (samples 6A-
124-2, 3857: Peru and Guatemala basins, respectively,
in the Pacific; sample 1370-1.5: Central Basin in the
Indian Ocean); todorokite, asbolane-buserite (sample
3852-1: Guatemala Basin). The nodules contain the fol-
lowing admixtures: birnessite, buserite II, todorokite,
and Fe-free vernadite.

Sedimentary rocks are mainly composed of Fe-
vernadite and Mn-feroxyhyte. Sedimentary nodules
were taken from the Pacific (samples 2520-17, 6298-
56: Central and South basins, respectively), Indian
(sample 6754-5: West Australian Basin), and Atlantic
(sample 43-63: Brazil Basin) oceans. Crusts (samples
9-124, 11-298) and crustal nodules (sample 9-77) were
taken from the Magellan Mountains of the Pacific.

Low-temperature hydrothermal manganese
crusts were taken from the East Pacific Rise (sample
285-1, nearly 100% birnessite) and the East Indian
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Ridge (sample 415-2, >90% todorokite; sample 415-4,
pyrolusite). Table 1 presents their chemical composi-
tions. These samples are typical for each morphoge-
netic type of ferromanganese rocks. Diagenetic nodules
are characterized by high contents of Mn,,, Mn?*, Ni,
Cu, Zn, and Mo; sedimentary nodules, by high contents
of Fe, Co, and Pb; and low-temperature hydrothermal
crusts, by very low contents of all cations of heavy met-
als.

It was shown in (Chelishcheyv et al., 1991; Novikov,
1996; Novikov and Baturin, 1997; Novikov and Murd-
maa, 2007; Novikov et al., 1995, 2005, 2006) that
exchange reactions between metal cations (Na*, K*,
Ca’, Mg?*, and Mn?*) in ore minerals of ferromanga-
nese rocks and metal cations (Cu?*, Co?*, Ni?*, and oth-
ers) in solutions yield cationic forms of these minerals
(Cu-, Co-, Ni-rich species, and others) used in the
present communication. Contents of sorbed metal cat-
ions in respective mineral species (Table 2) are much
higher than their contents in initial samples of ferro-
manganese rocks, except for the low-temperature
No. 4
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Table 2. Contents of metal cations (wt %) in respective cationic forms of ore minerals in ferromanganese aggregates (C,, = 1 N;

T =20°C)
Sample Sorbed metal cation

no. Na Cs Sr Y Ni Zn Cd Co Cu Ba Pb Mo W
666-5 361 | 122 | 656 | 465 | 585 | 6.18 | 10.2 6.60 | 803|152 |22.8 | 430 | 2.80
2483-12 320 | 120 | 595 | 427 | 585 | 587 | 973 | 623 | 7.86 | 148 |225 | 3.92 | 213
19/t-1 404 | 125 | 583 | 444 | 602 | 596 | 990 | 6.11 | 7.84 | 149 |225 | 410 | 245
19/t-2 387 | 120 | 540 | 3.70 | 498 | 4.17 | 675 | 426| 660 | 977 | 149 | 1.75 | 2.15
2520-25/2 | 322 | 112 | 486 | 346 | 433 | 370 | 620 | 3.66| 560 | 874|138 | 14 1.96
6A-124-2 | 4.08 | 12.6 | 6.58 - 6.55 | 6.60 | 11.6 8.17 | 8.80 | 174 | 263 | 458 -
3852/1 486 | 13.5 | 240 - 338 | 295 | 378 | 373 | 517 | 870|133 | 0.90 -
3857 474 | 163 | 792 | 577 | 642 | 6.80 | 10.9 943 | 103 | 20.7 | 323 | 533 | 2.94
1352-30 3.0 | 104 | 582 | 438 | 578 | 568 | 933 | 561 | 7.57 | 127 | 194 | 321 | 2.67
1370-1.5 421 | 140 | 758 | 562 | 7.05 | 7.04 | 11.9 876 | 103 | 205 |314 | 519 | 2.82
6742-13 373 | 12,6 | 6.12 | 440 | 555 | 585 | 995 | 6.10 | 7.66 | 143 | 214 | 4.14 | 2.40
2520-17 381 | 106 | 630 | 485 | 533 | 562 | 945 | 650 | 7.27 | 155 |23.6 | 596 | 3.52
6298-56 356 | 104 | 538 | 433 | 433 | 5.19 | 822 | 6.00| 680 | 132 |202 | 528 | 3.22
6754-5 369 | 11.0 | 635 | 482 | 532 | 570 | 984 | 635| 736|148 | 223 | 5.68 | 3.40
43-63 423 | 129 | 540 | 466 | 444 | 505 | 837 | 6.14| 654|142 |218 | 557 | 3.44
9-124 248 | 930 | 7.00 | 5.21 | 5.58 | 6.20 | 10.8 690 | 6.87 | 151 |233 | 7.72 | 3.77
9-77 273 | 102 | 680 | 5.04 | 537 | 6.06 | 10.7 6.60 | 656 | 144 |22.1 | 7.76 | 3.62
11-298 3.15 | 104 | 725 | 533 | 640 | 627 | 11.7 800 | 9.18 | 188 |29.8 | 852 | 3.84
285-1 5.52 - - - 830 | 9.07 | 139 |126 | 11.1 |21.0 |33.7 | 545 -
415-2 3.68 - - - 288 | 260 | 3.15| 284 | 465| - 9.78 | 0.77 -
415-4 1.82 - - - 0.84 | 097 | 1.12| 076 | 156| - 470 | 0.26 -

Note: (-) no data.

hydrothermal crust (sample 415-4) composed of pyro-
lusite. Among all associations of manganese minerals,
this sample has the lowest absorption capacity for metal
cations.

Thermic investigations of ferromanganese rocks
were carried out with a MOM-102 derivatograph (rate
of sample heating 10°/min). At maximal temperatures
of endothermic and exothermic effects recorded on
DTA curves, the rock samples were additionally heated
for 2 h. Calcination products of natural products and
their cationic forms were identified by the TEM method
using a JEM-100C electron microscope equipped with
goniometer and energy-dispersive KEVEX-5100
device (Laboratory of Crystal Chemistry, Institute of
Geology of Ore Deposits, Petrography, Mineralogy,
and Geochemistry, Moscow) and the X-ray powder dif-
fraction method (DRON-2, CukK,, monochromatized
beam, 40 kV, 30 mA, scanning rate 1°/min). In order to
determine the content of metal cations in the oceanic
ferromanganese rocks, their cationic forms, and calci-
nation products, the weighed samples were decom-
posed in a mixture of concentrated HCI + H,0O, solu-
tions in the course of boiling for 5—7 min. Concentra-
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tions of metal cations in respective solutions were
determined by the flame atomic absorption method
(Perkin-Elmer 503, Analytical Laboratory of the Shir-
shov Institute of Oceanology, Moscow).

RESULTS

Thermic investigations revealed that diagenetic
nodules composed of various associations of layered
manganese minerals are characterized by monotype
character of reactions. Their DTA curves show a num-
ber of endothermic effects with maximums at 120-150,
210-230, 400415, and 590-600°C (Fig. 1). Results of
investigations are given in this paper with sample 19/t-1
as example. Relative to nodules composed of buserite I
and asbolane-buserite, DTA curves of nodules com-
posed of buserite I and birnessite or asbolane-buserite
and birnessite are characterized by slightly more
intense maximums of endothermic effects at 130-140
and 215-230°C. The endothermic effect at 120—150°C
is related to the thermic dehydration of buserite I and its
transformation into birnessite. It should be mentioned
that, according to (Chukhrov et al., 1989), buserite I is
recognized at 100-110°C. The greatest losses of mass
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Fig. 1. DTA curves. (a) Diagenetic nodules with buserite I, asbolane-buserite (sample 19/t-1); (b) sedimentary crusts with Fe-ver-

nadite, Mn-feroxyhyte (sample 9-124) and their cationic forms.

corresponding to loss of interlayer water are recorded at
these temperatures (Table 3).

Thus, buserite I in the diagenetic nodule sample
shows a weak thermic stability. However, issue of
reversibility of this phase transformation is not dis-
cussed in (Chukhrov et al., 1989) devoted to identifica-
tion of buserite I. Previous experiments (Chelishchev et
al., 1991) demonstrated that the buserite I-birnessite
phase transformation is an irreversible process, because
birnessite is not recovered after its treatment with water
(T ~80°C) and aqueous solution of tetramethylammo-
nium bromide (TMABr), which is dissociated in water
into a large TMA™* cation and Br~. However, this treat-
ment changes significantly the diffraction image of the
basal reflection of birnessite with d = 7.20 A: the dif-
fuse weak maximum becomes prominent, testifying to
the formation of the well-developed mineral crystal.
After heating under temperatures mentioned above, the
nodules are composed of birnessite (major component)
and asbolane. Thus, we obtained effect analogous to
that recorded during the reaction of nodules with solu-
tions of mineral acids (Chelishchev et al., 1991), sug-

LITHOLOGY AND MINERAL RESOURCES

gesting similar nature of the given phase transforma-
tion.

In contrast to buserite I, the asbolane constituent of
the mixed-layer asbolane-buserite remains stable at the
given calcination temperature. At 175°C, oceanic nod-
ules composed of buserite I and asbolane-buserite
(sample 19/t-1) and asbolane-buserite and birnessite
(sample 19/t-2) were additionally calcined. Analysis of
their calcination products showed that the asbolane
phase is absent in sample 19/t-1 and is preserved in
sample 19/t-2 (Table 4). Hence, decomposition of
asbolane probably depends on the degree of its struc-
tural ordering. At the same time, the DTA curve
remains smooth. In calcination products of nodules at
230°C, we do not see birnessite formed at ~100°C
(sample 19/t-1), birnessite of the initial sample 19/t-2,
and asbolane remaining stable at 110 and 175°C.
Instead, we only see vernadite, which is stable until
~500°C. Endothermic effect in the 340-350°C interval
with maximum at 400°C is related to the removal of
water from vernadite.

2007
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Table 4. Mineral composition of diagenetic nodules and their cationic forms after low-temperature calcination (up to 200°C)

o Heating Diagnostic peaks Mineral
Cationic form | temperature, - - - - - . .
°C dA| T |dA|T|dA|T|dA| T |dA|T|dA]| 1 | compositon
Initial - 970 | 4 | 722 | 1 | 485 | 3 - 244 | 2 | 141 | 1 |BsI, A-bs, (B)
(sample 19/t-1)
Calcined 110 943 | 2 | 713 | 3 | 474 | 2 | 357 |2 |245 |2 | 142 | 1 |B,A
110; H,O 920 | 2 | 722 | 2 | 475 |1 |360 |1 |244 |2 | 141 |1 |B,A
110; TMABr | 920 | 2 | 7.17 | 4 - 358 |2 (244 |2 | 141 |1 |B,A
175 - 717 | 2 - 357 |1 (245 |2 | 141 |1 |B
Cu - 960 | 3 | 723 |1 | 478 | 3 - 244 | 2 | 141 | 1 |BsI, A-bs, (B)
110 943 | 2 | 710 | 3 | 476 | 2 | 358 |2 | 244 |2 | 141 |1 |B,A
175 - 7.14 | 2 - 359 |1 (245 | 2 | 141 |1 |B
Ni - 959 | 3| 7202|476 | 3 - 245 | 2 | 141 | 1 [Ni-A,B
110 940 | 3 | 714 | 2 | 473 | 3 | 356 | 1 | 244 | 2 | 141 | 1 [Ni-A,B
175 941 | 1 | 715 | 2 | 474 | 2 | 356 | 1 |244 | 2 | 142 | 1 [Ni-A,B
Co - 955 |3 | 718 | 2 | 478 | 3 - 245 | 2 | 141 | 1 |Co-A,B
110 935 |2 | 714 | 2 | 472 |3 |35 |1 [245 |2 | 142 | 1 |[Co-A,B
175 938 | 1 | 720 | 2 | 4752|357 |1 ]246 | 2 | 141 | 1 |Co-A,B
Initial - 955 |3 | 718 | 2 | 477 |2 | 358 |1 243 |2 | 141 | 1 |A-bs,B
(sample 19/t-2)
Calcined 110 945 | 2 | 720 | 3 | 4722|360 |1 |243 |2 141 |1 |[AB
175 940 | 2 | 716 | 3 | 470 | 2 | 358 |1 |242 |2 | 141 |1 |B,A
Cu - 952 | 31717 |2 | 476 |2 (360 |1 |243 |2 | 143 | 1 [A-bs,B
110 945 | 2 | 718 | 3 | 473 | 3|35 |1 |242 |2 | 141 |1 |BA
175 940 | 2 | 714 | 3 | 470 | 2 | 357 |1 |241 |2 | 142 |1 |B,A
Ni - 945 | 3 | 715 | 2 | 471 | 3 | 358 | 1 | 242 |2 | 141 | 1 [A-bs,B
110 940 | 3 | 716 | 3 | 472 |3 |35 |1 |243 |2 142 |1 |[AB
175 940 | 2 | 720 | 3 | 471 | 2 |360 |1 |244 |2 | 141 |1 |B,A
Co - 940 | 3 | 717 | 2 | 470 | 3 | 358 | 1 | 242 |2 | 142 | 1 [A-bs,B
110 935 |3 | 718 | 3 | 468 | 3 |35 |1 |242 |2 141 |1 |[AB
175 938 | 2 | 715 | 3 | 469 |2 | 357 |1 [243 |2 | 142 |1 |B,A

Note: Abbreviations of minerals are as in Table 3.

Calcination of vernadite at more than 500°C is
accompanied by its decomposition with the release of
oxygen (7MnO, —» 2Mn,0; + Mn;0, + 20,T) and the
formation of phases with the spinel-type structure.
Identification of calcination products of nodules at high
temperatures is rather difficult because of the formation
of complex oxides of systems Mn,05;—Fe,O; and
Mn;0,-Fe;0,. Magnetite (FeFe,O,) formed in the
530-660°C interval (maximum at 600°C) is trans-
formed into jacobsite (MnFe,O,) at further heating to
1000°C (Table 3). Formulas presented above show that
these minerals belong to the Mn;O,—Fe;O, system,
which is also composed of hausmannite and vreden-
burgite (intergrowth of jacobsite and magnetite). Con-
tents of Mn (40.55 wt %) and Fe (6.08 wt %) in the cal-
cined nodules (sample 19/t-1) suggest that the terminal
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product of thermochemical reaction of buserite nodules
occurs as a phase dominated by manganese oxides, i.e.,
hausmannite (MnMn,O,). This is indirectly confirmed
by data reported in (Rode, 1952), according to which
hausmannite is the calcination product of all manga-
nese minerals at a temperature of 900°C or more. How-
ever, the spinel-type manganese minerals, which form
during the recrystallization of ore minerals of nodules
at 500-1000°C, are probably weakly crystallized,
whereas magnetite and jacobsite are better crystallized.
This is evident in diffractograms of nodules calcined at
600 and 1000°C. The results obtained are consistent
with data reported in (Han et al., 1979; Ono et al., 1971;
Van Hook and Keit, 1958), according to which the pres-
ence of Fe in natural and synthetic manganese oxides is
responsible for the their transformation into the spinel-
Vol. 42
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type minerals at lower temperatures and the formation
of complex ferromanganese compounds. Influence of
the sorbed metal cation on the newly forming phases
and temperature of their phase transformations are very
important for understanding sequential alterations of
manganese and iron minerals. This issue has become
more urgent after the establishment of high chemical
and structural stability of manganese minerals and their
cationic products in aqueous solutions of electrolytes.
Experiments with cationic forms of synthetic birnessite
testify to the influence of sorbed metal cation on the
mineral composition of its calcination products
(Golden et al., 1986).

DTA curves of cationic forms of diagenetic nodules
with different mineral compositions are generally sim-
ilar to those of initial nodules. However, they show the
following distinctive features (Fig. 1a). The interlayer
water is removed from the cationic forms in one stage
at 30-350°C. Study of the thermic behavior of Cu-, Ni-,
and Co-rich species of manganese minerals during their
calcination at 110 and 175°C revealed the following.
Their diffractograms are analogous to those of initial
buserite nodules (sample 19/t-1), but one can see a
number of distinctions (Table 4). Diffractograms of all
cationic forms of manganese minerals calcined at
110°C show a shift of the basal reflection with d =9.70 A
toward higher © values and variation in the intensity of
major reflections depending on the sorbed metal cation.
For example, the Cu-rich species is characterized by a
drastic attenuation of reflections with d = 9.43 and
4.75 A, while the intensity of reflection withd =7.10 A
is drastically intensified. In contrast, the Ni- and Co-
rich species show a weak reflection with d = 7.12 and
7.14 A. Intensity relationship of basal reflections I,
and Iy, is shifted toward the second reflection similarly
as in the case of unheated forms of these species (Che-
lishchev et al., 1991). As in the case of primary nodules,
temperature rise to 175°C destroys the asbolane phase
in the calcined Cu-rich species. In contrast, this phase
is retained in the Ni- and Co-rich species. Birnessite
also remains stable in all calcined cationic forms.

Thus, the comparative analysis of mineral composi-
tions of calcined buserite nodules and their cationic
forms showed that sorbed cations Ni** and Co?* have a
stabilizing influence on the Ni- and Co-asbolanes pro-
duced by ion exchange. Asbolane is the major mineral
in calcination products of Ni- and Co-rich species.
Other cations of heavy metals (Cu?*, Zn?*, and Cd**) do
not have such impact upon manganese minerals.

As in the case of initial nodules, the endothermic
effect at 530-660°C is related to the breakdown of min-
erals, the release of oxygen, and the consequent forma-
tion of complex manganese and iron oxides. This pro-
cess is characterized by a specific DTA pattern of the
Pb-rich variety of nodules. The curve lacks the endot-
hermic effect at ~600°C, but includes two endothermic
effects at 735 and 900°C accompanied by a slight loss
of weight (Fig. 1a). The high content of Pb cations (25—
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33 wt %) in calcination products of Pb-rich species
affects the dissociation of manganese oxides. This is
reflected in the shift of endothermic effects toward the
higher-temperature region.

As in the case of initial nodules, issue of the identi-
fication of newly formed high-temperature phases
deserves special attention. Identification of calcination
products of cationic forms of manganese minerals is
difficult, because one should take into consideration the
content of not only Mn and Fe cations, but also sorbed
metal cation. At high calcination temperatures, contents
of oxides of heavy metals become very significant and
range from 8.5 wt % NiO in the Ni-rich variety to 35 wt %
PbO in the Pb-rich variety of nodules (Table 3). These
oxides make up solid solutions with the major compo-
nents of phases (manganese and iron oxides). In this
case, the Mn;0,—Fe;0, system is transformed into the
more complex Mn;0,~Fe;0,~M,O, system, where M,
are cations of heavy metals. Zinc is characterized by the
following system (Mason, 1947): calcination products
of the Zn-rich species are represented by franklinite
(ZnFe,0,) and hetaerolite (ZnMn,0,); products of the
Pb-rich species, by kentrolite (3PbO - 2Mn, 05 - 3Si0,).
The absence of reliable data on this class of oxides with
Cu, Ni, Co, Cd, and other cations of heavy metals is
related to the fact that calcination products of the
respective cationic forms are identified as braunite
(Mn**Mn*0,) and magnetite. Most probably, manga-
nese phases formed at 1000°C (with cations of heavy
metals) have a structure close to that of braunite and
hausmannite. One can also see an additional distinc-
tion: diffractograms of calcination products of all cat-
ionic forms of manganese minerals contain typical
lines of both manganese and iron phases, whereas dif-
fractograms of initial nodules mainly contain iron
phases. This fact indicates a higher degree of crystalli-
zation and ordering of the structure of manganese min-
erals in the presence of cations of heavy metals.

Based on the hydrothermal acid treatment of buse-
rite I (sample 19/t-1), we synthesized birnessite, more
exactly, its hydrogenous variety H-f;; (Chelishchev et
al., 1991). Reproduction mechanism of this phase mim-
ics to a certain extent the natural formation of low-tem-
perature hydrothermal birnessite (Corliss et al., 1978;
Londsdole et al., 1980; Shterenberg et al., 1987). How-
ever, the chemically produced birnessite virtually lacks
cations of Fe** and heavy metals, except cations of Co**
located in octahedra of MnQy. Therefore, study of the
behavior of synthetic birnessite and asbolane of initial
nodules during their thermic treatment is of specific
interest.

Relative to the generally similar diagenetic nodules
composed of buserite I and asbolane-buserite (sample
19/t-1), the DTA curve of birnessite (H-f};) is distin-
guished by the lack of endothermic effects at 230 and
400°C and the presence of an additional weak endo-
thermic effect with maximum at 950°C. Endothermic
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Fig. 2. DTA curves. (a) Acid modified (H-f) and (b) acid—alkali modified (Na-f) nodules with birnessite and asbolane; (c) low-
temperature hydrothermal birnessite (sample 285-1) and their cationic forms.

effects at 120 and 600°C are retained in H-f;; as in the
initial sample (Fig. 2a). The chemically obtained bir-
nessite has a weak thermic stability. At 120°C, it is
transformed into vernadite that becomes the major
phase in the calcined H-f},. Asbolane, a stable phase in
hydrosulfuric acid solutions (Chelishchev et al., 1991),
is transformed into birnessite (Table 5). The theoretical
substantiation of this transformation is given in (Chel-
ishchev et al., 1991). Alterations of the mineral compo-
sition of H-f; in nodules at temperatures up to 200°C
are accompanied by the maximal loss of interlayer
water from the mineral structure (Table 5). Vernadite is
the sole mineral of phase H-f;; during its additional cal-
cination at 230 and 400°C.

LITHOLOGY AND MINERAL RESOURCES

At 600°C, calcination products of H-f;; contain
manganese (bixbyite) and subordinate iron (jacobsite)
phases. Table 5 shows that they only contain manga-
nese phases (hausmannite and braunite) at 1000°C.
This is probably caused by the following fact: despite
the low Fe content (0.33 wt %) in birnessite-asbolane
nodules, diffractograms of calcination products contain
still sufficiently distinct reflections related to iron
phases at 600°C, whereas they are transformed into
amorphous phases at 1000°C. However, manganese
oxides with highly ordered structures are crystallized at
1000°C. This is manifested as intense distinct reflec-
tions of H-f}; in diffractograms of their calcination

products.
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Table 5. Results of the thermic analysis of diagenetic nodules after the acid salt and acid—alkali salt modification

Temperature of the onset and termination
= S of thermochemical reaction, °C Content of metal
= P = cations (wt %) at
5 = 30-200 200-270 340-450 530-660 =
80D | 2 k=
s 33|z |, | B2 |, |E2|. |E2|., |EZ|%
£, 55| § |4 58 | ¢ 52 | ¢ 53 | ¢ 58 | £
sgle= | Y |8 £ — S SEa | & EF | S Ewn | SV o o
23 |82 | ¢ |2 Ex | = Ex | = Ex | = Ex | =5 20°C 1000°C
=3 |58 = = oo = = oo = = o = = oo =S
SE|32| 5 (8% 28 3% |28 |5% |25 |5 |22 | &2
O3 |<E| = |F5| 585 |E8 |6 |E5 |25 |B5 |28 ==
H-fi1 B,A| 268 |23.0|V,B - v - A" 2.30 |Bb,J |[Br,H |Mn—48.20 |Mn—73.70
Zn B,A 245|165 |V 0.30 \% - v 3.00 |Bb,J |Br, Hr 2.98 3.23
Ni B,A|265|182|V 0.30 v - A% 2.50 |Bb,M |Br,H 2.26 242
Co B,A| 255|173 |V 0.20 v - v 3.50 |Bb Br, H 2.88 3.20
Cu B,A|250 | 173 |V 0.20 \% - v 2.60 |Bb,M |Br,H 3.60 3.92
Cd B,A| 245|165 |V 0.20 v - v 3.00 |Bb,J |Br,H 6.10 6.88
Pb B,A|19.0 | 10.0 |V - v - v 1.30 |Cr Br, K 214 24.75
Na? |B,A|[283|147 |V 6.40 \% - v 2.25 |Bb Br, H 4.26 448
Zn |B,A|285]|217|V - \4 - A 3.40 |Bb Hr, Br 7.30 7.74
Ni B,A 267|162 |V 2.80 \Y% 2.65 v 3.00 |Bb,M |Br,J 6.75 6.95
Co B,A|252|12.6 |B,Co-A| 4.85 A% - v 3.80 |Bb H 7.60 8.46
Cu B,A|242 | 141 |V - v - v 2.65 |Bb Br 7.80 10.04
Cd B,A|234 | 125 |V 3.55 \% - v 3.20 |Bb Br 14.30 15.70
Pb B,A| 186|113 |V - v - A% 0.60 |Cr K 26.00 31.10

Note: Mineral abbreviations are as in Table 3. I 2 H-f 11> Na-f, and their cationic forms are taken from (Novikov et al., 2006).

Investigations of the thermic behavior of cationic
forms of birnessite nodules obtained during the treat-
ment of H-f}; with salt solutions of heavy metals show
that the sorbed heavy metal cation has a certain influ-
ence on thermochemical reactions even its content is
low (Table 5). Although generally similar to the DTA
curve of H-f};, DTA curves of cationic forms of birnes-
site-asbolane nodules are characterized by some spe-
cific features (interval 2a). For example, they contain
not only Pb-rich species, but also a weak endothermic
effect with maximums at 230-240°C due to the release
of additional portion of water from the cationic forms
of manganese minerals. DTA curves of Ni- and Cu-rich
species show a weak endothermic effect at 900°C,
whereas this effect is observed in H-f;; at 950°C. In the
Zn-, Co-, and Cd-rich species, this effect is missing.
The DTA curve of the Pb-rich species is characterized
by weak endothermic effects at 740 and 840°C. We
recorded previously the endothermic effect in the Pb-
rich species of buserite-asbolane nodules with maxi-
mum at 740°C (sample 19/t-1).

The mineral composition of calcination products of
all cationic forms of acid modified nodules virtually
coincides with the H-f;; composition. At ~500°C, they
are composed of vernadite. At 590°C, they consist of
bixbyite and jacobsite (or magnetite), which represent
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end calcination products of braunite and hausmannite.
The calcination product of the Pb-rich species is coro-
nadite at 600°C and kentrolite at 1000°C (Table 5).

The DTA curves of the natural hydrothermal low-
temperature birnessite (sample 285-1) and its cationic
forms (Fig. 2b) slightly differ from those of analogous
curves of the synthetic birnessite (H-f;;) in the low-
temperature region (up to 500°C), whereas they are
nearly identical at high temperatures. First, removal of
interlayer water from the oceanic birnessite and its cat-
ionic forms is accompanied by a very strong endother-
mic effect with maximums at 130-150°C. At these tem-
peratures, the loss of sample mass is as much as 13.7—
18.8 wt %, the total loss of mass being 20.4-27.6 wt %.
Second, the DTA curve of the hydrothermal birnessite
lacks the endothermic effect at 230-250°C, which was
typical of birnessite obtained by the chemical method.
Endothermic effects with maximums in the ~400° and
high-temperature regions are less intense.

Like the synthetic variety, the low-temperature
hydrothermal birnessite demonstrates a low thermic
stability. At 130—150°C, the mineral is transformed into
vernadite, which retains stability up to ~500°C accord-
ing to the previous scenario. At high temperatures, cal-
cination products of vernadite with various cations of
heavy metals are represented by the spinel-type manga-
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Fig. 3. DTA curves of diagenetic nodules (sample 3852-1)
mainly composed of todorokite T; and low-temperature
hydrothermal crusts composed of todorokite T, (sample
415-2) and pyrolusite P (sample 415-4).

nese minerals similar to those in the buserite-asbolane,
buserite-birnessite, and asbolane-birnessite nodules.
Iron phases are absent in both the initial (low-tempera-
ture) and final high-temperature (~1000°C) regions of
the birnessite DTA curve. They occur only in the calci-
nation product (magnetite) at ~600°C.

Thus, the results obtained testify to a similar thermic
behavior of both natural and synthetic birnessite spe-
cies. This is additional evidence in favor of the hydro-
thermal origin of birnessite obtained in our experiment
(Chelishchev et al., 1991). Results of thermic investiga-
tions of the hydrothermal birnessite usually match the
data presented in (Corliss et al., 1978; Londshole et al.,
1980; Shterenberg, 1987), whereas data on the syn-
thetic birnessite are consistent with those in (Golden et
al., 1986).

The alkaline treatment of acid modified nodules and
the subsequent reaction of acid—alkali modified nodules
(Na-rich species) with solutions of metal salts (Table 5)
do not virtually affect the thermic behavior of birnessite
and asbolane. DTA curves of the Na- and other cationic
forms of birnessite-asbolane nodules are sufficiently
similar to those of H-f;; and its cationic products
(Fig. 2c). However, our new data show the following
significant distinction relative to previous experiments:
at 120°C, birnessite in the Na- and Co-rich species and
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asbolane in the Co-rich species are more stable than
H-f}, and its Co-rich species. Birnessite and asbolane
are transformed into vernadite in the remaining cationic
forms (Table 5). The endothermic effect observed in the
Na-rich species of birnessite at 180°C corresponds to
the loss of water and transition to vernadite. At this tem-
perature, Co-asbolane is transformed into vernadite and
its DTA curve shows a smooth pattern. Weak endother-
mic effects recorded at 220-250°C in the Ni-, Co-, and
Cd-rich species are related to the loss of water from ver-
nadite. Vernadite formed at 120-180°C remains stable
up to 500°C in all cationic forms of the acid—alkali
modified nodules. In other words, we see a complete
analogy with the thermic behavior of buserite I and
asbolane-buserite of diagenetic nodules. At 560-640
and 1000°C, calcination products of the acid—alkali
modified nodules are represented by manganese—iron
and manganese oxides, respectively, similar to those in
the case of acid modified nodules. Iron phases are only
recorded in calcination products of the Ni-rich species
represented by magnetite at 590° and jacobsite at
1000°C (Table 5).

DTA curves of diagenetic nodules mainly composed
of todorokite (sample 3852-1) and the low-temperature
hydrothermal manganese crust composed of nearly
100% todorokite (sample 415-2) show numerous dif-
ferent-intensity endothermic effects with maximums at
160-180, 330-340, 450-455, 650-660, and 950-—
960°C (Fig. 3). In addition, the DTA curve of todoro-
kite from diagenetic nodules contains a moderate
endothermic effect with maximum at 210°C related to
the release of water during the decay of asbolane-buse-
rite.

The data obtained suggest that maximums of the
endothermic effect (except the effect at 950°C) of
todorokite are shifted relative to analogous effects of
layered manganese minerals toward higher tempera-
tures. The loss of todorokite mass (sample 415-2) at
160-180, 330-340, 450-455, and 650-660°C was
equal to 9.40, 6.20, 3.30, and 1.05 wt %, respectively.
The total loss of sample mass was 22.10 wt %. Loss of
mass at 100—600°C is related to the complete removal
of the sorptional and molecular water from todorokite
(stable up to 600°C), because the electronogram and
diffractogram of calcination products at this tempera-
ture coincided with analogous data on unheated sam-
ples. Our data on both diagenetic and hydrothermal
species of todorokite are similar to those reported in
(Chudaev et al., 1983). These data testify to the stability
of the hydrothermal todorokite in oceanic nodules up to
a temperature of 700°C. Hence, todorokite has a higher
thermic stability than the layered manganese minerals
(buserite I, asbolane-buserite, asbolane, and birnessite).

Calcination of todorokite at 650°C leads to the for-
mation of Mn,0O; (a-kurnakite), which is the major
phase in calcination products of the studied samples.
One can also see bixbyite related to the presence of Fe
in the initial samples (Table 1). Final calcination prod-
Vol. 42
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ucts of todorokite at 1000°C (hausmannite and braun-
ite) are similar to those of other manganese minerals.
The absence of iron phases suggests their complete
amorphization.

DTA curves of cationic forms of todorokite in the
low-temperature hydrothermal crust (sample 415-2) are
virtually similar to those of the initial sample (Fig. 3).
However, curves in the former case are characterized by
a relatively higher intensity and lower values (150-
165°C) of the temperature maximum (except for the
Na-rich species) owing to the presence of sorbed metal
cations and, consequently, a high content of sorption
water in water. DTA curves of calcination products of
Na-, Cu-, and Co-rich todorokite are also characterized
by lower values of maximum temperature (640-650°C)
relative to the initial sample. DTA curves of the Pb-rich
todorokite include a weak endothermic effect at a max-
imum temperature 740°C, which is probably typical of
manganese minerals enriched in Mn cations. Structural
transformations of todorokite with various cations of
heavy metals at high-temperature calcination are simi-
lar to those of other manganese minerals of diagenetic
nodules.

The DTA curve of pyrolusite from the low-tempera-
ture hydrothermal crust (sample 415-4) differs drasti-
cally from curves of layered manganese minerals and
todorokite. In the former case, one can see gradual
change up to ~640°C and at ~720-1000°C. An intense
endothermic effect is recorded at 640-720°C with the
maximum at 670°C (Fig. 3). This effect is related to the
reduction of MnO, to Mn,0;. As in the case of other
manganese minerals, the terminal product of pyrolusite
calcination (at 1000°C) is represented by hausmannite.
Our DTA data on the low-temperature hydrothermal
pyrolusite are nearly identical to the respective data on
pyrolusite from ores of the Nikopol Basin reported in
(Bazilevskaya, 1976). DTA curves of cationic forms of
pyrolusite are identical with those of the initial sample;
i.e., sorbed metal cations do not affect thermic proper-
ties of this mineral.

Investigation of thermic properties of sedimentary
ferromanganese rocks composed of only Fe-vernadite,
Mn-feroxyhyte, and their cationic forms revealed that
their thermochemical transformations follow a single
scenario as in the case of diagenetic nodules. DTA
curves of initial samples (43-63, 9-124, 11-298, and
9-77) are identical: they show one strong endothermic
effect with maximum at 140-160°C and one exother-
mic effect (sample 9-124) with maximum at 8§890-
900°C (Fig. 1b). In the low-temperature region (up to
500°C), we recorded dehydration of minerals and
release of 25.5-26.4 wt % water. Identification of calci-
nation products of sedimentary rocks at 150°C suggests
the thermic stability of vernadite at this temperature. At
150°C, asbolane-buserite contained in crustal nodular
formations (sample 9-77) is transformed into asbolane-
buserite due to the loss of water from buserite packages
of the mineral. At 180°C, as in the case of diagenetic
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nodules (sample 19/t-2), the asbolane component of
asbolane-birnessite is decomposed, but birnessite
remains stable.

At 500°C, diffractograms of calcination products of
these minerals include two diffuse reflections (100 and
110) related to vernadite and reflections with d = 2.534,
2.640, 2.680, 2.508, and 2.098 A with intensity close to
that of reflection with d = 2.414 A. The presence of
reflections with d values indicated above testifies to ini-
tiation of the formation of iron minerals (jacobsite,
magnetite, and hematite). At >500°C, decomposition of
vernadite is accompanied by the release of oxygen and
the subsequent crystallization of manganese and iron
oxides. The total loss on ignition is 28.4-29.6 wt %.

Diffractograms of sedimentary rocks calcined at
900°C (maximum of the second endothermic effect)
and 1000°C (final calcination temperature) are charac-
terized by reflections of two different oxide groups.
Reflections with d = 2.530, 1.438, 2.950, 1.621, and
2.907 A (in decreasing order of reflection intensity)
belong to hausmannite (Mn;0,), jacobsite (MnFe,0,),
and magnetite (FeFe,0,). Reflections with d = 2.683,
1.653, and 1.824 A belong to hematite (0i-Fe,05).
Intensity of reflections of the first group is much stron-
ger than that of hematite. This tendency is intensified in
the terminal calcination products. Initial samples of
sedimentary rocks mainly contain vernadite. In con-
trast, their calcination products only contain iron
phases because of a lower (relative to manganese min-
erals) recrystallization temperature of the initially
X-ray amorphous iron minerals into minerals with the
spinel-type structure. We observed a similar effect in
diagenetic nodules: at 500°C, vernadite formed from

10 A manganese minerals and birnessite was recrystal-
lized into manganese oxides with the spinel-type struc-
ture. Hence, the thermic behavior of vernadite is similar
irrespective of its origin (primary manganese mineral in
nodules and crusts or product of other layered miner-
als). Vernadite remains stable up to 500°C. At higher
temperatures, the mineral is decomposed and recrystal-
lized into complex oxides.

DTA curves of cationic forms of vernadite from
crusts (sample 11-298) and nodules (sample 43-63) are
identical, but they show some distinctions from DTA
curves of initial samples (Fig. 1b). All cationic forms of
vernadite demonstrate an intense endothermic effect
with the maximum at 135-160°C. DTA curves of the
Ni- and Co-rich species include only one strong endot-
hermic effect at 150-155°C and lack the effect at
~900°C. Curves of both species are characterized by
gradual changes. DTA curves of the Cu- and Mn-rich
species show a weak endothermic effect at 570-590°C
(this effect is missing in the Mn-rich variety in sample
43-63) and more intense (relative to the initial samples)
exothermic effect at 800-810°C. The greatest changes
(relative to the initial samples) are recorded in the Pb-
rich species: their DTA curves show distinctly four
endothermic effects (with maximums at 135-140, 515,
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750, and 950°C) and two exothermic effects (at 595 and
860-875°C). Thus, DTA curves of cationic forms of
rocks suggest that the sorbed cation of heavy metal
governs the thermic transformation of manganese and
iron rocks.

Investigation of calcination products of the cationic
forms of sedimentary ferromanganese rocks in the low-
temperature (up to ~500°C) region shows that Fe-ver-
nadite is the major mineral in them. Asbolane is
retained and birnessite is recorded in the crustal nodular
formations (sample 9-77). Moreover, reflection with
d=7.20 A in the diffractogram of calcination products
of the cationic forms is more intense relative to the cal-
cined initial sample. Analogous effect was also
observed in reflections at 2.76 and 2.66 A. Relative to
diffractograms of calcined minerals, diffractograms of
calcined Zn-, Ni-, Mn-, Cu, and Pb-rich species contain
an additional diffuse reflection with d = 4.62—4.80 A,
which probably belongs to the Mn-spinel (Mn;0,). The
only cationic form distinguished from other species is
represented by the Co-rich species (Co-asbolane and
vernadite). Thus, we can assume that the absorbed cat-
ions of heavy metals affect the thermic behavior of min-
erals in the low-temperature region.

Despite the similarity with diffractograms of initial
samples, diffractograms of high-temperature (1000°C)
calcination products of the cationic forms of sedimen-
tary ferromanganese rocks are subjected to significant
alterations. First, diffractograms of all cationic forms of
crustal nodular formations lack reflections typical of
berthierite. Second, sufficiently intense reflections with
d=4.2-4.4 A are present in all calcination products of
cationic forms of crusts and absent in crustal nodular
formations. Third, oxides of the jacobsite—magnetite
group are the main phases in calcination products of
cationic forms (except the Mn-rich variety), as sug-
gested by reflections with d = 2.94, 2.53, 1.484, and
1.610 A. The narrow sharp shape of these peaks and
their high intensity indicate a high degree of crystalli-
zation of iron oxides. Diffractograms of the calcination
products also contain weak reflections with d = 2.68n,
2.69n, 1.65n, and 1.830 A that are characteristic of
hematite.

Thus, reflections of phases of the jacobsite—magne-
tite group and hematite in calcination products of initial
sedimentary rocks are characterized by virtually similar
intensity. However, reflections of phases of the first
group are much more intensive (relative to reflections
of hematite) in calcination products of their cationic
forms. Diffractograms of the calcined Cu-rich species
of crusts, as well as the Co-, Pb-, and Mn-rich crustal
nodular formations contain not only Fe phases, but also
sufficiently intense reflections with d = 2.74, 2.33, and
2.14 A, suggesting the presence of well-crystallized
b1xby1te (Mn,Fe),0;.

The wide diffuse reflections with d = 4.65-4.80 A,
which was recorded in calcination products of the cat-
ionic forms at 150°C and referred to the Mn-spinel, is
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also distinctly recorded in calcination products of the
cationic forms at 1000°C. However, the reflection is
characterized by a narrow peak with d = 4.72 and low
intensity.

Calcination of the Co-rich variety in sedimentary
ferromanganese rocks at 150°C yields two phases (ver-
nadite and Co-asbolane), whereas its high-temperature
calcination product does not differ anyhow from other
calcined cationic forms and is represented by both fer-
ruginous and mixed Mn-Fe phases.

Among all high-temperature (1000°C) calcination
products of the cationic forms of sedimentary ferro-
manganese rocks, the Mn-rich variety is characterized
by the presence of only intense narrow sharp reflections
with d = 2.489, 2.766, and 1.547 A related to hausman-
nite. Hence, sorbed Mn™ cations foster the formation of
well-crystallized manganese oxides. It should be noted
that jacobsite, magnetite, and bixbyite, which were
recorded as the major phases in other cationic forms,
occur as traces in calcination products of the Mn-rich
variety. Therefore, we can assume that high-tempera-
ture manganese and iron phases were fractionated in
the course of their crystallization.

Results of the investigation of thermic properties of
ore minerals in the oceanic ferromanganese rocks sug-
gest the following inference concerning the transforma-
tion of minerals in continental manganese ores. As is
well known, the major ore minerals of the oceanic fer-
romanganese rocks of different genetic types (buserite
I, buserite II, birnessite, asbolane-buserite, asbolane,
vernadite, todorokite, goethite, feroxyhyte, and ferrihy-
drite) are formed at water temperature equal to 2—-6°C.
Layered manganese minerals can be transformed into
each other or todorokite in aqueous solutions of electro-
lytes (Novikov et al., 2005; Chelishchev et al., 1991).
Reduction of Mn (IV) and Fe (III) to Mn (II, III) and
Fe (I), respectively, in the solid substance requires sig-
nificant alteration of physical and chemical parameters
of the external medium. Such alternations are missing
at sites of the oceanic ferromanganese nodules and
crusts, suggesting that the minerals described above are
sufficiently stable compounds. This is indicated by
numerous data on the mineral composition of ferro-
manganese rocks from different-facies settings of the
World Ocean. Based on the finding of varieties of sedi-
mentary nodules in the South Basin (Pacific) with crys-
talline pyrolusite, braunite, hematite, subordinate ver-
nadite, and rare todorokite, Andrushchenko et al.
(1975) suggested that such nodules are products of the
metamorphism of sediments by the postvolcanic hydro-
thermal processes.

In continental manganese deposits, the major ore
minerals are represented by bixbyite, hausmannite,
pyrolusite, braunite, and associated iron minerals, such
as jacobsite, magnetite, and hematite (Jimenez-Millan
and Velilla, 1997; Jorge et al., 1998; Karimov, 1967;
Amouric et al., 1991; Kavun, 1967; Kazachenko and
Kiselev, 2004; Perseil Sur, 1991; Von Bezing and
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Gutzmer, 1991, 1994a, 1994b). The formation of all
minerals (with the spinel-type structure) mentioned
above is a function of two simultaneous factors: high-
temperature (>400-500°C) and reducing environment.
However, manganese minerals typical of the oceanic
ferromanganese rocks are only represented by small
amounts of todorokite, birnessite, and rare pyrolusite.
Researchers mentioned above and others believe that
continental manganese ores are usually metamor-
phosed products irrespective of their primary (hydro-
thermal, volcanosedimentary, or sedimentary) origin.

Thus, comparison of mineral compositions of the
oceanic ferromanganese rocks and continental manga-
nese ores with experimental data on thermal transfor-
mations of manganese minerals suggests that buserite I,
asbolane-buserite, birnessite, vernadite, and todorokite
could serve as the protolith for the formation of haus-
mannite, bixbyite, pyrolusite, and other ore minerals.

CONCLUSIONS

Results of the investigation of thermic properties of
ore minerals in the oceanic ferromanganese rocks of
different genetic types suggest the following conclu-
sions.

Thermic stability is low (up to 120-150°C) for the
layered manganese minerals (buserite I, asbolane-buse-
rite, and birnessite), slightly higher (up to 180°C) for
asbolane, and maximal (up to ~500°C) for vernadite
(Fig. 4). Their thermic stability does not depend on
their origin (component of primary oceanic ferroman-
ganese rocks or product of their modification). Thermal
transformations of the layered manganese minerals at
120-200°C indicate their structural similarity.

Relative to the layered manganese minerals, miner-
als with the tunnel structure (todorokite and pyrolusite)
show much higher thermic stability (up to 600 and
670°C, respectively).

The formation of high-temperature manganese and
iron oxides does not depend on the primary mineral
composition of ferromanganese rocks. This is sug-
gested by the complete recrystallization of their ore
minerals.

Sorbed cations of heavy metals affect the transfor-
mation temperature and mineral composition of calci-
nation products of the ferromanganese rocks.

Data on birnessite and todorokite indicate that gen-
esis of ferromanganese rocks does not affect thermic
properties of their mineral constituents.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research, project no. 06-05-64614.

LITHOLOGY AND MINERAL RESOURCES

NOVIKOV, BOGDANOVA

REFERENCES

Amouric, M., Parc, S., and Nahon, D., High-Resolution
Transmission Electron Microscopy Study of Mn-Oxyhy-
droxide Transformations and Accompanying Phases in a Lat-
eritic Profile of Moanda, Gabon, Clays Clay Miner., 1991,
vol. 39, no. 3, pp. 254-263.

Andrushchenko, PF., Gradusov, V.P., Eroshchev-Shak, V.A.,
et al., Composition and Structure of Metamorphic Ferroman-
ganese Nodules, Vein-Filling Neogenic Manganese Hydrox-
ide Minerals, and Host Pelagic Sediments in the Southern
Basin of the Pacific Ocean, Izv. Akad. Nauk SSSR, Ser. Geol.,
1975, no. 1, pp. 91-111.

Bazilevskaya, E.S., Chemical-Mineralogical Analysis of
Manganese Ores (Nikopol Basin and Nodules in the Pacific
Ocean), Moscow: Nauka, 1976, issue 287, pp. 35-44.

Chelishchev, N.F., Novikov, G.V., and Gorshkov, A.I., Trans-
formation of Mn-Minerals in Oceanic Ferromanganese Nod-
ules during Ion Exchange Reactions, Izv. Akad. Nauk. SSSR.
Ser. Geol., 1991, no. 6, pp. 87-101.

Chelishchev, N.F., Gribanova, N.K., and Novikov, G.V.,
Sorbtsionnye svoistva okeanicheskikh zhelezomargantsevykh
konkretsii i korok (Sorption Properties of Oceanic Ferroman-
ganese Nodules and Crusts), Moscow: Nedra, 1992.

Chudaev, O.V., Skornyakova, N.S., and Pushcha-
rovsky, D.Yu., Mineral Composition of Ferromanganese
Nodules in the Central Pacific, Dokl. Akad. Nauk SSSR,
1983, vol. 369, no. 6, pp. 1444-1448.

Chukhrov, F.V., Drits, V.A., and Gorshkov, A.l., Structural
Transformations of Manganese Oxides in Oceanic Fe—-Mn
Nodules, Izv. Akad. Nauk SSSR, Ser. Geol., 1987, no. 1,
pp. 3-14.

Chukhrov, F.V., Gorshkov, A L., and Drits, V.A., Gipergennye
okisly margantsa (Supergene Manganese Oxides), Moscow:
Nauka, 1989.

Corliss, T., Lyle, M., and Dymond, F., The Chemistry of
Hydrothermal Mounds Near the Galapagos Rift, Earth
Planet. Sci. Lett., 1978, vol. 40, no. 1, pp. 12-24.

Giovanoli, R., On Natural and Synthetic Nodules, Manga-
nese, Budapest, 1980, vol. 1, pp. 160-202.

Golden, D., Dixon, J., and Chen, C., Ion Exchange, Thermal
Transformation and Oxidizing Properties of Birnessite,
Clays Clay Mineral., 1986, vol. 34, no. 5, pp. 511-520.

Gorshkov, A L, Drits, V.A., Putilina, V.S., et al., Natural and
Synthetic Birnessite, Litol. Polezn. Iskop., 1992, vol. 27,
no. 6, pp. 67-81.

Gribanova, N.K. and Shatskaya, N.S., Behavior of Vernadite
in Electrolyte, Solutions, in Metody polucheniya i
ispol’zovaniya modifitsirovannykh prirodnykh sorbentov
(Methods for the Production and Use of Modified Natural
Sorbents), Moscow: Inst. Mineral. Geokhim. Redk. Elemen.
Akad. Nauk SSSR, 1988, pp. 86-97.

Gunneriusson, L., Composition and Stability of Cd (II)-
Chloro and -Hydroxo Complexes at Goethite (0~
FeOOH)/Water Interface, Clays Clay Mineral., 1994,
vol. 163, pp. 484-492.

Han, K., Hoover, M., and Fuerstenau, D.W., The Effect of
Temperature on the Physicochemical Characteristics of
Deep-Sea Manganese Nodules, Mar. Miner., 1979, vol. 2,
nos. 1/2, pp. 131-149.

Vol. 42 No. 4 2007



TRANSFORMATIONS OF ORE MINERALS

Jimmenez-Millan, J. and Velilla, N., Hausmannite and
Braunite Nodules from the Aracena Area (Iberian Massif,
SW Spain), Mineral. Mag., 1997, vol. 61, no. 6, pp. 898-902.

Jorge, R.C., Barriga, F.J., and Relvas, J.M., Soloviejo Man-
ganese Deposit: Mineralogy and Geochemistry, Progress
Report, Comun. Inst. Geol. Miner., 1998, vol. 84, no. 1,
pp- 103-106.

Karimov, A.G., Manganese Potential of the Lower—-Middle
Ordovician Tasobina Formation in Northern Kazakhstan, in
Margantsevye mestorozhdeniya SSSR (Manganese Deposits
of the USSR), Moscow: Nauka, 1967, pp. 332-336.

Kavun, V.I., Main Regularities in the Distribution of Manga-
nese Ores in the Karadzhal Ore Field, in Margantsevye
mestorozhdeniya SSSR (Manganese Deposits of the USSR),
Moscow: Nauka, 1967, pp. 294-304.

Kazachenko, V.T. and Kiselev, V.V.,, Manganese Mineral
Associations: Indicators of Redox Conditions during the
Metamorphism of Metalliferous Deposits, Tikhookean.
Geol., 2004, vol. 23, no. 5, pp. 81-100.

Londsdole, P., Burns, V., and Fisk, M., Nodules of Hydro-
thermal Birnessite in Caldera of a Young Seamount, J. Geol.,
1980, vol. 88, no. 5, pp. 611-618.

Lysyuk, G.N., Mineralogiya okeanicheskikh zhelezomar-
gantsevykh konkretsii (Mineralogy of Oceanic Ferromanga-
nese Nodules), St. Petersburg: Nauka, 1991.

Mason, B., Mineralogical Aspects of the System Fe;O,—
Mn;0,~ZnMn,0,~ZnFe,04, Am. Mineral., 1947, vol. 32,
pp. 426-438.

Novikov, G.V., Modified Oceanic Ferromanganese Nodules:
Highly Selective Sorbent of Metals, in Metody polucheniya i
ispol’zovaniya modifitsirovannykh prirodnykh sorbentov
(Methods for the Production and Use of Modified Natural
Sorbents), Moscow: Inst. Mineral. Geokhim. Redk. Elemen.
Akad. Nauk SSSR, 1988, pp. 61-80.

Novikov, G.V., Oceanic Ferromanganese Formations as Sor-
bents of Metal Ions: Chemical-Mineralogical Aspect, Zap.
Vses. Mineral. O-va, 1996, no. 3, pp. 38-51.

Novikov, G.V. and Baturin, G.N., Sorption Ability of Oce-
anic and Marine Ferromanganese Nodules and Crusts of Dif-
ferent Chemical and Mineralogical = Composition,
Okeanologiya, 1997, vol. 37, no. 4, pp. 525-531 [Oceanol-
ogy (Engl. Transl.), 1997, vol. 37, no. 4, pp. 472-478].

Novikov, G.V. and Cherkashov, G.V., Ion-Exchange Reac-
tions on Low-Temperature Oceanic Hydrothermal Rocks,
Geochem. Int., 2000, vol. 38, Suppl. 2, pp. 194-205.

Novikov, G.V. and Murdmaa, 1.0., Ion-Exchange Properties
of Oceanic Ferromanganese Nodules and Host Pelagic Sedi-
ments, Litol. Polezn. Iskop.,2007, vol. 42, no. 2, pp. 153-186
[Lithol. Miner. Resour. (Engl. Transl.), 2007, vol. 42, no. 2,
pp- 137-167].

Novikov, G.V. and Shatskaya, N.S., Stability of Stratified
Manganese Minerals of Oceanic Nodules in the Aqueous
Solution of Electrolytes, in Metody polucheniya novykh
materialov iz mineral’nogo syr’ya (Methods for the Produc-
tion of New Materials from Natural Minerals), Moscow: Inst.
Mineral. Geokhim. Redk. Elemen. Akad. Nauk SSSR, 1990,
pp- 70-80.

Novikov, G.V., Andreev, S.I., and Anikeeva, L.I., Sorption
Capacity of Ferromanganese Nodules in Ocean, in Lifosfera
okeana: sostav, stroenie, razvitie, prognoz i otsenka min-
eral’nykh resursov (The Lithosphere of Ocean: Composi-

LITHOLOGY AND MINERAL RESOURCES  Vol. 42

No. 4

317

tion, Structure, Evolution, and Mineral Resource Forecast
and Evaluation), St. Petersburg: Vseross. Nauchno-Issled.
Inst. Okeangeologiya, 1995, pp. 291-304.

Novikov, G.V., Kulikova, L.N., and Bogdanova, O.Yu., Min-
eralogy and Sorption Properties of Low-Temperature Man-
ganese Oxide-Hydroxide Phases, Abstracts of Papers, Spek-
troskopiya, rentgenografiya i kristallokhimiya mineralov.
Mezhdunar. nauchnoi konferentsii (Int. Sci. Conference on
Spectroscopy, X-Ray Analysis, and Crystallochemistry of
Minerals), Kazan, 2005, pp. 184—186.

Novikov, G.V,, Vikent’ev, 1.V., and Bogdanova, O.Yu., Sorp-
tion of Heavy Metal Cations by Low-Temperature Deposits
of Pacific Hydrothermal Fields, Geol. Rudn. Mestorozhd.,
2006, vol. 48, no. 4, pp. 351-374 [Geol. Ore Deposits (Engl.
Transl.), 2006, vol. 48, no. 4, pp. 324-325].

Ono, K. and Ueda, T., Thermodynamic Study of the Iron—

Manganese Oxygen System, Nippon Kinzoku Gakkashi,
1971, vol. 36, pp. 757-763.

Perseil, E.-A., Sur, L., Evolution mineralogique des constit-
uents des nodules polymetalliques, Bull. Mus. Nat. Hist.
Nature, 1991, vol. 13, nos. 1/2. pp. 3—15.

Pivovarov, S., Adsorption of Cadmium onto Hematite: Tem-
perature Dependence, J. Colloid Interface Sci., 2001,
vol. 234, pp. 1-8.

Pivovarov, S.A., Adsorption of Ions (Cu*, Zn?*, Cd**, Ca*",
Na*, CI", SO; , CO3") on (Hydro)Oxides of the Trivalent

Iron, in Eksperimental’naya mineralogiya. Nekotorye itogi
na rubezhe stoletii (Experimental Mineralogy: Some Results
at the Turn of Centuries), Moscow: Nauka, 2004, pp. 255-
272.

Pivovarov, S.A. and Lakshtanov, L.Z., Absorption of Cad-
mium on Hematite, Geokhimiya, 2003, vol. 41, no. 10,
pp- 1105-1120 [Geochem. Int. (Engl. Transl.), 2003, vol. 41,
no. 10, pp. 1013-1027].

Rode, E.Ya., Kislopodnye soedineniya margantsa (Oxygen
Compounds of Manganese), Moscow: Akad. Nauk SSSR,
1952.

Shterenberg, L.E., Antipov, M.P., and Ilev, A.Ya., Ferroman-
ganese Nodules in the Sea of Okhotsk, Izv. Akad. Nauk SSSR,
Ser. Geol., 1987, no. 12, pp. 106-115.

Takematsu, N., The Incorporation of Minor Transition Met-
als into Marine Manganese Nodules, J. Oceanogr. Soc. Jap.,
1979, vol. 35, no. 2, pp. 191-198.

Van Hook and Keith, M., The System Fe;O0,~Mn;0,, Am.
Mineral., 1958, vol. 43, pp. 69-83.

Varentsov, .M., Putilina, V.S., and Zaitseva, L.V., Study of
the Mechanism of Ferromanganese Nodule and Crust For-
mation in Modern Basins: Communication 1. Experiments
with the Synthesis of Fe, Ni, Su, Co Hydroxide Compounds
on Manganese Hydroxides, Litol. Polezn. Iskop., 1988,
vol. 23, no. 4, pp. 14-20.

Von Bezing, K.L. and Gutzmer, J., Das Kalahari Mangan-
erzfeld und Seine Mineralien (1), Miner. Welt, 1994a, vol. 5,
no. 4, pp. 24-45.

Von Bezing, K.L. and Gutzmer, J., Das Kalahari Mangan-
erzfeld und Seine Mineralien (II), Miner. Welt, 1994b, vol. 5,
no. 5, pp. 41-59.

Von Bezing, K.L., Dixon, R., Pohl, D., and Cavallo, G., The
Kalahari Manganese Field: An Update, Mineral. Rec., 1991,
vol. 22, no. 4, pp. 279-297.

2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


