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Abstract—The mineralogy of slightly metamorphosed manganese ore at the South Faizulino hydrothermal-
sedimentary deposit in the southern Urals has been studied; 32 minerals were identified. Quartz, hausmannite,
rhodochrosite, tephroite, ribbeite, pyroxmangite, and caryopilite are major minerals; calcite, kutnahorite,
alleghanyite, spessartine, rhodonite, clinochlore, and parsettensite are second in abundance. This mineralic
composition was formed in the process of gradual burial of ore beneath the sequence of Middle Devonian—
Lower Carboniferous rocks. The highest parameters of metamorphism are 7= 250°C and P = 2.5 kbar. The rela-
tionships between minerals and their assemblages made it possible to reconstruct the succession of ore trans-
formation with gradually increasing temperature and pressure. Manganese accumulated in the initial sediments
as oxides and a gel-like Mn-Si phase. Rhodochrosite and neotocite were formed at the diagenetic stage. In the
course of a further increase in temperature and pressure, neotocite was replaced with caryopilite; ribbeite, teph-
roite, pyroxmangite, and other silicates crystallized afterwards. In addition to the PT parameters, the formation

of various metamorphic mineral assemblages was controlled by the Mn/(Mn + Si) ratio in ore and X in pore

solution. The latter parameter was determined by the occurrence of organic matter in the ore-bearing rocks. Ore
veinlets as products of local hydrothermal redistribution of Mn, Si, and CO, were formed during tectonic defor-

mations in the Middle Carboniferous and Permian.
DOI: 10.1134/S1075701506030032

INTRODUCTION

The South Faizulino deposit, which is situated in the
southern Urals 20 km southeast of the town of Sibai, is
one of the largest among the numerous hydrothermal-
sedimentary manganese deposits known in the region
(Kontar et al., 1999; Mikhailov, 2001). The grade of
metamorphism of ore-bearing rocks at the deposit is not
higher than the conditions of prehnite—pumpellyite
facies (Copper..., 1985; Rusinov et al., 1992). There-
fore, the mineralogy of manganese ore is very specific
here: clearly expressed newly formed metamorphic
minerals are combined with relics of typical sedimen-
tary mineral assemblages. The study of such an ore
allows characterization of rare manganese minerals, on
the one hand, and gives a good opportunity to trace the
transformation of the phase composition of Mn-bearing
sediments as a result of a gradual increase in tempera-
ture and pressure, on the other hand. Mineralogical
information is necessary for estimation of the economic
outlook for this deposit.

The available information on the mineralogy of the
South Faizulino deposit have so far remained extremely
scanty (Gavrilov, 1972; Kalinin, 1978). The objective
of my study was to fill this gap. Works were carried out
in 1997-2003 that focused on oxide—carbonate—silicate
ore of the main southern lode, which is currently mined.
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The results obtained are discussed in this paper. An
attempt is made to reconstruct the transformation of
Mn-bearing rocks affected by increasing temperature
and pressure on the basis of comparison of the data
obtained with data on other, genetically allied deposits,
together with physicochemical analysis of phase equi-
libria.

BRIEF CHARACTERISTICS OF THE DEPOSIT

The South Faizulino lode is a typical example of
stratiform manganese deposits hosted in cherty units of
volcanic zones. The geology, petrography, and stages of
ore deposition were considered in detail previously
(Brusnitsyn and Zhukov, 2005).

The deposit is located at the western margin of the
Magnitogorsk paleovolcanic belt (Fig. 1a). The area is
composed of Devonian volcanic and volcanosedimen-
tary complexes formed in the West Magnitogorsk ensi-
matic island arc and the Sibai interarc basin, which
adjoins it in the east (e.g., Zaikov, 1991; Seravkin et al.,
1992). The Mn-bearing rocks are localized in the sedi-
mentary fill of the interarc basin thrust over island-arc
volcanics. The Emsian—FEifelian Irendyk Formation of
basaltic andesites, the Eifelian Bugulygyr cherty unit,
and the Givetian—Lower Frasnian Ulutau Formation of
tephroterrigenous rocks are known at the deposit.
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MINERALOGY AND METAMORPHISM CONDITIONS OF MANGANESE ORE

Siliceous rocks of the Bugulygyr Unit bear the ore.
The sequence of their deposition reflects spatiotempo-
ral variations in sedimentation conditions of cherty and
syngenetic Mn-bearing materials (Fig. 1b). The base of
the section is marked by a chain of small (2—4 m thick)
lenticular bodies of jasperite—a dark red hematite—
quartz rock of spotty or brecciated appearance, which is
considered to be a lithified counterpart of the hydro-
thermal ferruginous—siliceous deposits on the bottom
of the present-day oceans (Zaikova and Zaikov, 2003).
Upsection, they give way to the thin-banded sealing-
wax-red jasper that makes up the main body of the
cherty unit. At the pinch-out of this unit, the red jasper
is gradually replaced in the lateral and vertical direc-
tions with thin-banded gray cherty siltstone. The total
thickness of the Bugulygyr Unit in the vicinity of the
deposit reaches 15-20 m.

Manganese mineralization was established in the
southern and northern areas of the deposit. The south-
ern area is the most promising. The Mn ore here is
closely associated with jasperite. The flattened lenticu-
lar stratiform orebody extends for 220 m along the
strike and is traced for more than 150 m down the dip,
reaching 3 m in thickness. The northern flank of the
manganese ore layer directly overlaps jasperite and is,
in turn, overlain by the sealing-wax-red jasper. The red
cherty beds pinch out southward at a short distance, and
the orebody extends farther hosted in cherty siltstone.
The northern area is much smaller in size. This is a
small (as thick as 0.5 m) fragment of the monotonous
jasper member that contains thin (up to 1.5 cm) lenses
and interbeds of braunite.! The ore layers and the host
cherty rocks in both areas, as well as the overlying teph-
roterrigenous sequence of the Ulutau Formation, were
deformed during the Carboniferous—Permian collision
and partly eroded.

Near the surface, the ore layer is replaced with
supergene Mn hydroxides. At a depth of >25 m, this
layer consists of slightly oxidized oxide—carbonate—sil-
icate ore. This is fine-grained rock of heterogeneous
structure and composition. The typically sedimentary
and diagenetic structures and textures (banded, lenticu-
lar-bedded, pelitic, globular, colloform, spherulitic,
relict organogenic, etc.) are predominant. At the same
time, obvious indications of metamorphism are
observed in the ore, including mosaic, granoblastic, and
sheaflike structures and abundant manganese silicates
(pyroxmangite, rhodonite, tephroite, ribbeite, allegha-
nyite, spessartine, and some other minerals) in the main
ore layer.

The geological setting of the ore district indicates
that the cherty rocks and volcanics, along with synge-
netic manganese layers, underwent burial metamor-
phism (Dobretsov, 1995) under a gradually increasing
loading of younger rocks accompanied by an increase
in temperature and pressure. The thickness of sedi-

!'The braunite ore is not considered in this paper because of its
limited abundance.
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ments accumulated during the period between the for-
mation of the Middle Devonian Bugulygyr Unit and the
onset of active folding in the Middle Carboniferous
amounts to ~8 km (Seravkin et al., 1992). At an average
density of rocks of 2.8 g/cm? and a geothermal gradient
of 30°C/km, a pressure of 2.0-2.5 kbar and a tempera-
ture of about 250°C were reached at the base of the
sequence, and these values characterize the PT condi-
tions of maximum sagging of manganese ore. These
approximate estimates are consistent with parameters
of metamorphism of volcanosedimentary rocks in this
region, which correspond to the prehnite—pumpellyite
facies (Copper..., 1985). According to Liou et al.
(1985), this facies is characterized by T = 150-320°C
and P = 1-4 kbar.

The local hydrothermal metasomatic processes in
ore developed in close relation to tectonic deformation
are recorded in stringer—reticulate and taxitic struc-
tures, where the rock is cut by numerous pyroxmangite,
rhodochrosite, quartz, and other segregation or metaso-
matic veinlets.

On the basis of the aforesaid, four consecutive
stages are recognized in the formation history of the
South Faizulino deposit: (1) Middle Devonian: sedi-
mentation and diagenesis of ore-bearing material
sourced from submarine hydrothermal solutions;
(2) Middle Devonian—Early Carboniferous: burial and
metamorphism of Mn-bearing sediments; (3) Middle
Carboniferous—Permian: formation of hydrothermal
metasomatic veinlets related to the tectonic deforma-
tion of the volcanosedimentary sequence; and
(4) Mesozoic—Quaternary: supergene alteration and
partial denudation.

The processes that proceeded at the first stage were
considered in detail previously (Brusnitsyn and
Zhukov, 2005). In this paper, I focus on the mechanism
and physicochemical conditions of mineral formation
at the second and third stages.

MINERALIC VARIETIES OF ORE

Thirty-two minerals have been identified in the main
ore layer and in the late veinlets (Fig. 2).

The main body of ore is characterized by a wide
variation of mineralic composition. According to the
qualitative set and quantitative proportions of minerals,
five ore varieties are recognized2: (a) rhodochrosite—
tephroite—ribbeite—hausmannite, (b) caryopilite-ribbe-
ite—rthodochrosite—tephroite, (c) rhodochrosite—pyrox-
mangite, (d) rhodochrosite—pyroxmangite—quartz, and
(e) pyroxmangite—caryopilite—quartz. Rhodochrosite—
quartz and almost monomineral rhodochrosite, pyrox-
mangite, and rhodonite aggregates are less abundant.
The rhodochrosite—pyroxmangite and rhodochrosite—
pyroxmangite—quartz varieties ¢ and d are most wide-
spread.

2 In names of ore varieties, minerals are listed in order of increas-
ing abundance.
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Ore variety
No. Mineral main ore layer vein complex
a b c d e f
1 | Sphalerite X X X
2 | Galena X
3| Alabandine X
4 | Molybdenite X
5 | Chalcopyrite X X X X
6 | Pentlandite
7 | Pyrite X X
8 | Arsenopyrite X X X
9 | Gersdorffite X X
10 | Quartz X! X! ) | | [ |
11 | Hematite X X
12 | Pyrophanite X X
13 | Hausmannite | X
14 | Calcite* X X [ ) X °
15 | Rhodochrosite u u | | |
16 | Kutnahorite ® [ )
18 | Tephroite u u
19 | Alleghanyite ° °
20 | Ribbeite u u
21 | Spessartine [ ) ° [
22 | Piemontite-Ce X
23 | Rhodonite ® ® [ ) [ )
24 | Pyroxmangite | | | |
25 | Caryopilite ® | ® |
26 | Pyrosmalite X [ ) X
27 | Talc* X )
28 | Phlogopite* X
29 | Clinochlore* ® ° ] ® ° [ )
30 | Parsettensite L] ® ° [
31 | Neotocit X ° X
32 | Apatite X X X X

Hl e2 X3

Fig. 2. Distribution of minerals in the oxide—carbonate—silicate manganese ore at the South Faizulino deposit. Minerals: (1) major
(>5 vol %), (2) minor (1-5 vol %), (3) accessory (<1 vol %); Mn-bearing mineral species are denoted by an asterisk. Minerals were
identified with optical methods, X-ray diffraction, electron microscopy, X-ray microprobe, and IR spectroscopy. ' Quartz is detected
as tiny (0.01 mm) inclusions in rhodochrosite spherulites. (a—e¢) Mineralic varieties of ore: (a) rhodochrosite—tephroite-ribbeite—
hausmannite, (b) caryopilite-ribbeite—rhodochrosite—tephroite, (c) rhodochrosite—pyroxmangite, (d) rhodochrosite—-pyroxmangite—
quartz, (¢) pyroxmangite—caryopilite—quartz; (f) rhodochrosite—pyroxmangite, quartz—pyroxmangite, and other veinlets.
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Fig. 3. Distribution of Mn ore varieties in the central part of the ore layer. Ore varieties in the main ore layer: (1, 2) rhodochrosite—
tephroite-ribbeite—hausmannite: (1) rhodochrosite—tephroite mass, (2) ribbeite—hausmannite segregations; (3) caryopilite-ribbeite—
rhodochrosite—tephroite; (4) rhodochrosite—pyroxmangite; (5) rhodochrosite—pyroxmangite—quartz; (6) pyroxmangite—caryopilite—
quartz; (7, 8) zones of late veinlets: (7) pyroxmangite, (8) rhodochrosite.

The varieties listed above are distributed nonuni-
formly within the ore layer as a consequence of hetero-
geneous, lenticular-bedded, banded, and nodular struc-
tures of the initial Mn-bearing sediments (Fig. 3). The
mineralogy of ore largely depends on the proportions of
sharply dominating manganese and silicon; the occur-
rence of other components (Ti, Al, Fe, Mg, Ca, etc.) is
recorded only in the minor and accessory phases.

The segments of the ore layer highly enriched in Mn
are composed of hausmannite, ribbeite, tephroite,
rhodochrosite, and caryopilite (varieties a and b). The
ore with a lower Mn grade and a higher silicon content
mainly consists of pyroxmangite, rhodochrosite,
quartz, and caryopilite (varieties ¢, d, and e). All ore
varieties are connected by gradual transitions. Haus-
mannite and then ribbeite and tephroite disappear con-
secutively with depletion in Mn and enrichment in Si
(with decreasing Mn/(Mn + Si) ratio). Thereby, the per-
centage of caryopilite remains almost unchanged and
the amount of rhodochrosite may even increase. In the
course of a further decrease in the Mn/(Mn + Si) ratio,
sporadic grains and small lenticular segregations of
pyroxmangite appear and their number progressively
increases. The rhodochrosite—pyroxmangite aggregates
are formed in this way. Finally, quartz is added to
pyroxmangite at the lowest Mn/(Mn + Si) ratio.

Hausmannite, ribbeite, and tephroite never occur in
pyroxmangite- and quartz-bearing ores. However, the
reverse situation is possible. Very small amounts of
quartz were detected in Mn-rich varieties a and . How-
ever, quartz is observed here only as tiny (0.01 mm)
inclusions in rhodochrosite and is always isolated by
carbonate from other minerals. Hausmannite, tephroite,
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and ribbeite never make up intergrowths with quartz
and/or pyroxmangite. These minerals are always sepa-
rated by rhodochrosite and caryopilite segregations.

Nevertheless, the relationships between mineral
assemblages and Mn and Si contents at the South Fai-
zulino deposit are not unequivocal and strict. The phase
composition of ore may be different, changing from
bed to bed, even at almost equal Mn /(Mn + Si) values.
This is clearly seen from comparison of the observed
mineral assemblages (Fig. 2) and the Mn-Si diagram
(Fig. 4a), where the compositions of all major and some
minor minerals were plotted together with the respec-
tive Mn/(Mn + Si) ratios in ore. For example, high
Mn/(Mn + Si) ratios are characteristic not only of the
ore consisting of hausmannite, ribbeite, and tephroite
but also of some rhodochrosite—pyroxmangite and
rhodochrosite—quartz ores. The rocks with low and
almost equal Mn/(Mn + Si) values within a range of
0.18-0.25 also may be composed of three different
assemblages: (1) pyroxmangite + quartz + rhodoch-
rosite, (2) thodochrosite + quartz, and (3) caryopilite +
quartz  pyroxmangite. The first assemblage is most
abundant at the deposit, while the two others are less
frequent.

Thus, the correlation between the mineralogy and
the chemical composition of ore in the main ore layer is
traced as a clearly expressed tendency rather than a
functional relationship.

Such a situation is typical of rocks metamorphosed
at relatively low temperature and pressure. It is well
known that under such conditions the formation of var-
ious mineral assemblages is controlled not only by the
distribution of inert components in rocks but also by
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Mn/(Mn + Si) —
0 0.1 0.2 0.3 04 05 06 07 038 0.9 1.0
ol | wpe| wWe se | @oos? |
1 a 3 o n
T | | | | r | IT | | T 0l
Quartz Pyroxmangite Ribbeite Hausmannite 0 2
Rhodonite Alleghanyite Rhodochrositell 3
Caryopilite Tephroite w4
NS5
(b)
X 6
0 0.1 02 03 04 05 0.6 07 038 0.9 1.0
S
Quartz Pyroxmangite Rhodochrosite
Rhodonite

Fig. 4. Proportions of Mn and Si in minerals and manganese ore: (a) main ore layer and (b) late veinlets. Ore varieties: (1) rhodo-
chrosite—tephroite—ribbeite—hausmannite; (2) caryopilite-ribbeite-rhodochrosite—tephroite; (3) rhodochrosite—pyroxmangite;
(4) rhodochrosite—pyroxmangite—quartz; (5) rhodochrosite—quartz; (6) pyroxmangite—caryopilite—quartz.

other factors (Dobretsov et al., 1972; Logvinenko and
Orlova, 1987). Kinetic constraints that suppress pro-
ceeding of reactions; the occurrence of finely dispersed
phases, glass, and organic matter in sediments; local
variations in admixtures in minerals; and the concentra-
tion of mobile components in pore fluid are of great
importance. As a result of interaction of all these fac-
tors, rocks acquire variable and nonuniform mineralic
compositions, which cannot be depicted completely in
a composition—paragenesis diagram as is done tradi-
tionally for standard metamorphic rocks.

The vein complex. Crosscutting veinlets are devel-
oped locally at the deposit (Fig. 3). They are related to
zones of the strongest tectonic deformation of the
Mn-bearing layer and do not occur in the host cherty
rocks beyond the orebody.

In contrast to the main body of ore, the late veinlets
are very simple and uniform in composition of miner-
als, and their main assemblages are easily delineated in
the Mn-Si diagram (Fig. 4b). Quartz—pyroxmangite,
rhodochrosite—pyroxmangite, and rhodochrosite vein-
lets are prevalent; quartz—rhodonite, rhodochrosite—
rhodonite, and monomineral pyroxmangite or quartz
varieties are less frequent. The minor and accessory
minerals are represented by calcite, Mn-clinochlore,
parsettensite, neotocite, and arsenopyrite.

The veinlets are 0.3-5.0 cm thick and up to 50 cm
long. Series of parallel or chaotically oriented veinlets
are commonly formed.

According to relationships with the host ore, segre-
gation and metasomatic veinlets are distinguished. The
former occur in the ores with elevated silica contents
(varieties ¢, d, and e). Their mineralogy fits the phase
composition of host aggregates. The veinlets have clear
straight boundaries and are composed of relatively

large (as long as 5 mm), often perfectly faceted crystals
that grew from selvages to the axis of the veinlet.

Metasomatic veinlets develop in the Mn-enriched
segments of the ore layer composed of ribbeite, tephroite,
rhodochrosite, and caryopilite (ore varieties @ and b).
Metasomatic veinlets have an uneven configuration
with numerous juts. The zoning of veinlets is character-
ized by the development of a rhodochrosite or chlorite—
rhodochrosite zone at the front of replacement and a
pyroxmangite back zone. The mineral grains are ori-
ented chaotically within each zone. In clusters of meta-
somatic veinlets, the protolith is often transformed into
secondary rhodochrosite—-pyroxmangite rock with
zonal, taxitic, or stringer—reticulate structures. Metaso-
matic pyroxmangite veinlets without a clearly
expressed carbonate rim occur only occasionally. In all
cases, the mineralogy of metasomatic veinlets differs
from the host aggregates.

Despite the different mechanisms of formation (seg-
regation and metasomatic), the appearance of veinlets
in both variants is caused by local redistribution of mat-
ter within the ore layer. The transfer of elements was
provided by local pore solutions mobilized by tectonic
movements. The migration of matter was limited to
very short distances that do not exceed the thickness of
the Mn-bearing layer. Nothing was supplied from
external sources. The veinlets do not occur beyond the
ore layer and are locally developed therein. Veinlets are
small and have simple and uniform mineralic composi-
tion without phases that would be new for the deposit.

DESCRIPTION OF MINERALS

Hausmannite occurs only in the highest grade ore as
relatively small (up to 2—4 cm across) microgranular

GEOLOGY OF ORE DEPOSITS  Vol. 48 No. 3 2006
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Fig. 5. Minerals of manganese ore at the South Faizulino deposit. (a, b) Rhodochrosite spherulites: (a) photomicrograph, crossed
polars; (b) SEM photomicrograph; black zones are composed of quartz (Qtz), dark gray zones, of Ca-rich rhodochrosite (Rds), light
gray zones, of Mn-rich rhodochrosite; the homogeneous gray mass consists of pelitic rhodochrosite; (c) concentrically zoned aggre-
gate of caryopilite (Car) with inclusions of rhodochrosite I (dark spots) and a veinlet of rhodochrosite II, photomicrograph without
analyzer; (d) tephroite segregations (Teph) in caryopilite mass (Car); dark areas in the center of tephroite segregations are composed
of a microgranular aggregate overgrown by larger individuals of the outer zone, photomicrograph without analyzer; (e) intergrowth
of tabular pyroxmangite crystals (Pyr), photomicrograph without analyzer; (f) spessartine (Sps) and parsettensite (Par) grains in
pyroxmangite aggregate (Pyr), SEM photomicrograph.

GEOLOGY OF ORE DEPOSITS  Vol. 48 No.3 2006
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(~0.01 mm) segregations irregular in shape. The haus-
mannite spots are severely corroded by rhodochrosite.
In some places, the distribution of hausmannite relics
clearly marks the bedded structure of the orebody; else-
where, their orientation is random. Ribbeite and rhodo-
chrosite commonly occur in intimate intergrowths with
hausmannite.

Rhodochrosite is represented by two generations.
The early rhodochrosite occurs in the main ore layer as
microgranular, mosaic, pelitic, or spherulitic aggre-
gates. The latter are most abundant at the deposit and
the most interesting mode of rhodochrosite I occur-
rence (Figs. 5a, 5b). The particular spherulites are rela-
tively large (0.3-2.0 mm in diameter) and made up of
radiate threadlike individuals of rhodochrosite. As a
rule, the spherulites reveal concentric zoning expressed
in the rhythmic variation of Ca and Mn contents in car-
bonate and in the periodic appearance of very thin
(~0.01 mm) quartz zones.

As can be clearly seen under a microscope, carbon-
ate spherulites develop owing to the replacement of pel-
itic rhodochrosite, rhodochrosite + quartz, or silicate
(neotocite, caryopilite) aggregates. The spherulites
often occupy the whole rock and fragments of the pro-
tolith are retained only in the interstitial space between
spherulites or the protolith is completely absent. The
zoning of spherulites crystallized in the carbonate
matrix is expressed only in the periodic oscillation of
Mn and Ca contents, whereas additional quartz zones
appear in spherulites that replace a quartz-bearing or
silicate protolith.

The late rhodochrosite is a typical mineral of cross-
cutting veinlets, where it is represented by two morpho-
logical types: (1) the microgranular aggregate that is
formed in the outer zones of metasomatic rhodoch-
rosite—pyroxmangite veinlets and (2) xenomorphic
grains that fill the space between tabular pyroxmangite
or thodonite crystals in axial zones of segregation veinlets.

By chemical composition (Table 1), rhodochrosite
from different ore varieties is virtually indistinguish-
able. The range of Mn contents in the early rhodoch-
rosite associated with hausmannite, ribbeite, and teph-
roite is somewhat narrower than in rhodochrosite I in
association with pyroxmangite and quartz (87-98 and
73-98 mol % MnCO;, respectively). The Mn and
Ca contents in concentrically zoned rhodochrosite
spherulites vary irregularly from one growth zone to
another. The scatter of the Mn/(Mn + Ca) ratio in one
rhodochrosite crystal may cover the entire possible
compositional range of this mineral established at the
deposit as a whole. The major element contents in the
late rhodochrosite also vary widely; however, a correla-
tion between the carbonate content in veinlets and their
host rocks could not be established.

Kutnahorite commonly occurs as small (5-15 mm
across) irregularly shaped fine-grained segregations
among early spherulitic rhodochrosite aggregates or
rhodochrosite—quartz rock. Isometric kutnahorite

BRUSNITSYN

grains in the veinlets that crosscut these aggregates are
much less abundant. The chemical composition of kut-
nahorite from the main ore layer and the late veinlets is
virtually the same (Table 1) and differs from the theo-
retical composition CaMn(CO;), by a higher Ca con-
tent. On the basis of the Mn/(Mn + Ca) ratio, which
equals 0.30-0.35, such a carbonate should be named
manganese calcite. However, the X-ray pattern of the
analyzed mineral differs in location of peaks and their
intensity from calcite (ASTM 5-586) and corresponds
precisely to kutnahorite (ASTM 19-234, 43-695). The
main lines of the powder pattern of kutnahorite from
the South Faizulino deposit are as follows: 3.79/25,
2.97/100, 1.435/15, 2.227/35, 2.063/12, 1.864/12, and
1.838/25 d(A)/I. It cannot be ruled out that the increased
Ca contents in the studied kutnahorite are caused by
micrometer-size ingrowths of calcite.

Calcite at the deposit is a rare phase. In the main ore
layer, calcite is represented by sporadic isometric
grains dispersed through rhodochrosite aggregates.
Calcite of the second generation occurs in the late vein-
lets as tabular or irregularly shaped grains. The compo-
sition of the mineral is uniform, with 95-98 mol %
CaCO; and 1-4 mol % MnCO;.

Tephroite is mainly related to the caryopilite inter-
layers and lenses. Rounded (up to 1 mm in diameter),
radiate intergrowths of three to six thick tabular crystals
are the typical mode of tephroite occurrence. The inter-
nal structure of such aggregates bears obvious indica-
tions of individual growth from center to periphery as
in classic nodules. The tephroite micronodules crystal-
lized replacing the caryopilite groundmass. Isolated
nodules are relatively rare, and large segregations are
most frequent. As the number of segregations increases,
the amount of the cementing caryopilite decreases to
complete disappearance (Fig. 5d). Further, the rock
gradually becomes granoblastic as a result of recrystal-
lization of tephroite, and the initial nodules are not
retained. In addition to radiate segregations, tephroite
forms narrow (0.3—1.0 mm thick) parallel rodlike rims
at the boundary between ribbeite (alleghanyite) segre-
gations and caryopilite.

The crystallization of tephroite is occasionally
accompanied by the appearance of pyrosmalite occur-
ring either as tabular crystals ingrown into tephroite and
oriented largely along the nodule radii or in the mass of
felted caryopilite in close proximity to the tephroite
grains.

The chemical composition of tephroite is close to
the theoretical composition of this mineral (Table 2).
The X-ray pattern corresponds to the standard (ASTM
35-748). The parameters of the lattice unit (A) are a =
4.890(3), b = 10.59(1), and ¢ = 6.244(3).

Ribbeite and alleghanyite as polymorphic modifica-
tions of the chemical compound Mns(SiO,),(OH), are
typical constituents of Mn-rich rocks. Together with
hausmannite and rhodochrosite, these minerals make
up small (5-20 mm across) light beige aggregates of
GEOLOGY OF ORE DEPOSITS  Vol. 48
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diverse morphology: colloform, globular, or flakelike.
The minerals look similar in transmitted light: they are
light pinkish beige in color without pleochroism; N, =
1.75, N, —N,, = 0.035. The chemical composition of the
mmerals is glven in Table 2. Thorough study has shown
that ribbeite is a major mineral at the deposit, while
alleghanyite is a minor mineral. The minerals often
occur jointly. The main lines of the X-ray pattern of
ribbeite are as follows: 4.42/25, 3.85/25, 3.57/15,
3.38/17, 3.94/55, 2.87/100, 2.80/20, 2.71/55, 2.69/40,
2.56/55, 2.53/40, 2.42/20, 2.36/35, and 2.33/13 d(A)/I.
The following reflections are diagnostic for alleghany-
ite: 3.62/70, 3.15/40, 2.86/100, 2.78/32, 2.74/38,
2.71/38, 2.70/50, 2.69/32, 2.61/60, 2.55/30, 2.54/20,
2.44/32, 3.39/36, 2.36/45, and 2.35/25 d(A)/I. The
detailed characteristics of ribbeite and alleghanyite
were given by Brusnitsyn and Chukanov (2002).

Spessartine occurs as small (0.01-0.02 mm across)
isometric, often euhedral grains mainly related to seg-
regations of clinochlore and parsettensite (Fig. 5f). The
optic properties and X-ray pattern of the mineral are
standard. Spessartine always contains appreciable
amounts of Ca and Fe (Table 2).

Pyroxmangite and rhodonite belong to a group of
manganese pyroxenoids having very similar diagnostic
properties. The exact identification of the minerals is
feasible only with X-ray patterns. The use of this
method has shown that pyroxmangite is predominant at
the South Faizulino deposit, whereas rhodonite is a
minor mineral; they may occur jointly.

Let us consider the mode of occurrence of pyrox-
enoids as exemplified in pyroxmangite. Two generations
of this mineral are clearly recognized. Pyroxmangite 1
occurs in the main ore layer as radiate, cross-shaped, and
formless intergrowths of small (0.2—-0.5 mm) tabular or
isometric crystals. The grains of early pyroxmangite
often are poorly crystallized; they have uneven outlines
and a mosaic, microblock structure with local isotropic
areas. Numerous inclusions of quartz, rhodochrosite,
caryopilite, spessartine, chlorite, and some other earlier
minerals are observed (Fig. 5¢). Pyroxmangite II forms
crosscutting veinlets. In contrast to pyroxmangite I,
defective individuals are untypical. Conversely, rela-
tively large (up to 5 mm long) and often perfectly fac-
eted crystals of tabular and flattened habits make up
fanlike, columnar, or parallel rodlike aggregates.
A similar morphology is characteristic of rhodonite.

The X-ray patterns of pyroxmangite and rhodonite
are best distinguishable in the range 3.60-2.50 A,
where the following reflections are recorded for pyrox-
mangite: 3.43/15, 3.33/17, 3.18/20, 3.13/45, 3.03/30,
3.00/35, 2.96/100, 2.67/35, 2.65/20, and 2.61/30
d(A)/I. The diagnostic peaks of rhodonite are 3.56/40,
3.33/45, 3.14/55, 3.09/48, 2.96/100, 2.94/80, 2.76/50,
2.65/20, and 2.60/25 d(A)/I.

Pyroxenoids from the South Faizulino deposit are
different in Ca contents, which are twice as high in
rhodonite as in pyroxmangite (Table 2).

BRUSNITSYN

Caryopilite is a Mn phyllosilicate
Mn,(Si,0,,)(OH)¢ with a structure close to the struc-
ture of antigorite (Guggenheim and Eggleton, 1998). At
the South Faizulino deposit, this mineral occurs as
small (3—15 mm thick) interlayers, lenses, or irregular
segregations in ores of various compositions. The cary-
opilite aggregates have pelitic, felted, colloform, glob-
ular, or concentric rhythmically zoned structures iden-
tical to the structure of crystallized gel or glass
(Fig. 5¢). The cracks of syneresis are often observed in
the caryopilite matrix; fusiform or threadlike rhodoch-
rosite grains are related to these cracks. Microgranular
caryopilite occasionally contains small (~0.2 mm
across) relict inclusions of isotropic glassy neotocite.

The chemical composition of caryopilite is charac-
terized by variable contents of admixtures (Table 2).
The Al, Fe, and Mg contents in caryopilite associated
with ribbeite, tephroite, and rhodochrosite are rela-
tively low; their total content is not higher than 15% of
the bulk of cations. In caryopilite from intergrowths
with pyroxmangite and quartz, the contents of admix-
tures (Fe and Mg above all else) are much higher and
amount to 35-40% of cation totals. Such caryopilite is
close in composition to gonyerite—a Mn mineral from
the chlorite group. However, its X-ray pattern corre-
sponds to the serpentine-like structure of polytype 1M,
whereas the peak with d = 14 A characteristic of chlo-
rites is absent. The most intense reflections in the X-ray
pattern of caryopilite enriched in Mg and Fe (Table 2,
an. 15) are as follows: 7.23/98, 3.619/75, 3.580/47,
2.790/82, 2.501/100, 2.360/12, 2.087/38, 1.974/12,
1.725/10, 1.632/25, 1.621/25, and 1.590/18 d(A)/I. The
unit cell parameters (A) are a = 5.619(2), b =9.770(3),
¢ = 7.477(3), and B = 104.70(4)°. Caryopilite with
lower contents of admixtures (Table 2, an. 14) differs
by smaller dimensions of the unit cell (A): a=5.683(4),
b =9.795(5), ¢ =7.535(5), and B = 104.15(6)°.

Pyrosmalite Mng(SicO,5)(OH),, mainly concen-
trates in the caryopilite-ribbeite-rhodochrosite—teph-
roite ore. Tabular crystals of pyrosmalite up to 0.3 mm
long are observed largely in caryopilite lenses in close
intergrowths with tephroite “nodules” or occurring
nearby. Pyrosmalite was also identified as felted aggre-
gates associated with kutnahorite. In transmitted light,
the mineral is colorless or, occasionally, pale yellow;
pleochroism is extremely weak; cleavage in one direc-
tion is perfect; extinction is parallel; N, = 1.65, N,—-N, =
0.030.

The X-ray pattern of the studied mineral is close in
intensity and localization of most peaks to the standard
pattern for pyrosmalite (ASTM 12-268; Guggenheim
and Eggleton, 1988) and differs from the X-ray patterns
of Mn silicates similar in structure and composition
(caryopilite, bementite, and friedelite). The main lines
are as follows: 7.20/80, 4.48/10, 3.78/25, 3.55/45,
3.34/10, 2.65/100, 2.25/45, 1.838/30, 1.649/20, and
1.632/20 d(A)/I At the same time, several reflections
are not always developed clearly in our X-ray patterns:
GEOLOGY OF ORE DEPOSITS  Vol. 48
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11.5/20, 6.06/30, 4.87/20, 4.35/20, and 3.41/40 d(A)/I.
Most likely, this is caused by a low concentration of
pyrosmalite in our samples and by superposition of its
peaks upon peaks of kutnahorite, rhodochrosite, and
other minerals and by partial texturing of specimens.
The chemical composition of pyrosmalite (Table 2) is
characterized by insignificant contents of Al, Fe, and
Mn admixtures.

Talc occurs in intimate association with spessartine
and clinochlore. Small (up to 0.3 mm long) tabular indi-
viduals of talc are either nonuniformly dispersed
through the chlorite matrix or are gathered into sheaf-
like and parallel rodlike aggregates. Under a micro-
scope, the mineral is colorless, devoid of pleochroism,
and has parallel extinction; N, = 1.60, N, — N, = 0.040.
Talc is clearly recorded in X-ray patterns by the three
strongest reflections: 9.29/50, 4.67/30, and 3.12/100
d(A)/I. The chemical composition of talc is given in
Table 2.

Manganese clinochlore, one of the most abundant
minor minerals in the studied rocks, is represented by
two generations. Clinochlore I commonly occurs as
small (up to 5 mm across) fine flaky, radiate, and paral-
lel fibrous aggregates that fill interstitial spaces
between rhodochrosite spherulites and rhodonite and
quartz crystals. Clinochlore II fills the late veinlets.

The X-ray pattern of the mineral is close to the stan-
dard of Mn-free clinochlore 1M (ASTM 7-165, 12-242,
29-701). The main lines of the X-ray pattern of chlorite
(Table 2, an. 24) are as follows: 14.29/40, 7.11/75,
4.738/60, 3.550/100, 2.840/55, 2.585/20, 2.542/30,
2.445/22, 2.387/22, 2.262/15, 2.001/30, 1.564/15, and
1.540/25 d(A)/I. The unit cell parameters (A) are a =
5.349(1), b =9.244(2), ¢ = 14.312(1), and B =
97.11(2)°.

According to the modern nomenclature (Strunz and
Nickel, 2001), the chemical composition of the mineral
(Table 2) corresponds to manganese clinochlore. In
terms of the obsolete classification (Hey, 1954; Miner-
als..., 1992), most of the analyses also fit this mineral
species, but two analyses fall into the pennine field
according to silicon contents.

Clinochlore from different mineral assemblages is
not uniform in composition. The lowest Fe contents are
established in the ore varieties enriched in Mn and in
some substantially rhodochrosite areas of the rhodoch-
rosite—pyroxmangite ore. Elsewhere, the Fe content in
clinochlore is more than three times higher. This spe-
cific feature is characteristic of clinochlore from both
the main ore layer and the crosscutting veinlets. No dis-
tinct systematic patterns were established in the distri-
bution of other cations.

Parsettensite KMn;[(SigAl)O,,](OH)¢ - nH,O is a
K-bearing Mn phyllosilicate. In the main ore layer, par-
settensite I occurs as sheaflike, radiate, and star-shaped
intergrowths of sheetlike micaceous crystals and as
microgranular felted aggregates (Fig. 5f). In the late
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veinlets, parsettensite is represented by relatively large
(up to 3 mm long) sheets.

The main lines in the X-ray pattern of this mineral
are as follows: 12.5/100, 6.32/17, 4.49/10, 4.16/22,
3.68/20, 3.12/20, 2.78/30, 2.63/40, 2.41/20, and
2.15/10 d(A)/I. The chemical composition of parsetten-
site (Table 2) is little different from the data reported
from other deposits.

Neotocite is an X-ray amorphous Mn silicate that
approximately corresponds to the formula Mn(SiO5) -
H,O (Clark et al., 1978). In the studied ore, neotocite
occurs in caryopilite aggregates from the main ore layer
and in the late veinlets. In the first case, it is rather large
(commonly 0.2 mm and up to 2 cm across) irregular
relict inclusions replaced by felted caryopilite. In the
second case, neotocite fills the interstitial space
between pyroxmangite, rhodochrosite, and quartz crys-
tals in axial zones of veinlets. The mineral has a very
characteristic glassy appearance. In samples, neotocite
is dark reddish brown; the luster is greasy; the mineral
is brittle; and the fracture is shell-like. Under a micro-
scope, neotocite is light brown and isotropic; n = 1.520.
The mineral is reliably identified with IR spectroscopy.
The main bands of the IR spectrum are as follows: 454,
618, 659, 780, 1015, 1633, 325, 3420, and 3640 cm™.

DISCUSSION

As has been shown previously, the ore layer of the
South Faizulino deposit is hydrothermal-sedimentary
in origin (Brusnitsyn and Zhukov, 2005). The manga-
nese mud accumulated at the active continental margin
during a period of waning volcanic activity. The ore
matter was supplied into the marine basin by hydrother-
mal solutions that were circulating through the oceanic
crust and precipitated on the bottom near the vents.
Manganese in all probability precipitated in oxide form
as takes place in modern hydrothermal systems. In
addition, silica, clay, and other minerals were present in
the sediment. At the diagenetic stage and during further
transformations, the mineralic composition of
Mn-bearing sediment underwent substantial changes.
The data presented in this paper make it possible to
reconstruct the mineral formation during the burial of
manganese ore and the subsequent tectonic rearrange-
ment of the region.

The mineral formation at the stage of burial of man-
ganese ore layers. The relationships between minerals
in the main ore layer indicate that, with increasing tem-
perature and pressure, the formation of different min-
eral assemblages was controlled largely by the initial
composition of sediments.

First of all, the mode of occurrence and morphology
of hausmannite grains attract attention. This mineral
occurs as cavernous segregations irregular in shape and
actively corroded by rhodochrosite. Such aggregates
likely are the metamorphosed relics of primary sedi-
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mentary Mn oxides and/or hydroxides partly replaced
with carbonate.

As is known, finely dispersed oxides of tri- and
quadrivalent manganese (todorokite, birnessite, rancie-
ite, etc.) are the main species of Mn accumulation in
marine hydrothermal deposits. In the course of diagen-
esis and at advanced stages of lithogenesis, the deple-
tion of pore solution in oxygen, along with increasing
temperature and pressure, gives rise to the reduction of
manganese, so that primary oxides and hydroxides are
transformed into other minerals. Manganite and pyro-
lusite crystallize most often in slightly altered sedimen-
tary ore, whereas hausmannite is most abundant in car-
bonate-bearing metamorphosed rocks.

During the burial of ore, the Mn oxides were
replaced with rhodochrosite. Most likely, carbonation
of sediment proceeded most intensely at the stage of
diagenesis, when the concentration of oxygen in pore
solution dropped as a result of organic matter oxidation,
while the concentration of carbon dioxide increased.’

The diagenetic origin of rhodochrosite is indicated
by its morphology. The bulk of this mineral is repre-
sented by spherulites of threadlike crystals that grew in
a fine-grained carbonate or silicate matrix. Such spher-
ulites most likely postdated the ore matter sedimenta-
tion. Metamorphism is also not favorable for the growth
of threadlike individuals because long-term heating
results in recrystallization of carbonate needles into
larger grains. Spherulites commonly grow in a viscous
(colloidal) medium at a great oversaturation of the min-
eral-forming solution (Krasnova and Petrov, 1997).
Diagenesis is the most suitable process in this respect.
The rhodochrosite spherulites in the manganese ore at
the Obrochishte deposit in Bulgaria, the formation of
which was completed exactly at the diagenetic stage
(Aleksiev, 1960), are identical to those known from the
southern Urals. In all probability, the carbonate spheru-
lites at the South Faizulino deposit also are of diage-
netic origin and their good preservation is a result of
low metamorphic grade.

Rhodochrosite often replaces Mn oxides com-
pletely. However, where the entire resource of carbon
dioxide was consumed in the course of carbonation, an
excess of manganese could have been retained in the
oxide form as hausmannite. Furthermore, low contents
of silica and/or clay minerals are necessary for the
retention of Mn oxides; otherwise, oxides would be
transformed into silicates. It is hardly accidental that
hausmannite segregations at the South Faizulino
deposit occur only in the ore with the highest Mn grade
and low concentrations of other components. In all

3 Participation of oxidized biogenic hydrocarbons in the formation
of rhodochrosite is supported by the carbon isotopic composition
(Kuleshov and Brusnitsyn, 2004). The reducing conditions cre-
ated at the stage of diagenesis were also retained at the subse-
quent stages of mineral formation and promoted the crystalliza-
tion of minerals of bivalent manganese.
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other cases, the oxides are completely replaced with
rhodochrosite and silicates.

A wide spread of globular, colloform, concentrically
zoned, and other structures typical of gel or glass crys-
tallization is characteristic of the studied ore. Such
structures are especially typical of caryopilite aggre-
gates. The cracks of syneresis are abundant in these
aggregates, and relics of the glassy protolith (neotocite)
are observed in the main ore layer. The admixture of Al
and Mg, elements that are untypical of Mn oxides and
silicates, is also in line with this interpretation.

While discussing the formation conditions of caryo-
pilite, it is expedient to dwell on the genesis of the ear-
lier neotocite. This mineral was identified in Mn ore of
various origins (Clark et al., 1978; Roy, 1981; Miner-
als..., 1992). Neotocite often occurs in unmetamor-
phosed manganese ore layers, where it is considered to
be a product of coagulation of Mn silicate gel within
sediments. Neotocite as a parental Mn-Si gel-like
phase is very unstable and may be retained only at a low
carbon dioxide concentration in pore solution. Other-
wise, neotocite is readily replaced with rhodochrosite,
including spherulites of this mineral, and opal. Diage-
netic neotocite was described in detail at the Obroch-
ishte deposit in Bulgaria (Aleksiev, 1960) and the
Chkhikvta deposit in Georgia (Andrushchenko et al.,
1985). In addition to these localities, neotocite was
mentioned in some areas of the Nikopol deposit in
Ukraine, the Chiatura deposit in Georgia, the Pol-
unochny deposit in Russia, etc.

Keeping these data in mind, it is suggested that a
Mn-Si gel-like phase did occur in ore-bearing sedi-
ments at the South Faizulino deposit.

At the stage of diagenesis, the gel was partly
replaced by rhodochrosite spherulites and its retained
fragments were transformed into neotocite. A further
rise in temperature and pressure resulted in the transfor-
mation of neotocite into caryopilite.

The transition of neotocite into caryopilite was
accompanied by the release of silica:

+ Si0, + 2H,0.

With increasing temperature and pressure, the free
silica reacted with caryopilite with formation of pyrox-
mangite or rhodonite according to the reaction

Mn;(Si,0,0)(OH), + SiO,
— = 5Mn(SiO5) + 3H,0.

The assemblage of caryopilite and quartz becomes
unstable already at the conditions of the prehnite—
pumpellyite facies. However, as the study of the South
Faizulino deposit has shown, this is valid only in
respect to caryopilite with a low concentration of
admixtures. Caryopilite enriched in Al, Fe, and Mg and
approaching gonyerite in composition may form inti-
mate intergrowths with quartz without any indication of

(1)

2)

GEOLOGY OF ORE DEPOSITS  Vol. 48 No. 3 2006



MINERALOGY AND METAMORPHISM CONDITIONS OF MANGANESE ORE

corrosion at the same temperature and pressure. In all
probability, the admixtures stabilize the serpentine-like
structure of caryopilite and thus expand the field of its
stability toward higher temperatures, whereas caryopi-
lite with low Al, Fe, and Mg contents is very unstable.
In addition to the interaction with quartz, some other
transformations of caryopilite are typical. Crystalliza-
tion of radiate tephroite intergrowths in the caryopilite
matrix is clearly seen under a microscope. This process
could have been realized as a result of interaction of
caryopilite with finely dispersed rhodochrosite inclu-
sions

Mn;(Si,0,,)(OH), + 3Mn(CO;)

3
or by breakdown of caryopilite, e.g., as
5Mn;(Si40,0)(OH)s — 2Mn,(SiO,) @

+3Mn,(Si,0,)(OH); + 3H,0,

where Mn,(SizO,5)(OH)g is bementite, a Mn phyllosil-
icate close to caryopilite in composition and crystal
structure.

Bementite was not found at the South Faizulino
deposit. By all diagnostic attributes, this mineral is sim-
ilar to caryopilite. Therefore, it is hardly possible to
identify bementite in the fine-grained samples with
sharply prevalent caryopilite. Nevertheless, it cannot be
ruled out that a small amount of bementite as a product
of reaction (4) occurs in the studied samples.

Finally, according to petrographic studies, caryopi-
lite is unstable in association with ribbeite. Tephroite is
a product of the interaction between these minerals:

Mn;(S1,0,4)(OH)¢ + 3Mns(Si0,),(OH),

5
— 10Mn,(SiO,) + 6H,0. ©)

Ribbeite is an earlier mineral with respect to tephroite.
Its formation conditions and polymorphic transforma-
tion into alleghanyite were considered by Brusnitsyn
and Chukanov (2002).

The breakdown of caryopilite with formation of
tephroite and presumably bementite (reaction (4)) has
been reproduced experimentally. The experiments were
carried out for 3 days in a reactor with a cold valve
under 500 bars pressure of pure water at temperatures
of 450, 400, 350, and 300°C. Caryopilite from the
Kyzyltash deposit (the southern Urals) was chosen as a
starting material; its chemical composition was close to
the theoretical composition of this mineral ((wt %)
36.80 Si0O,, 0.96 Al,O;, 53.46 MnO, 91.23 in total).
The mineralic composition of each sample before and
after the run was determined with X-ray diffraction.

The breakdown of caryopilite and crystallization of
tephroite were established in all runs, and the intensity of
this process sharply increased with a rise in temperature.
Thus, the upper temperature limit of stability of chemi-
cally pure caryopilite at P = 0.5 kbar is below 300°C.
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Because dehydration reactions commonly depend very
little on pressure, the results obtained may be used to
reconstruct the mineral formation conditions at the
South Faizulino deposit, where the maximum pressure
is estimated at 2.5 kbar.

In my opinion, the available observations quite con-
vincingly indicate that neotocite and, afterwards, cary-
opilite, ribbeite, tephroite, pyrosmalite, and (partly)
pyroxmangite (rhodonite) were formed as a result of
transformation of material initially contained in the
ore-bearing sediment as a gel-like Mn-Si phase. The
nature of this protolith and the conditions of its forma-
tion so far remain poorly studied. However, the possi-
bility of its existence has been noted by many research-
ers. In particular, such ideas regarding the genesis of
caryopilite and orthosilicates (tephroite, alleghanyite,
and sonolite) were proposed for the hydrothermal—sed-
imentary manganese deposits hosted in the Franciscan
Group in California (Flohr and Huebner, 1992; Hueb-
ner et al., 1992).

The ore varieties enriched in silica are composed
largely of quartz, rhodochrosite, pyroxmangite, and
rhodonite. The relationships between these minerals are
equivocal. In many places, fine intergrowths of rhodo-
chrosite with quartz are observed; however, elsewhere,
quartz and rhodochrosite do not make up a stable
assemblage but react with each other to crystallize
pyroxmangite or rhodonite:

MnCO; + SiO, — Mn(SiO;) + CO,. (6)

The replacement of carbonate with pyroxenoids is
especially evident in the banded ore. Rhodochrosite is
locally retained therein only within the beds of newly
formed pyroxmangite as isometric or irregularly
shaped relics isolated from quartz. The pyroxmangite
(rhodonite) crystals themselves contain numerous
inclusions of both rhodochrosite and quartz.

Pyroxmangite and rhodonite could have formed not
only as products of reaction of quartz with rhodoch-
rosite (reaction (6)) but also as a result of other pro-
cesses, for example, by interaction of quartz with cary-
opilite (reaction (2)) or Mn oxides. At an excess of
Si0,, the quartz—pyroxmangite (rhodonite) assemblage
was formed in ore in all cases.

Pyroxmangite and rhodonite are silicates with very
similar structure and chemical composition. At the
South Faizulino deposit, they occur as grains similar in
morphology and often as syngenetic intergrowths.
Thereby, these minerals differ from each other by the
Ca content, which is approximately twice as high in
rhodonite. This implies that crystallization of Mn
pyroxenoids was controlled by the distribution of Ca in
rock. Pyroxmangite was formed in the ore layer seg-
ments with the lowest Ca content, while enrichment in
Ca led to the appearance of rhodonite. Inasmuch as the
Ca content in the ore at the South Faisulino deposit is
low and does not exceed 2 wt % CaO on average,
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Fig. 6. Equilibria of Mn minerals depending on carbon dioxide fugacity and silica activity in solution. The arrow indicates the direc-
tion of change in solution composition in the process of metasomatic veinlet formation with separation of rhodochrosite frontal and
pyroxmangite back zones in the rhodochrosite—tephroite-hausmannite ore.

pyroxmangite dominates at this deposit, whereas
rhodonite is a minor mineral.

The quartz—pyroxmangite (rhodonite) assemblage
with Mn clinochlore, spessartine, parsettensite, and talc
is very characteristic of the studied deposit. Sporadic
grains of pyrophanite, phlogopite, and piemontite-Ce
occur in the same places. Such an assemblage of Mn
and Si minerals with minerals of Al, Mg, and Ti is
caused by the occurrence of a terrigenous clayey
admixture in the initial ore-bearing sediment. As is
known, the burial of clayey sediments results in the for-
mation of hydrated phyllosilicates. In the South Faizu-
lino ore, this is, first of all, chlorite and parsettensite.
The crystallization of anhydrous spessartine (a Mn—Al
mineral from the garnet group) is a specific feature of
the manganese ore layers.

The experimental synthesis of spessartine as a prod-
uct of the reaction between Mn chlorite and quartz has
shown that, at a pressure of 0.5 kbar, garnet is formed
at 340°C. The temperature of garnet formation rises to
400°C at 1 kbar and increases further by 10°C per kilo-
bar (Hsu, 1968). However, the reverse reaction of spes-
sartine breakdown could not be reproduced. Therefore
the obtained estimates of the temperature of spessartine
crystallization most likely should be regarded as over-
estimated relative to the equilibrium values.

In particular, according to the experimental data, the
temperature of spessartine formation at a pressure of
2.5 kbar should be no lower than 410°C, i.e., more than
100°C higher than the highest possible temperature of
metamorphism at the South Faizulino deposit. At the
same time, spessartine is one of the most abundant
minor minerals at the deposit. The mineral often occurs
as perfectly faceted crystals that do not bear signs of a
metastable state in their morphology and relationships
with other minerals. Therefore, the formation of spes-
sartine does not require such high temperatures as fol-
low from the experimental results. Spessartine crystal-
lization at a relatively low temperature (=300°C) was
also suggested by researchers of manganese deposits in
Belgium, Ghana, California, and other regions (Flohr
and Huebner, 1992; Theye et al., 1996; Nyame, 2001).

Mineral formation in veinlets. The veinlets that
occur throughout the Mn ore lens are composed largely
of pyroxmangite (rhodonite), rhodochrosite, and
quartz; clinochlore, parsettensite, and some other min-
erals are much less abundant. With regard to mineral
assemblages, the vein facies is identical to the rhodoch-
rosite—pyroxmangite and rhodochrosite—pyroxmang-
ite—quartz ores that are predominant at the deposit. It is
evident that the veinlets were formed by the mechanism
responsible for the formation of Alpine veins, where
small cracks were sealed with a substance supplied
with pore solutions from the host mineral aggregates.
GEOLOGY OF ORE DEPOSITS  Vol. 48
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At the same time, an additional gain of silica is
required for the formation of the metasomatic pyrox-
mangite and rhodochrosite-pyroxmangite veinlets
hosted in the Mn-enriched caryopilite-ribbeite—rhodo-
chrosite—tephroite ore. Both the quartz-bearing variet-
ies of the Mn ore itself and the cherty rocks that host the
orebody might have served as a source of silica. The
appearance of a rhodochrosite zone indicates an
increase in the concentration of carbon dioxide, which
likely was supplied from the adjacent segments of the
ore layer. The compositional variation of the solution
during the formation of metasomatic zonal veinlets is

demonstrated in the logfco —logago, —diagram

(Fig. 6). As can be seen, the CO, fugacity increases first
and afterwards the silica activity starts to grow. This
sequence of events reflects a higher mobility of SiO, in
comparison with silica.

Furthermore, the mineralogical uniformity of vein-
lets, established for the entire extent of the ore layer,
probably indicates that a network of periodically open-
ing fissures functioned as a system of communicating
vessels, where possible local differences in fluid com-
position were rapidly leveled, at least, as concerns car-
bon dioxide (the most mobile phase).

Thus, the mineral formation in veinlets was con-
trolled by the concentrations of chemical elements in
pore solution rather than by their initial distribution in
particular segments of the ore layer.

ANALYSIS OF MINERAL EQUILIBRIA

The main mineral assemblages of manganese ore at
the South Faizulino deposit may be characterized within
the limits of the system MnO-SiO,—H,0-CO,—0,.

In this system, MnO and SiO, were accepted to be
inert components, and water, carbon dioxide, and oxy-
gen, mobile components; the number of phases (miner-
als) is equal to eight: quartz, pyroxmangite, neotocite,
caryopilite, tephroite, ribbeite, rhodochrosite, and
hausmannite; the chemical compositions of minerals
are constant and do not contain such admixtures as Al,
Fe, Mg, and Ca. Because thermodynamic constants for
neotocite, caryopilite, and ribbeite are unknown to date,
it is rational first to conduct the analysis of mineral
equilibria using the method elaborated by Korzhinsky
(1973) and afterwards to calculate some reactions in
quantitative terms.

Plotting and analysis of a qualitative diagram. The
temperature and the mole fraction of CO, in solution
(Xco, =nco,/(Nco, + Nyo + no,)) were chosen as
parameters; pressure is assumed to be constant (Py =
Py,0 + Pco, + Py, = const); oxygen concentration as
a factor of equilibrium was omitted. The method of
plotting of the 7-X, diagrams was considered in
detail by Kerrick (1974).
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Table 3. Equations of chemical reactions in the system
MnO-Si0,-H,0-C0O,-0,

No. Equation

1 |5NeO = Car + Qtz + 2H,0

Car + Qtz = 5Pyr + 3H,0

Car + 3Rds = 4Teph + 3H,0 + 3CO,
4% | 5Car = 2Teph + 6Bem + 3H,0

Car + 3Rib = 10Teph + 6H,0

Pyr + CO, = Qtz + Rds

6Rds + O, = 2Hau + 6CO,

24NeO = 2Hau = 6Car + 6H,0 + O,
6Car + 10Hau = 12Rib +6H,0 +50,
10 | Car = 3Pyr +Teph + 3H,0

11 |6Rib + O, = 12Teph + 2Hau + 6H,O
12 |4Neo + Rds = Car + H,O + CO,

13 | Car + 5Rds = 2Rib + H,0 + 5CO,
14 |Rib + CO, =2Teph + Rds + H,O

15 |[Neo + CO, = Qtz + Rds + H,O

16 |4Qtz + 5Rds + 3H,0 = Car + 5CO,
17 |Car + CO, = 4Pyr + Rds + 3H,0

18 | Teph + CO, = Pyr + Rds

Note: Minerals: (Qtz, 1) quartz SiO,; (Pyr, 2) pyroxmangite
MnSiOj5; (NeO, 3) neotocite MnSiO;3 - H,O; (Car, 4) caryo-
pilite MnsSi4O;(o(OH)g; (Teph, 5) tephroite Mn,SiOy;
(Rib, 6) ribbeite Mn5(SiO4),(OH),; (Rds, 7) rhodochrosite
MnCOj3; (Hau, 8) hausmannite MnMn, O, ; (Bem) bementite
Mn;Si4O;o(OH);y. Numerals in parentheses are mineral
numbers in Fig. 7. * Reaction is suggested in the studied ore
but not shown in Fig. 7. Equation numbers correspond to the
numbers in the text and in Fig. 7.

w N

O 00 3 O W

The diagram obtained is shown in Fig. 7a, and the
respective equations of chemical reactions that proceed
on lines of monovariant equilibria are listed in Table 3.

The consideration of the diagram indicates that the
oxide phases (hausmannite in the modeling system) are
stable only at a very low concentration of carbon diox-

ide (to the left of line 7). With increasing X, , haus-

mannite is replaced with rhodochrosite and with a grad-
ual increase in temperature progressively interacts with
neotocite (reaction 8), caryopilite (reaction 9), and
ribbeite (reaction 11, see Table 3). As a result, oxide rel-
ics may be retained only in the areas with the lowest sil-
ica content, as has been established for hausmannite at
the South Faizulino deposit, and at a minimal concen-
tration of CO, in pore solution. The field of silicate sta-
bility is also located in the left part of the diagram in the

region of relatively low X, values. To the right of

lines 15, 16, and 6, silicates become unstable and are
replaced by the rhodochrosite + quartz assemblage,
which is retained at a high CO, concentration within a
wide temperature range. The field of silicate stability
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along the X, axis is wider than the field of hausman-

nite. Therefore, Mn silicates may coexist with both
hausmannite and rhodochrosite. In the region of haus-
mannite stability, the formation of various silicates is
controlled by temperature, and in the field of rhodoch-
rosite stability, not only by temperature but also by the
CO, concentration in solution.

Neotocite is the lowest temperature silicate. Caryo-
pilite, ribbeite, tephroite, and finally pyroxmangite
crystallize progressively with increasing temperature.
This series is consistent with the empirically estab-
lished succession of reactions in the main ore layer con-
sidered above. Caryopilite and then ribbeite break
down at still higher temperatures. The fields of stability
of all silicates partially overlap one another, and many
possible mineral assemblages arise.

The mineral assemblages at the South Faizulino
deposit cover the temperature range from reaction line 2
(the formation of pyroxmangite) to line 10 (the break-
down of caryopilite). According to geological data, this
range corresponds to ~ 250°C. All minerals of the stud-
ied ore are stable under these conditions. The character
of stable mineral assemblages depends on the proportion
of Mn and Si, i.e., the Mn/(Mn + Si) ratio, in rock and on
the mole fraction of carbon dioxide in pore solution.

In the region of minimal X, values (to the left of

line 7), hausmannite and ribbeite coexist in high-grade
Mn ore. The ribbeite + tephroite, tephroite + caryopi-
lite, and caryopilite + pyroxmangite assemblages
appear with increasing Si contents, and the ore with the
lowest Mn/(Mn + Si) ratio is composed of pyroxmang-

ite and quartz. With increasing Xco,, hausmannite is

replaced by rhodochrosite and a new rhodochrosite +
ribbeite assemblage arises, whereas all other assem-
blages remain unchanged. Further growth of the CO,
concentration leads to the gradual reduction of a num-
ber of silicates. Ribbeite disappears first (reaction 14),
and the tephroite + rhodochrosite assemblage becomes
stable instead of ribbeite. Further, tephroite (reaction 3),
caryopilite (reaction 17), and finally pyroxmangite
(reaction 6) lose stability.

Asis clearly seen from the diagram, the pyroxmang-
ite—quartz assemblage characteristic of low-grade ore is
most stable within the temperature range under consid-
eration. This assemblage remains stable in a wide inter-

val of X, and ata wide variation of the Mn/(Mn + Si)

ratio in rock, from O to 0.5. At the same time, the min-
eralogy of high-grade manganese ore with Mn/(Mn +
Si) =0.5-1.0 is very sensitive to variations in rock com-
position and the concentration of CO, in solution. Even
an insignificant change in any of these parameters is
able to modify the phase composition of ore.

Comparison of the mineral assemblages in the mod-
eling system with those really established in ore at the
South Faizulino deposit (Figs. 2, 4a) allows the conclu-
sion to be drawn that particular segments of the manga-
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nese layer were different not only in contents of major
components but also in the CO, concentration in pore
solution. Thus, crystallization of tephroite and ribbeite,
as well as retention of hausmannite in the rock, testifies
to a low CO, concentration. The formation of the rhodo-
chrosite—tephroite—ribbeite—hausmannite and caryopilite—
ribbeite-rhodochrosite—tephroite ores is possible only

in a case where X does not exceed the values con-

strained by reaction line 3. The occurrence of the cary-
opilite + rhodochrosite, pyroxmangite + rhodochrosite,
and especially quartz + rhodochrosite assemblages con-

versely indicates that X, in metamorphic fluid was
relatively high.

The revealed variations in the fluid composition
most likely were established by a nonuniform distribu-
tion of biogenic hydrocarbons in the Mn-bearing sedi-
ments; the carbon dioxide was produced by oxidation
of hydrocarbons. The higher the content of organic

matter in sediment, the higher X¢,, should be in the

given segment of the ore layer. The CO, concentrations
did not even out throughout the orebody, most likely,
owing to the nonuniform porosity of rocks and the
occurrence of poorly permeable clayey interbeds that
prevented carbon dioxide from free migration.

The modeling 7-X,, diagram (Fig. 7a) clearly

demonstrates the succession of mineral formation in
compositionally heterogeneous manganese lodes with
increasing temperature. The lower left field corre-
sponds to the initial sedimentary ore in the chosen sys-
tem, where quartz, neotocite, and hausmannite are sta-
ble. In the case of a low content of organic matter and

low X, in pore solution, respectively, further modifi-

cation of the ore mineralogy develops according to the
variant designated by arrow (a) in the diagram. As a
result, hausmannite-bearing ore composed of ribbeite,
tephroite, caryopilite, pyroxmangite, and quartz is
formed. The opposite variant, i.e., metamorphism of the
sediment with a high content of organic matter, is indi-
cated by arrow (c). According to the second scenario,
hausmannite is replaced with rhodochrosite at a still
low temperature and afterwards neotocite breaks down
into quartz and rhodochrosite. The latter assemblage
remains stable at a high temperature. Transitional vari-
ants between these extreme situations are possible; one
such variants is shown by arrow (b). The combination
of all variants makes up the mineralogical diversity of
manganese ores.

Inasmuch as formation of many silicates was pro-
vided by decarbonation reactions, metamorphism of a
manganese lode should be accompanied by removal of
carbon dioxide from the system with retention of a dif-
ferent CO, concentration in various segments of the
lode.

The nonuniform distribution of carbon dioxide is a
main reason why the mineral assemblages of the ore
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Fig. 7. (a) Mineral assemblages in the system MnO-SiO,—H,0-CO,-O, depending on temperature and mole fraction of CO, in

solution. Minerals: (1) quartz, (2) pyroxmangite, (3) neotocite, (4) caryopilite, (5) tephroite, (6) ribbeite, (7) rhodochrosite, (8) haus-

mannite. Numerals in circles are equation numbers in Table 3. (I) and (II) are fields of stability of mineral assemblages in (I) the

main ore layer and (II) the late veinlets. Heavy lines are lines of reactions established from the observed relationships between min-
erals. Arrows (a—c) indicate variants of mineral formation in the rocks with variable contents of organic matter (see text for expla-
nation). (b) Lines of equlibrium: pyroxmangite = quartz + rhodochrosite (6) and tephroite = pyroxmangite + rhodochrosite (18).

Solid lines correspond to 2 kbar pressure and dashed lines, to 3 kbar. The black rectangle indicates the location of the diagram

in Fig. 7a.
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layer cannot be plotted on a common composition—
paragenesis diagram. The second reason pertains to the
relatively low-grade metamorphism of ore. As is
known, the proceeding of chemical reactions at a low
temperature is constrained by kinetic factors. Owing to
kinetic effects, many processes remain incomplete and
numerous protolith relics that make traceable the entire
succession of phase transformation are left behind after
virtually every reaction. The occurrence of neotocite
inclusions in caryopilite aggregates, the retarded for-
mation of pyroxmangite at the location of rhodoch-
rosite and quartz (reaction 6), and other processes are
controlled by precisely kinetic factors.

The narrow field bounded by reaction lines 6, 17,
and 18 in the diagram corresponds to the mineral
assemblages of the late veinlets. According to CO, con-
centrations, this field is located practically in the mid-

dle of the possible X, range at the deposit as a whole.

Furthermore, the veinlet mineralization could have
been formed at a higher temperature in comparison
with the bulk of manganese ore. However, no definite
geological or mineralogical evidence for a temperature
rise during tectonic deformation of the ore-bearing
sequence is available. Therefore, it is suggested that the
concentration of carbon dioxide in solution was the
main factor that regulated equilibrium in this case. In
the communicating fracture network filled with pore
solution, the CO, concentration is apparently averaged
rather fast, and owing to such an averaging of fluid
composition throughout the orebody, the late veinlets
acquired a simple and uniform mineralic composition.

Quantitative calculations allowed the assessment of
the Xco, value of metamorphism of the Mn-bearing

sequence. Such calculations were performed only for
two reactions: (1) interaction between rhodochrosite
and quartz with formation of pyroxmangite (reaction 6)
and (2) interaction between pyroxmangite and rhodo-
chrosite with formation of tephroite (reaction 18).
Despite the scantiness of these data, they nonetheless
are helpful because they estimate the order of magni-
tude of the parameters.

The calculations were carried out making use of the
internally consistent thermodynamic data set compiled
by Holland and Powell (1990, 1998) and following a
well-known technique (Zharikov, 1976; Bulakh and
Krivovichev, 1985; Berman, 1991). The calculation
results are presented in Fig. 7b. Comparison of these

results with the qualitative 7-X ¢, diagram considered
above shows that, at a temperature of 250°C and a pres-

sure of 2 kbar, the fields of stability of most mineral
assemblages in the manganese ore at the South Faizu-

lino deposit correspond to Xco, values less than

0.00025. An increase in pressure to 3 kbar narrows this
space by almost two times.

Thus, at low temperatures, Mn silicates are formed
at very low concentrations of CO, in solution and

BRUSNITSYN

extremely insignificant fluctuations of Xco —may
change the composition of mineral assemblages.

CONCLUSIONS

(1) Thirty-two minerals have been identified in the
main ore layer and in the late veinlets at the South Fai-
zulino deposit. Quartz, hausmannite, rhodochrosite,
tephroite, ribbeite, pyroxmangite, and caryopilite are
the major minerals.

(2) The minerals in the main ore layer were formed
in the course of burial metamorphism at a maximum
temperature and pressure of 250°C and 2.5 kbar,
respectively.

(3) The initial sediments were heterogeneous in
contents of Mn, SiO,, organic matter, and other compo-
nents. Manganese accumulated largely in the oxide
form and as a Mn-Si gel-like phase. In the process of
diagenesis, oxidation of biogenic hydrocarbons and a
related increase in CO, concentration in solution
resulted in replacement of most of the oxides with
rhodochrosite, whereas the Mn—Si gel was transformed
into neotocite and partly replaced with carbonate.

(4) A gradual increase in temperature and pressure
led to the replacement of neotocite with caryopilite,
which further participated in reactions that gave rise to
the formation of ribbeite, tephroite, pyroxmangite, and
other minerals. Hence, crystallization of many silicates
resulted from transformation of the initial Mn—Si gel.

(5) Caryopilite with insignificant Al, Fe, and Mg
contents is stable only at a low temperature (<300°C).
The occurrence of these admixtures in significant
amounts widens the temperature range of caryopilite
stability.

(6) The formation of pyroxmangite and rhodonite
depended on the Ca distribution in ore at constant tem-
perature and pressure. Pyroxmangite was formed in ore
depleted in Ca, whereas enrichment in Ca led to the
appearance of rhodonite.

(7) Crystallization of spessartine in Mn ore does not
require such high temperatures as follow from experi-
mental results (Hsu, 1968).

(8) In addition to PT parameters, the formation of
various assemblages of metamorphic minerals was

controlled by the Mn/(Mn + Si) ratio in ore and X, in

pore solution. In high-grade Mn ore, low CO, concen-
trations stabilized hausmannite, ribbeite, tephroite, and
caryopilite. The pyroxmangite-rhodochrosite and
quartz-rhodochrosite assemblages were formed at the

same Mn and Si contents but at higher X, values. The

variable concentrations of carbon dioxide in solution
were probably caused by different contents of organic
matter in the initial sediments and by sluggish diffusion
of components between different segments of the ore
layer.
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(9) At a low temperature, the formation of Mn sili-
cates is possible only at low CO, concentrations in

solution (Xc¢o, < 0.00025). Even insignificant fluctua-

tions of X, may change the composition of mineral

assemblages drastically. An increase in pressure nar-
rows the field of silicate stability still more.

(10) In the process of hydrothermal metasomatic
mineral formation in veinlets, the substance migrated
for a very short distance that was not greater than the
thickness of the Mn-bearing layer. The major compo-
nents of ore (Mn, Si, and CO,) were mainly involved in
redistribution. The infiltration of solutions through a
network of communicating fractures led to the rapid
averaging of their composition. As a result, the late
veinlets are similar in composition throughout the
deposit.
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