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The article considers a chemical variation of accessory and ore-forming chrome spinels
from the Kraka ultramafic massif at the different scales, from the deposit to the thin
section. A correlation analysis of compositional and structural features of ultramafic
rocks and ores was performed. The ultramafic rocks and chromitites in the studied mas-
sif show the distinct deformation structures and tectonite olivine fabric. A typical chem-
ical gap (i.e. Cr#=Cr/(Cr+Al)) was observed between peridotite, on the one hand, and
dunite and chromitite, on the other hand, on the scale of deposits and ore-bearing zones.
The location and size of this gap depend on the type of deposit. The gap becomes wider
from the disseminated tabular bodies to the typical podiform ones. It has been found
that in the thin initial dunite veinlets in peridotite the chrome spinels chemistry changes
gradually and there is no Cr# gap between peridotite and dunite. The dunite venlets
show a strong olivine fabric, which is an evidence of their high-temperature plastic
flow origin. It has been revealed that new chrome spinel grains previously formed as
rods or needles and then coarsened. We explained this observation as the result of im-
purity segregation, coalescence and spheroidization induced by the plastic deformation
of olivine. It is inferred that a solid crystal flow is the main requirement for the dunite
and chromitite body formation in the Kraka ophiolite massif. In the solid stream, the
mineral phase separation takes place. For example, olivine and orthopyroxene grains of
parental peridotite separate from one another, and weaker (more mobile) olivine grains
form dunite bodies in which chromitite appears as a result of impurity segregation.
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Introduction

Chrome spinel is an important petrologi-
cal indicator because its chemistry is sensi-
tive to the changes of external conditions

(temperature, pressure, stress) (Dick, Bullen,
1984; Irvine, 1965). Chemistry of chrome
spinel grains of ophiolite ultramafic rocks
varies over a broad range. Similar composi-
tional variations occur in spinels from ultra-
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mafic rocks located in different «present-
day» tectonic settings (Barnes, Roeder,
2001). An interpretation of original tectonic
setting of mantle ultramafic rocks exposed in
the ancient fold belts bases on the compari-
son of its spinel compositions with those
from typical «present-day-tectonic-setting»
ultramafic rocks (e.g. Kelemen et al., 1992;
1995; Roberts, 1988; Zhou, Robinson, 1994).
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Fig. 1. Schematic geological map of Kraka ophi-
olite and location of study areas: 1 — country rocks
(from Ordovician to Devonian) of Zilairskaya mega-
zone, northern part; 2 — crust section (gabbro, clino-
pyroxenite, wehrlite); 3 — mantle section (predomi-
nantly peridotite and less dunite); 4 — tectonized ser-
pentinite; 5 — studied deposits and occurrences (a),
and outcrops (b)

However, a lot of ophiolite complexes
show different spinel chemistry between per-
idotite, on the one hand, and dunite and
chromitite, on the other hand (Pavlov et al.,
1968; Perevozchikov, 1995). In addition, part
of ultramafic massifs has the contrasting

(bimodal) composition of chrome spinels.
They are subdivided into the metallurgical
and refractory types. These complexes are
Kempirsay, Ray-lz (the Urals), Zambales
(the Philippines), Mayari-Cristal (Cuba),
Sakhakot-Quila (Pakistan). In other massifs,
all deposits belong to a single chemical type.
The Kraka massifs can be attributed to com-
plexes where most of chrome deposits and
occurrences are constituted by chromite
grains containing more than 50% Cr203
(Saveliev et al., 2008).

Most of researchers who have studied the
chemical distinctions of chrome spinel in
ophiolite ultramafic rocks during the last
twenty years believe that they are the result
of tectonic settings change in a certain man-
tle volume (at present = «massif»). In spite of
the abundance of works on this problem, in
which this opinion is generally accepted, we
do not think that it has been conclusively
proved. Our main arguments are: 1) absence
of distinct geological criteria to separate non-
contemporaneous (=of different tectonic set-
ting) peridotite and dunite bodies, 2) pres-
ence of a broad chemical range of spinels in a
small volume (several meters of size) (Save-
liev, Blinov, 2015; Saveliev et al., 2014).
Here we present some new data on the acces-
sory and ore-forming spinel chemistry from
the different chrome ore occurrences of Kra-
ka. These data were obtained at different
scales, from several mm to tens of meters.
Based on obtained results, we suggest a new
interpretation of its origin mechanism.

Objects and methods of study

Spinel chemistry was studied on the sev-
eral sites of Sredny (Middle) and Yuzhny
(Southern) Kraka massifs (Fig. 1). The most
studied areas are chromitite-bearing zones
(chromitite occurrences or deposits) with
quite simple framework. They contain some
disseminated and/or massive ores enveloped
by dunite bodies with variable thickness. The
wall rock is commonly peridotite with differ-
ent amount of orthopyroxene (10-30%) and
diopside (0-7%). The main analytical method
used to study chrome spinels and rock-
forming silicates was the Scanning Electron
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Microscopy (SEM Vega 3 Tescan) with EDA
(Oxford Instruments X-act) electron-probe
microanalyzer. The standard reference mate-
rials were utilized to define the mineral
chemical compositions. The olivine from the
Sample MINM25-53, No 01-044 (Astimex
Scientific Limited) was used for olivine and
serpentine. Hematite (Elba, Italy) was used
for Fe, O and periclase (synthetic single crys-
tal) - for Mg in chromium spinel (in both
cases from the Sample MINM25-53, No 01-
044 (Astimex Scientific Limited). The same
metals from the Sample Ne 1362 (Microanal-
ysis Consultants LTD) were used as stand-
ards for Al, Cr, Ti and Ni elements in chro-
mium spinel. Analytical conditions were 20-
KV accelerating voltage, 12-nA probe current
and 3-um probe diameter. Ferric and ferrous
iron was calculated assuming spinel stoichi-
ometry. Some results of analyses are listed in
Table 1 (chrome spinel) and Table 2 (oli-
vine).

General geological setting

The Kraka ultramafic massif is located in
the northern part of Zilairskaya megazone
(megasynclinorium) of the Southern Urals
western slope. Geological and structural fea-
tures of these ultramafic rocks as well as re-
lationships with surrounding rocks were con-
sidered in previous works (Kazantseva,
Kamaletdinov, 1969; Senchenko, 1976). The
internal structure of the massif and bulk-rock
chemistry of different petrological units were
described in (Denisova, 1990; Saveliev et al.,
2008; Savelieva, 1987; Snachev et al., 2001).
Here we present a very brief geological
summary of mantle sections framework.

The Kraka ophiolite included four bodies:
Severny (Northern), Uzyansky, Yuzhny
(Southern) and Sredny (Middle). The first
three of them are comprised of peridotites
with subordinate dunites. It was found that a
considerable amount of lherzolites is present
in the Severny Kraka in contrast with the
dunite bodies, which were virtually absent
there. In the Uzyansky and Yuzhny Kraka, a
banded dunite-harzburgite unit is widespread.
Dunite bodies make up not more than 10% of

its volume. The most complicated composi-
tion is characteristic for the Sredny Kraka. Its
central and eastern parts consist of spinel per-
idotites (lherzotites and diopside-containing
harzburgites). Rarely, these rocks include
small dunite and spinel-plagioclase-lherzolite
veins. Toward the south-west, the spinel per-
idotite shows a gradational transition to dun-
ite-harzburgite unit, where dunite dominates.
Further to the west, the dunite-harzburgite
unit gives way to the crustal section (wehr-
lite, clinopyroxenite, and gabbro).

Results

General mineral chemistry of Kraka
peridotites

The Kraka peridotites bulk chemistry was
described in (Saveliev et al., 2008; Savelieva,
1987; Snachev et al., 2001). This massif was
attributed to the «lherzolite-type» of ophiolite
(Savelieva, 1987). The distribution of trace
elements in the Kraka peridotites shows a
weak depletion of mantle source. TR concen-
tration is close to that in chondrite (Saveliev
et al.). In the Kraka peridotites, an olivine
composition changes in the range of Fa = 6—
10 (dunite) to Fa = 10-12 (harzburgite and
Iherzolite). The ultramafic rocks show a wide
range of compositional variations of the spi-
nel ratio Cr/Al. The Cr# (Cr/(Cr+Al)) chang-
es from 0.1-0.5 in Iherzolites up to 0.6-0.7 in
dunites. The Mg# = Mg/(Mg+Fe) is maxi-
mum in peridotites (0.6-0.9) and it decreases
in dunites to 0.4-0.7. Accessory spinel grains
have a very small TiO2 content (0.1-0.2%). It
increases slightly in the dunite spinel grains
to 0.3%. Significant contents of other impuri-
ties were not found in spinels. In general, the
Kraka peridotites are comparable with those
characteristic for a subcontinental mantle
root zone and/or a continental rifting mantle
root zone (Chashchukhin et al., 2007; Save-
liev et al., 2008). In contrast with that, the
ore-forming chrome spinel contained within
many small deposits and occurrences shows
high Cr# chemistry. We will consider these
in more detail below.



Table 1. Average chemical composition of chromian spinels from ultramafic rocks of Kraka ophiolite

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Sample # YuK -  |YuK - YuK - [YuK- [YuK- |YuK- [YuK- [YuK- [YuK- [YuK- [YuK- [YuK- |YuK- [YuK- [YuK- [YuK- [YuK- [YuK- [YuK -
1679/1 [1697 1679/5 [1679/3 [2012-02[2012-03|2012-04[2012-05|2012-06{2015-02|2015-03[2015-04[2015-05{2015-06{2015-07(2015-082015-09]2015-09(2015-10
Rock Lc Hb Chrt D Hb D D D Chrt D Hb D Hb D D Chrt D D Hb
n 4 1 4 1 9 3 5 11 11 7 3 12 7 13 13 20 |15276h 5 4
Al203 50.19 23.70 | 12,10 | 12.95 | 19.65 | 20.72 | 1539 | 17.98 | 9.29 | 15.88 | 25.70 | 25.24 | 29.91 | 17.74 | 1347 | 1452 | 4.33 | 16.03 | 28.61
Cr203 18.58 46.48 | 54.29 | 52.88 | 48.85 | 47.11 | 52.06 | 49.55 | 61.08 | 52.27 | 43.98 | 43.40 | 39.65 | 50.43 | 55.98 | 54.50 | 57.41 | 51.31 | 39.60
MgO 16.88 11.49 | 1037 | 9.95 | 12.73 | 11.12 | 10.43 | 11.20 | 1252 | 10.69 | 12,92 | 11.78 | 13.10 | 12.42 | 10.56 | 13.82 | 458 | 11.64 | 13.84
FeO 14.08 18.05 | 22.87 | 23.70 | 18.07 | 20.41 | 21.32 | 20.73 | 16.56 | 20.78 | 17.22 | 19.11 | 17.05 | 19.07 | 19.67 | 16.95 | 33.15 | 20.03 | 17.74
TiO2 - 0.08 0.11 0.00 0.03 - 0.17 0.07 0.12 0.25 - 0.06 0.03 0.16 0.29 0.25 0.53 0.26 0.10
MnO 0.04 0.21 0.22 0.38 0.35 0.38 0.39 0.30 0.39 - - - - - - - - 0.04 -
NiO 0.24 - 0.03 0.13 0.03 - - - 0.02 - - 0.02 0.03 - - - - - -
V205 — — - - 0.19 0.26 0.11 0.11 0.01 0.14 0.18 0.21 0.14 0.16 0.04 0.01 - 0.05 0.12
ZnO — - — - 0.10 - 0.13 0.08 - - - 0.18 0.11 0.02 - - - - -
Formula coefficients
Al 1.599 0.863 | 0.467 | 0.499 | 0.722 | 0.766 | 0.585 | 0.672 | 0.357 | 0.601 | 0.920 | 0.912 | 1.051 | 0.659 | 0.515 | 0.541 | 0.180 | 0.606 | 1.007
Cr 0.397 1.135 | 1.405 | 1.368 | 1.204 | 1.169 | 1.326 | 1.243 | 1.575 | 1.327 | 1.056 | 1.052 | 0.935 | 1.256 | 1.437 | 1.363 | 1.605 | 1.301 | 0.935
Mg 0.680 0.529 | 0.506 | 0.485 | 0.592 | 0.519 | 0.501 | 0.529 | 0.607 | 0.511 | 0.585 | 0.538 | 0.582 | 0.583 | 0.510 | 0.651 | 0.241 | 0.556 | 0.616
Fe*? 0.005 - 0.132 | 0.128 | 0.064 | 0.057 | 0.071 | 0.076 | 0.063 | 0.057 | 0.014 | 0.023 | 0.003 | 0.075 | 0.041 | 0.090 | 0.190 | 0.083 | 0.050
Fe*? 0.313 0.466 | 0.480 | 0.506 | 0.400 | 0.472 | 0.496 | 0.465 | 0.383 | 0.495 | 0.421 | 0.464 | 0.421 | 0.419 | 0.489 | 0.348 | 0.769 | 0.445 | 0.387
Ti - 0.002 | 0.003 - 0.001 - 0.004 | 0.002 | 0.003 | 0.006 - 0.001 | 0.001 | 0.004 | 0.007 | 0.006 | 0.014 | 0.006 | 0.002
Mn 0.001 0.005 | 0.006 | 0.011 | 0.009 | 0.010 | 0.011 | 0.008 | 0.011 - - - - - - - - 0.001 -
#Cr 0.20 0.57 0.75 0.73 0.63 0.60 0.69 0.65 0.82 0.69 0.53 0.54 0.47 0.66 0.74 0.72 0.90 0.68 0.48
#Mg 0.68 0.53 0.51 0.49 0.60 0.52 0.50 0.53 0.61 0.51 0.58 0.54 0.58 0.58 0.51 0.65 0.24 0.56 0.61

1-4 — Bolshoj Bashart and Menzhinsky, 5-9 — Pridorozhnoe, 10-19 — Laktybash, 20-25 — A-795; 26-32 — Y-2013; 33-34 — Verkhne-Saranginskoe, 35-37 — Sakseyskaya zone,
38-43 — CK-1880; 44-50 — Deposit #33; 51-56 — CK-103-2LB; “—" — concentration less than the location limit , n — number of analyses




Table 1. Average chemical composition of chromian spinels from ultramafic rocks of Kraka ophiolite (continued)

20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 20 | 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37
YuK - |[YuK- |YuK- [YuK- [YuK- [YuK- [YuK- [Cek- Cek- CK- CK-

Sample # |A-795-1(A-795-2|A-795-5A-795-6\A-795-7\A-795-8 )51 3 11 1h13.0312013-04[2013-05[2013-06[2013-08]2013-00 344 {1776 | >2%%81108  |o6-1

Rock | Wb | D | Wb | D | #b [ DAb | D D | Hb | D | Cht | Hb | Hb | Chit [Hb-Lc| D | Chii | Hb

n 1 1 1 1 1 1 5 3 4 1 13 | 3 5 5 9 9 8 1
ALOs | 4501 | 19.64 | 4539 | 27.78 | 34.63 | 31.96 | 11.01 | 22.46 | 34.91 | 12.46 | 10.42 | 25.01 | 30.35 | 12.04 | 27.60 | 10.08 | 9.08 | 31.94
Cr0s | 24.85 | 4952 | 24.78 | 40.42 | 35.05 | 35.86 | 56.58 | 45.89 | 34.28 | 55.43 | 59.83 | 43.57 | 38.97 | 58.87 | 4022 | 58.01 | 58.27 | 34.25
MgO | 16.00 | 11.58 | 16.74 | 12.06 | 13.87 | 14.04 | 9.24 | 11.52 | 1346 | 9.64 | 11.79 | 12.84 | 13.19 | 13.31 | 12.77 | 11.56 | 11.45 | 15.25
FeO | 13.04 | 18.78 | 12.76 | 18.97 | 16.15 | 17.78 | 22.69 | 19.70 | 17.13 | 22.09 | 17.75 | 17.86 | 17.35 | 1530 | 18.92 | 19.94 | 20.83 | 17.89
Tio2 — [ 029 | 006 | 048 | 006 | 004 | 030 | 013 | - | 038 | 021 | - ~ [ 019 | 023 | 020 | 018 | 0.05
MnO — 1020 | - o017 012 019 | - [o019 [ - - — [ 042 | — | 012 | 006 | 021 | 018 | 0.24
NiO | 010 [ 000 | 026 | 041 | 012 | 012 | — | o011 | - = — 1006 | = | o017 | 021 | - ~ 013
V205 — - - - = = = — o021 | = ~ 024 | 011 | - — = 026

Zn0O — — — — — — — — — — — — — — — — - —

Formula coefficients

Al 1494 [ 0.727 | 1.473 [ 0.992 | 1.189 | 1.109 | 0.430 | 0.822 | 1.201 | 0.482 | 0.401 | 0.899 | 1.065 | 0.455 | 0.981 | 0.389 | 0.353 | L.101
Cr | 0542 | 1.230 | 0.539 | 0.968 | 0.808 | 0.834 | 1.484 | 1.127 | 0.791 | 1.439 | 1.542 | 1.050 | 0.017 | 1.492 | 0.961 | 1.501 | 1.517 | 0.792
Mg | 0.658 | 0.542 | 0.687 | 0.544 | 0.602 | 0.616 | 0.456 | 0.533 | 0.586 | 0.471 | 0573 | 0.583 | 0.585 | 0.636 | 0.575 | 0.563 | 0.561 | 0.665
Fe'3 — 10049 | - 0022 - | 0045|0072 0048 | 0,002 | 0.076 | 0.049 | 0.043 | 0.012 | 0.049 | 0.054 | 0.101 | 0.127 | 0.108
Fe? | 0301 | 0.439 | 0.204 | 0.454 | 0.393 | 0.387 | 0.550 | 0.459 | 0.416 | 0.522 | 0.430 | 0.408 | 0.418 | 0.356 | 0.417 | 0.434 | 0.432 | 0.318
Ti — 0007 | 0.001 | 0.011 | 0.001 | 0.001 | 0.007 | 0.003 | — 0009 [ 0005 | - — [ 0.004 | 0.005 | 0.005 | 0.005 | 0.001
Mn 0005 | - | 000400030005 - 0005 - - — 10011 | — | 0003|0001 | 0006 ] 0005 | 0.006
wCr | 027 | 063 | 027 | 049 | 040 | 043 | 078 | 058 | 040 | 0.75 | 0.79 | 054 | 046 | 077 | 049 | 079 | 081 | 042
#Mg | 069 | 055 | 0.70 | 055 | 0.60 | 0.61 | 045 | 054 | 0.58 | 047 | 057 | 050 | 058 | 064 | 058 | 0.56 | 056 | 0.68




Table 1. Average chemical composition of chromian spinels from ultramafic rocks of Kraka ophiolite (end)

38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
CK- CK- CK- |[CK- |[CK- [CK- |[CK- [CK- ck- lek- ek CK- CK-
Sample # [1880-01 [1880-01 |1880- (1880- (1880- [1880- [103- |103- 103-3 [103-4 |9890 103- 103-R 15131 [15133 (15133 |15127 (15127 (15134
Hb DHb 02 03 04 05 2LB Lz 2DA
Rock Hb DHb D Hb Hb Hb Lc Lc |Lc-Hb|Lc-Hb|Lc-Hb D Chrt Lc DLc DLc D D D
n 7 16 13 7 2 8 4 10 6 2 1 4 7 3 8 15133i| 10 |15127s 7
AlO3 2696 | 25.35 | 14.41 | 26.13 | 22.44 | 26.33 | 45.35 | 53.42 | 43.48 | 26.99 | 29.77 | 12.23 | 9.31 | 39.56 | 38.72 | 22.59 | 37.04 | 46.58 | 35.74
Cro03 | 4144 | 4228 | 51.04 | 4193 | 44.79 | 41.01 | 2493 | 14.20 | 23.02 | 42.74 | 37.42 | 54.76 | 62.86 | 28.19 | 29.91 | 46.23 | 32.14 | 21.63 | 32.82
MgO 13.52 | 12.70 | 10.02 | 13.37 | 10.82 | 12.79 | 16.98 | 20.39 | 17.83 | 14.07 | 13.36 | 10.48 | 12.21 | 14.58 | 14.84 | 10.92 | 14.88 | 16.82 | 14.33
FeO 17.67 | 19.22 | 2356 | 18.10 [ 21.39 | 19.34 | 12.34 | 11.48 | 15.26 | 15.85 | 18.83 | 21.96 | 15.18 | 17.22 | 15.89 | 19.41 | 15.67 | 15.44 | 16.56
TiO> - 0.01 0.22 - - - 0.20 | 0.19 | 0.13 | 0.05 | 0.21 | 0.26 | 0.13 — — — 0.02 — 0.12
MnO 0.29 0.23 056 | 0.24 | 0.47 | 0.30 | 0.16 | 0.09 | 0.13 | 0.15 | 0.28 | 0.19 | 0.03 — 0.15 0.30 — — 0.04
NiO — — — - - - 0.04 | 0.03 | 0.01 - - — 0.03 | 0.07 — — — — —
V205 0.03 0.22 0.19 | 0.23 | 0.09 | 0.23 - 0.12 | 0.16 | 0.16 | 0.14 | 0.12 — — — — — — 0.04
ZnO 0.09 - - - - - — 0.07 — — — — — — — — — — —
Formula coefficients

Al 0.957 | 0.910 | 0.548 | 0.931 | 0.826 | 0.942 | 1.469 | 1.651 | 1.413 | 0.955 | 1.047 | 0.471 | 0.356 | 1.332 | 1.306 | 0.833 | 1.256 | 1.499 | 1.222
Cr 0.987 | 1.019 | 1.312 | 1.004 | 1.105 | 0.984 | 0.543 | 0.294 | 0.502 | 1.014 | 0.883 | 1.415 | 1.630 | 0.637 | 0.678 | 1.144 | 0.731 | 0.467 | 0.754
Mg 0.607 | 0.577 | 0.482 | 0.603 | 0.503 | 0.578 | 0.696 | 0.797 | 0.732 | 0.629 | 0.594 | 0.511 | 0.593 | 0.621 | 0.633 | 0.509 | 0.638 | 0.684 | 0.620
Fe*s 0.054 | 0.065 | 0.124 | 0.058 | 0.056 | 0.068 - 0.042 | 0.082 | 0.036 | 0.072 | 0.108 | 0.012 | 0.032 | 0.017 | 0.024 | 0.012 | 0.030 | 0.020
Fe*? 0.385 | 0.417 | 0.508 | 0.394 | 0.496 | 0.415 | 0.284 | 0.205 | 0.261 | 0.357 | 0.390 | 0.481 | 0.405 | 0.377 | 0.362 | 0.482 | 0.363 | 0.320 | 0.379
Ti - - 0.006 - - - 0.004 | 0.004 | 0.003 | 0.001 | 0.005 | 0.006 | 0.003 — — — 0.001 — 0.003
Mn 0.007 | 0.006 | 0.016 | 0.006 | 0.012 | 0.008 | 0.004 | 0.002 | 0.003 | 0.004 | 0.007 | 0.005 | 0.001 — 0.004 | 0.008 — — 0.001
#Cr 0.51 0.53 0.71 | 052 | 057 | 051 | 0.27 | 0.15 | 0.26 | 052 | 0.46 | 0.75 | 0.82 | 0.32 0.34 0.58 0.37 | 0.24 | 0.38
#Mg 0.61 0.58 0.49 | 0.60 | 050 | 058 | 0.71 | 0.80 | 0.74 | 0.64 | 0.60 | 0.52 | 0.59 | 0.62 0.64 0.51 0.64 | 0.68 | 0.62




Table 2. Average chemical composition of olivine from ultramafic rocks of Kraka ophiolite

s | Chemical composition (wt %%) formula coefficients

ampie " [ sios FeO MnO | MgO NiO sum. Si Fe | Mn | Mg | Ni | Fo
1 | YuK-2012-02 5 41.30 7.77 0.07 50.47 0.38 100.00 1.00 0.16 | 0.004 | 1.83 0.01 0.92
2 YuK -2012-03 13 41.05 7.88 0.07 50.27 0.40 99.67 1.00 0.16 0.004 1.83 0.01 0.92
3 | YuK-2012-04 4 41.10 7.85 0.08 50.29 0.37 99.73 1.00 0.16 | 0.004 1.83 0.01 0.92
4 YuK -2012-05 2 40.38 8.59 0.14 49.64 0.43 99.18 0.99 0.18 0.006 1.82 0.01 0.91
5 | YuK-2012-11 4 41.28 7.18 - 50.77 0.47 99.71 1.00 0.15 - 1.84 0.01 0.93
6 | YukK-2013-01 3 41.74 7.97 - 50.34 0.30 100.34 1.01 0.16 - 1.82 0.01 0.92
7 | YuK -2013-03 2 4152 8.52 0.09 49.65 0.34 100.12 1.01 0.17 | 0.005 1.81 0.01 0.91
8 | YuK -2013-04 2 41.41 8.75 - 49.59 0.39 100.12 1.01 0.18 - 1.80 0.01 0.91
9 YuK -2013-05 1 41.69 7.60 0.22 50.67 0.29 100.48 1.01 0.15 0.01 1.83 0.01 0.92
10 | YuK -2013-08 5 41.87 8.65 0.15 48.93 0.45 100.05 1.02 0.18 0.007 1.79 0.01 0.91
11 | YuK -2013-09 6 41.54 8.12 0.03 50.11 0.35 100.15 1.01 0.16 0.002 1.82 0.01 0.92
12 | YuK -2015-03 2 4154 8.15 - 50.46 0.46 100.60 1.01 0.16 - 1.82 0.01 0.92
13 | YuK -2015-04 4 41.58 8.28 0.10 50.07 0.32 100.35 1.01 0.17 0.005 181 0.01 0.92
14 | YuK -2015-05 3 41.35 8.37 0.08 50.28 0.37 100.44 1.00 0.17 0.004 1.82 0.01 0.91
15 | YuK -2015-06 6 4151 7.41 - 50.60 0.39 99.91 1.01 0.15 - 1.83 0.01 0.92
16 | YuK -2015-07 12 41.63 6.81 0.07 51.06 0.43 100.00 1.01 0.14 0.004 1.84 0.01 0.93
17 | YuK -2015-09 2 40.82 7.65 0.10 50.10 0.41 99.06 1.00 0.16 0.006 1.83 0.01 0.92
18 | YuK -2015-10 3 41.07 8.29 - 49.87 0.43 99.67 1.00 0.17 - 1.82 0.01 0.91
19 | CK-1880-02 7 41.41 7.82 — 50.50 0.41 100.14 1.01 0.16 — 1.83 0.01 0.92
20 | CK-1880-01 DHb 12 41.31 8.26 0.03 50.04 0.36 100.00 1.01 0.17 - 1.82 0.01 0.92
21 | CK-1880-01 H 7 41.47 8.19 - 49.97 0.36 100.00 1.01 0.17 - 1.82 0.01 0.92
22 | CK-1880-05 8 41.31 8.44 - 49.87 0.38 100.00 1.01 0.17 - 1.81 0.01 0.91
23 | CK-1880-03 7 41.19 7.94 - 50.49 0.39 100.00 1.00 0.16 - 1.83 0.01 0.92
24 | CK-1880-04 3 4117 7.89 0.06 50.53 0.35 100.00 1.00 0.16 - 1.83 0.01 0.92
25 | CK-98-90 1 41.93 10.22 0.17 49.48 0.23 102.02 1.01 0.21 | 0.004 1.78 | 0.004 | 0.90
26 | CK-103-4 3 40.68 8.06 0.23 50.2 0.30 99.60 0.99 0.16 | 0.006 1.83 | 0.006 | 0.92
27 | CK-103-3 2 40.76 9.60 0.2 48.54 0.50 99.66 1.00 0.20 | 0.005 1.78 0.01 0.90
28 | CK-103-2LZ 9 40.72 10.05 0.23 48.29 0.34 99.71 1.00 0.21 0.006 1.78 0.007 0.90
29 | CK-103-2DA 4 40.79 6.9 0.24 50.95 0.53 99.47 0.99 0.14 | 0.006 1.85 0.01 0.93
30 | CK-103-2LB2 4 40.75 9.56 0.36 48.41 0.39 99.54 1.01 0.20 0.009 1.78 0.008 0.90
31 | CK-103-2LB5 7 40.72 9.6 0.37 48.56 0.38 99.66 1.00 0.20 | 0.009 1.78 | 0.008 | 0.90
32 | CK-103-2LB7 11 41.56 8.67 0.05 49.48 0.38 100.2 1.01 0.18 0.001 1.80 0.008 0.91
33 | CK-103-2LB8 11 41.53 8.46 0.09 49.56 0.38 100.07 1.01 0.17 0.002 1.80 0.008 0.91

1-5 - Pridorozhnoe, 6-11 - YuK-2013; 12-18 - Laktybash, 19-24 — CK-1880; 25-33 — Deposit #33 and CK-103-2LB; “~” — concentration less than the location limit, n — number of analyses
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Deposits and occurrences of chrome ore

Chrome ores occur in all four Kraka
blocks; however, they are more abundant in
the southwestern part of Sredny Kraka
(Saksey-Klyuchevskaya area) and in the
western part of Yuzhny Kraka (Apshakskaya
and Bashartovskaya areas). The Kraka de-
posits were described in detail (Saveliev,
2012; Savelive et al., 2008), so here we con-
sider particular characteristics, such as
chrome spinel chemistry. Chrome ore is usu-
ally hosted by dunite. In some cases, it forms
large bodies close to the Moho boundary,
but, sometimes, the occurrences are present-
ed by relatively small dunite lenses and tabu-
lar bodies (envelopes) within the mantle per-
idotites. According to the morphological
classification of (Cassard et al., 1981), almost
all occurrences are concordant, and dissemi-

Bolshoy Bashart and Menzhinsky deposits

These deposits are located in the south-
western part of Yuzhny Kraka, 2 km from
each other. Menzhinsky deposit is represent-
ed by a small number of extended (about
1000 m long) but thin (0.3-1.5 m) flat chro-
mitite bodies. They are hosted by a flattened
of 30 to 60 m thick dunite lens (Fig. 2a). The
boundary between dunite and wall peridotite
is sharp. The wall peridotite contains up to
30% of enstatite grains. At the same time,
dunite envelopes include some harzburgite
(10-15%) veinlets, which are parallel to dun-
ite-chromitite banding. General banding and
foliation are concordant and strike northwest,
dipping to southeast at 45°. Chrome ore is
dominantly dense-disseminated, and, rarely,
irregularly disseminated or massive.

nated ores predominate.
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Fig. 2. Cross-sections through Menzhinsky (a) and Bolshoj Bashart (b) deposits and structural fea-
tures of chromitite (¢ — h): a — cross-sections through Menzhinsky deposit and compositional varia-
tions of spinels, 1-5 — chrome ore, 1 — massive (>80% chromite grains), 2—4 — disseminated with dif-
ferent chromite content (2 — 50-80 %, 3 — 30-50 %, 4 — 15-30 %), 5 — chromite-bearing dunite, 6 —
dunite, 7 — peridotite; D — dunite, Chrt — chromitite, Hb-Lc — spinel peridotite between Iherzolite and
harzburgite in mineralogy, PI-Sp Lc — plagioclase-spinel Iherzolite; b — cross-sections through Bol-
shoj Bashart deposit; ¢ — h — structural features of chromitite and their relationship with dunite; c, d,
g, h — boudinage structures on different scale, e, f — «snow-bally textures showing a mechanism of

chromite grains segregation within solid plastic flow
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The Bolshoy Bashart deposit is composed
of a few parallel chromitite veins trans-
formed into a tree-like structure. The thick-
ness of veins changes from 0.5 m up to 2.5
m. The ore veins are hosted by serpentinized
dunite about 20 m thick (Fig. 2b). Dunite is
surrounded by massive wall spinel peridotite
with high concentration of enstatite (25—
30%). The spinel-plagioclase peridotite out-
crops are found a few dozen meters away
from ore bodies. The chromitite-dunite ore-
bearing zone lies almost flat, dipping gently
(10-15°) to the north. Chrome ore is massive
and dense-disseminated. It often exhibits de-
formation patterns, which is confirmed by a
pull-apart texture, folding, boudinage of dun-
ite within massive chromitite, boudinage of
chromitite within dunite and snow-ball-
texture in the chromite segregations (Fig. 2
c-h). Olivine grains from dunite show a well-
marked fabric typical for mantle tectonites
[46]. This means that dunite formed during
a high-T plastic flow by the dislocation
creep.

Chrome spinel composition changes in
the wide range across both deposits. The spi-
nel grains from the wall peridotite have Cr#
= 0.2-0.3 and only a single sample shows its
increase to 0.6. The spinels from the sur-
rounding dunite and those from ore bodies
have significantly higher Cr# (0.7-0.85). The
number of Mg in spinels changes slightly
along cross-section of both considered depos-
its. In the Menzhinsky deposit, it decreases
gradually from wall peridotite (0.65-0.7) to
dunite and chromitite (0.5-0.65). In the Bol-
shoj Bashart deposit, the Mg# is found to be
constant at about 0.6-0.7. TiO2 concentration
in peridotite is usually lower than 0.1%, and
only a few samples show higher value (up to
0.25%). It increases in the spinel grains from
dunite and chromitite (0.1-0.4%).

Deposit #33

The Deposit #33 is situated in the eastern
part of the Sredny Kraka. It is typical podi-
form and may be classified as subconcordant
in the structural aspect (Saveliev, Kozhevni-
kov, 2015). The ore body contains massive

chromitite surrounded by a thin (0.1-3 m)
dunite envelope. The length of the ore body
is 50 m. Its thickness is 1.5-2 m. There are
numerous features of thinning up to pinching
and thickening. Nodular chromitite appears
occasionally in the boundary between mas-
sive chromitite and dunite. It was found that
the olivine fabric of the surrounding dunite is
typically deformational in origin (Saveliev,
2013). Chrome spinel composition varies
significantly along the cross-section of the
deposit and covers all the ophiolite spinels
range. In the country and wall spinel perido-
tites, the spinel grains contain less Cr (20.59—
43.05% Cr203) but more Al (26.77-45.55%
Al>03). The Cr-poorest spinels are found in
the peridotite (CK-103-2L3) which is closest
to the dunite. They have 52.34-54.87%
Al>03 and 12.56-15.3% Cr203. The Cr con-
tent of spinel grains increases in the dunite
envelope (53.94-55.13% Cr203) and in the
ore (60.8-62.2% Cr.03).

Saksey deposit

Saksey-Klyuchevskaya area is situated in
the southwestern part of Sredny Kraka and
comprises several chromite-bearing zones.
They are tabular-like dunite bodies, which
run parallel to the mantle/crust boundary
(paleo-Moho) and contain numerous small
chromitite  veins. A transition from
harzburgite to dunite is usually gradational.
There occur intermediate rocks containing a
few pyroxene grains. There are three
(Saksey, Klyuchevskoe and Shatran) deposits
of disseminated chromitite in the area (Save-
liev, Snachev, 2012).

The Saksey deposit comprises several
small chromitite veins (2 to 5) within a thick
dunite layer on the border between the man-
tle and crust sections. The sizes of the ore
veins are as follows: the length is from n*10
m to 100 m, width is from several meters to
n*10 m, and thickness is from several cm to
2 m. The chromitites strike varies from NNW
330° to NNE 10°. Their dip is almost verti-
cal. The banded fine-grained ore is the most
common in this deposit. There is an enclosed
silicate structure too. It is presented by nu-



Compositional variations of chrome spinels in the ore-bearing zones... 139

merous scattered ovoid pieces of serpentin- from 2 to 5, surrounded by chromite grains.
ized olivine, with an average diameter of up  The olivine maximum axis is usually orient-
to 2.5 cm and the length/width ratio ranging ed parallel to chromitite bands.

a7
PiEk

Fig. 3. Schematic geological map of Saksey deposit (a) and structural features of chromitite (b—g):
1 — crust section (gabbro, clinopyroxenite, werlite with less serpentinite and metasomatic-altered gab-
bro), 2 —mainly dunite, 3 — spinel peridotite with less dunite, 4 — serpentinite, 5 — disseminated chrome
ore, 6 — dunite with increased share of chromite, 7 — structural elements: a — faults, b — banding and
aggregate lineation of chromite grains, 8 — bore holes (a) and trench (b); geological map after
E.A. Shumikhin, V.V. Radchenko (1979)

\ =

Fig. 4. Schematic geological map of Pridorozhnoe deposit and structural features of chromitite: 1 —
serpentinized peridotite, 2 — serpentinized dunite, 3 — disseminated chrome ore: a — rarely disseminat-
ed (10-20 % chromite grains), b — banded alternation of densely disseminated ore and dunite, 4 — fo-
liation and banding in ultramafic rocks and chromitite, 5 — fault, 6 — boreholes
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Tiny clinopyroxenite veinlets crossing an
ore banding at a sharp angle (10 to 30°) were
found within the deposit. These veinlets may
be single or numerous, forming a net. The
chromitite bands occasionally show folding,
thickening or nodes inclining at different an-
gles towards the band direction (Fig. 3).
There are dunite streams crossing the ore
bands at different angles too. They were ear-
lier described (Kravchenko, 1969; Thayer,
1964) as «intra-ore dunite dykes». Therefore,
the observed relationships suggest the ore
formation during an inhomogeneous solid
plastic flow of dunite-chromitite assemblage
(Saveliev, 2012, 2013a).

Chrome spinel composition was found to
be almost constant in the dunite and chro-
mitite. The chromium content is high (Cr# =
0.7-0.85) but the Mg/(Mg+Fe) ratio is de-
creased with respect to that of country peri-
dotite to 0.5-0.6 (Saveliev et al., 2008). The
Cr# of accessory peridotite spinels is lower
(0.3-0.5).

Deposits of Apshak area

Apshak area is located in the western
block of Yuzhny Kraka, to the north from the
above-described Bolshoy Bashart and Men-
zhinsky deposits (Fig.1). In general, Lak-
tybash and Pridorozhnoe deposits have simi-
lar characteristics with the described above.

The chrome ore is poorer, disseminated,
and fine-grained, normally containing from
10 to 50% chromite. The host rocks are pre-
sented usually by a fully serpentinized dun-
ite. The extent of chromitite-bearing zones
varies from 100 to 200 m, the dunite thick-
nesses are 50-100 m (Laktybash) and 2040
m (Pridorozhnoe). The thickness of ore-
bearing zones reaches 10—15 m. They contain
tiny chromitite streams (0.05-0.3 m) parallel
to each other.

The general direction of foliation and ore
banding strike is W-NW 270-300°, dipping
to N-NE 0-30° at almost vertical angles.
There are some veinlets and spots of perido-
tite in the ore-bearing dunite. The foliation,
chromite banding and lineation in both dunite
and peridotite are coherent to each other. The

banding often forms small folding. There are
nodes presented by a few massive ore lenses
(Fig.4). This morphological feature is found
to be the most extensive in the central part of
the Pridorozhnoe deposit. Numerous massive
chromitite lenses bended to form isoclinal
folds with axial planes parallel to each other
were described (Fig.4 d). The observed fea-
ture is an evidence of the mantle matter re-
distribution during the plastic flow.

We have studied compositional variations
of chrome spinels across the peridotite-
dunite-chromitite succession in both Lak-
tybash and Pridorozhnoe deposits (Fig. 5, a,
b). The chromium concentration changes, in
general, gradationally and depends on the
rock petrography in the deposits. The lowest
Cr# value is found in the large peridotite
lenses (0.45-0.5), and it increases a little (to
0.55) in the thinner ones. In dunite, the Cr#
increases more substantially (to 0.65-0.7)
and achieves the maximal value in the dis-
seminated chromitite (up to 0.75). The Mg#
= Mg/(Mg+Fe) ratio changes independently
of the Cr#. In the ore vein, its values may be
low as well as high. However, the peridotite
spinel normally shows a higher Mg# than
dunite. Titanium is found in the spinel grains
only as impurity. TiO2 concentration is up to
0.35% in the dunite spinels and only up to
0.25% in the peridotite spinels.

Multiscale initial dunite veinlets

The ophiolite chromitite mineralization is
usually connected with dunite. Therefore,
investigation of tiny dunite veinlets in the
peridotite may give important information
about the ore formation initial stage. We
studied dunite streams in the Kraka ophiolite
areas comparable with those described
above.

The outcrop A-795 is situated 250 m to
the north of the Laktybash deposit. It is pre-
sented by the banded serpentinized spinel
peridotite that shows a well-defined foliation.
In these peridotites, several tiny dunite bands
and lenses were observed. They have a
thickness ranging from 5 to 50 cm (Fig. 5 c).
Accessory chrome spinels grade in composi-
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tion from 0.3 Cr# in peridotite to 0.65 Cr# in
dunite. In addition, there is a scale factor.
The larger dunite lens, the higher composi-
tional contrast between its chrome spinel and
that of peridotite. In addition, it has been

0.8

found that in the dunite spinels, TiO2 value is
elevated up to 0.5%, and the Mg# decreases
to 0.55. In contrast, the peridotite spinels
contain less than 0.3% TiO2 and their Mg#
increases to 0.7.
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Fig. 5. Compositional variation of chrome spinels along cross-sections of studied areas: a — Lak-
tybash (YuK-2015), b — Pridorozhnoe (YuK-2012), ¢ — outcrop 4-795, d — outcrop YuK-2013, e — out-
crop CK-1880. In Fig. 5 a: 1 — peridotite, 2 — dunite, 3 — disseminated chromite

The outcrop YuK-2013 is situated 1 km
east from the Laktybash and Pridorozhnoe
deposits. This section is rather independent.
Its matrix is a banded spinel peridotite with a
changing pyroxene content (15 to 25%). The
dunite body concordantly enclosed in the
peridotite is 5m in thickness. The dunite con-
tains several tiny disseminated chromitite
streams (Fig. 5d). Across the peridotite-
dunite-chromitite assemblage, spinel chemis-
try varies in a similar way to those described
above. The lowest Cr# is found in the perido-
tite within dunite (0.4). It is quite higher in
the host peridotite (0.5). A higher Cr# of
chrome spinels was observed in dunite and

the disseminated ore (0.6-0.85). Considera-
ble content of TiO> is found only in the dun-
ite and chromitite spinels (0.2-0.4%). The
Mg# is quite constant along the cross-section
(0.45-0.6).

The outcrop CK-1880 is located in the
southern part of the Saksey-Klyuchevskaya
area (Fig. 5 e). It is presented by banded per-
idotite. There is a broad range of pyroxene
abundance in the rocks: 5 to 7% in dunite-
harzburgite (sample CK-1880-1DHb), and 20
to 25% in Cpx-harzburgite (samples CK-
1880-3, CK-1880-5). The lowest Cr# of spi-
nel equal to 0.5 is found in peridotite. In the
transitional rocks (CK-1880-1DHb and CK-
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1880-4) its value is rather high, but variable.
The dunite chrome spinels are characterized
by the highest Cr# equal to 0.7. However,
they contain only 0.1-0.35% of TiO2. At the
same sites, the lowest value of Mg# equal 0.5
was observed. It increased gradually to aver-
age 0.6 in peridotite.

The outcrop CK-103-2LB is situated 2
m east from the Deposit #33 chromitite ore-
body. Dunite veinlets, which are of several
mm to 5cm in thickness, are found to be
branching from the main dunite body and
crossing a peridotite matrix having up to 30%
of pyroxene grains. One of these veinlets was
studied in detail by chemical and structural
methods. The samples were investigated us-
ing the X-ray tomography (Saveliev, Ko-
zhevnikov, 2015). Chrome spinel grains were
segregated into the thinnest streams elongat-
ed parallel to each other. The grains make up
about 3% of dunite sample volume. This is
more than 2-3 times higher than their aver-
age concentration in peridotite.

Olivine grains from both peridotite and
dunite show a developed dislocation fabric
that is typical for mantle tectonites. By
means of oxidized decoration after
(Kohlstedt et al., 1976), we observed single
dislocations, their walls, glide bands, cross-
slip sites and blocks with different disloca-
tions density (Fig. 6). We have investigated
some of thin sections from the dunite veinlet
on the universal stage (Fedorov Stage) and
found that olivine grains have a strong crys-
tallographic preferential orientation (CPO)
indicating the rock origin under the high-T
plastic flow condition. It has been revealed
that olivine was deformed by a slip system
{O0klI}[100] (Saveliev, Blinov, 2015).

Numerous newly-formed spinel grains
were observed in the polycrystalline olivine
of the same sample. They vary in morpholo-
gy and sizes. The thinnest acicular precipi-
tates (only 0.3-0.5 um thick and up to 10 um
long) are aligned in olivine grains along
[010] axis (Fig. 7). A similar orientation of
spinel needles was noted in (Franz, Wirth,
2000), where the study of ultramafic rock
xenoliths from the Papua New Guinea basalt
is presented. Bigger long irregular chrome

spinel precipitations usually occur along
grain and subgrain boundaries, and, occa-
sionally, within grains themselves, along
[100] axis (Saveliev, Blinov, 2015). There
are often needle-like spinel branches from
larger crystals ranging from 50 to 200 um.
Transitions from fine irregular precipitations
of chrome spinels to bigger euhedral crystals
are observed.

The studied spinels are characterized by
the following composition features: the aver-
age Cr# =0.35, and Mg# = 0.51-0.68. The
Cri# increases from peridotite — dunite con-
tact (0.32) to dunite (0.39), whereas the Mg#
decreases in the same direction. No signifi-
cant regular variation of chemical composi-
tion is observed between the small and large
grains.

Discussion

Numerous studies were conducted to ex-
plain chemical variations of accessory and
ore-forming chrome spinels in the ophiolite
and oceanic ultramafic rocks (Ahmed, 1984;
Barnes, Roeder, 2001; Proenza et al., 1999).
It was established that the ophiolite chrome
spinel grains are characterized by a wide var-
iation of Cr/Al ratio, a small difference in
Mg/Fe ratio and low concentration of TiO>
(Dickey, 1975; Leblanc, Violette, 1983;
Thayer, 1964). Ophiolite ore-forming spinels
were grouped into two types. The first is a
high-Cr metallurgical type and the second is
a high-Al refractory type (Hock et al., 1986;
Perevozchikov et al., 2000; Prospecting...,
1987).

Most of the present models attempting to
explain the podiform chromitite and host
dunite origin are based on the assumption of
a leading role of melts and fluids generated
from the deeper mantle at the middle ocean
ridges (MOR) and/or arc-related conditions
(Ballhaus, 1998; Kubo, 2002; Roberts,
1988). Previous works assigned the primary
importance to fractional crystallization and
subsequent deformation (Dickey, 1975;
Greenbaum, 1977; Hock et al., 1986; Thayer,
1964). Later on, almost all of the investiga-
tions were undertaken to find a pertinent
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condition for chrome spinel crystallization
during different melts interaction, mixing or

mingling (Ballhaus, 1998; Lago et al., 1982;
Matveev, Ballhaus, 2002).

Fig. 6. Framework of tiny dunite veinlet from peridotite (outcrop CK-103-2LB): a — 3D-outline of
sample showing the location of dunite — peridotite contact and studied thin sections (on the cube
planes — CK-103-2LB2, CK-103-2LB4, CK-103-2LB5; on the plane parallel to contact — 15127,
15131, 15133, 15134); b — X-ray view of the same dunite veinlet with chrome spinel grains after [51],
S — banding, L — lineation, ¢ - - photomicrographs of olivine dislocation structures obtained by oxy-
gen decoration after [32], en —enstatite, and ol — olivine

Most of the recent papers consider man-
tle-melt interaction in various tectonic set-
tings as the main cause of the compositional
variations of accessory and ore-forming
spinels. They assume that high-Al spinels are
formed beneath MOR, whereas high-Cr
spinels appear in the supra-subduction zone
(SSZ) condition. If the same peridotite block
shows chrome ores of different spinel chem-
istry, they assume that it was repeatedly im-
pregnated by melts in MOR-conditions earli-
er (producing high-Al spinel ore) and in SSZ-
conditions later (producing high-Cr spinel
ore) (Gonzalez-Jimenez et al., 2011; Mor-

ishita et al., 2006). If both high-Cr spinel ore
and high-Al spinel are separated in the massif
volume, they infer that these blocks were
formed in a different setting and came into
contact tectonically (Melcher et al., 1997).
However, to prove these points of view
on the podiform chromitite origin (mantle —
peridotite interaction, and magma mingling
or mixing) it is necessary to answer numer-
ous questions. Some of them are of the «how
to explain» type: 1) presence of distinct
boundaries along with gradational transitions
between dunite and peridotite (for example,
those at the Deposit #33), 2) formation of
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massive chromitite lenses within a relatively
thin dunite envelope (Deposit #33), 3) pres-
ence of chromitite folding within dunite (for
example, at the Saksey, Bolshoy Bashart and
Pridorozhnoe deposits), and 4) presence of
the pervasive deformation structures along
with «previous magmatic» poikilitic inclu-
sions of olivine in the chromite grains.

We suggest an alternative model of dunite
and chromitite formation using the Kraka
ophiolite as an example. Our hypothesis is
based on empirical observations. It is well
known that the ophiolite chromitite deposits
show a wide variation of the 1) concentration
of mineralization and 2) size of deposits. The
first parameter may be called «intensive». It
can be expressed quantitatively by the rela-
tive proportion of the massive and dissemi-
nated ores. The second parameter may be
called «extensive» and it is equal to the ore
resource. In addition, there is a well known
similarity in the geological and mineralogical
features of most ophiolite chromitite deposits
all over the world. In particular, there is a
symmetric sequence «wall peridotite — dunite
envelope — chromitite body». Thus, a transi-
tion from small disseminated chromitite
streams (initial stage) to a great massive
chromitite deposit (terminal stage) is a result
of the same ore-forming process which may
be interrupted at any stage. Therefore, if the
ore-forming process ended abruptly at early
stages, the ore and surrounded rocks should
retain numerous attributes of the acting
mechanism.

For example, if it is suggested that
chrome ore and dunite were formed by «melt
- mantle interaction» (Arai, Miura, 2015;
Gonzalez-Jimenez et al., 2014; Kelemen et
al., 1992; 1995; Zhou et al., 2001), pyroxene
grains retained from dissolution, along with
considerable abundance of reaction products
precipitated in the same place, should be pre-
sent. In case of magma-mixing or magma-
mingling models (Ballhaus, 1998; Matveev,
Ballhaus, 2002), considerable amount of
crystallized mafic-melts products (such as
plagioclase and clinopyroxene) should occur
within dunite and chromitite. However, there
are only micro-inclusions in the chromite

grains (McElduff, Stumpfl, 1991), and it does
not clearly prove that the above assumptions
are true.

The deposits and occurrences of Kraka
ophiolite are typical objects where an ore-
forming process was interrupted at different
stages. Earlier stages are registered in the
majority of occurrences of the Apshakskaya
and Saksey-Klyuchevskaya areas where there
is concordant disseminated chromitite. A
more advanced stage is recorded in the De-
posit #33 where we observe a typical podi-
form massive chromitite body. In numerous
places, there are tiny dunite stringers in peri-
dotite, embodying an initial stage of the ore-
forming process.

On the studied sites, the ultramafic rocks
show a developed deformation structure. As
it was mentioned above, olivine grains have a
strong fabric, indicating the rock origin under
high-T plastic flow condition (Fig. 8). Our
data are comparable to those obtained by ex-
perimental works (e.g. Carter, 1976; Cher-
nyshov, 2001; Goncharenko, 1989; Poirier,
1988) and to those from other ophiolite ul-
tramafic rocks (e.g. Chernyshov, Yurichev,
2013; Nicolas et al., 1971; Shcherbakov,
1990).

The plastic flow of polycrystalline olivine
was accompanied by segregation of impuri-
ties that formed submicron exsolutions
(Saveliev, Blinov, 2015), like those in metals
(e.g. Novikov, 1986) . We have observed dif-
ferent stages of their formation. The first is
the origin of needle-like exsolutions along
[010] axes of olivine grains, then they form
along subgrain and grain boundaries. Con-
sistently, coalescence and spheroidization
take place, resulting in the formation of typi-
cal euhedral chromite crystals in dunite. The
X-ray tomography of the same samples
shows the elongation of newly formed
chrome spinel grains along the dunite — peri-
dotite contact and foliation of olivine grains
(Saveliev D.E., Kozhevnikov 2015). These
observations support a relationship between
the mantle solid flow and different mineral
phases’ redistribution during the process.

Morphology of chrome spinel grains in
the ophiolite ultramafic rocks is known to
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change regularly from skeletal and xenomor-
phic one in Iherzolite and harzburgite to eu-
hedral in dunite (e.g. Matsumoto, Arali,
2001). However, in the massive ore, the
chromite grains are often anhedral (e.g.
Thayer, 1964), and the formation of skeletal
chromite was described in the nodular ore
(Greenbaum, 1977; Leblanc, 1980; Prichard
et al., 2015). The above-mentioned morpho-
logical changes are often accompanied by the
Cr# increase of chrome spinels but it is not

explained by magmatic and reaction models.
Similar features were found in the studied
places of Kraka. As shown in Fig. 9, the
chrome spinel chemistry has some Cr# gap
when considered on the ore-zone scale. Its
location and size depend on the deposit type.
A smaller gap occurs if the disseminated
chromitites are considered. In contrast, a big
compositional gap is found in case of the
podiform massive ore deposits.

Fig. 7. Needle-like exsolutions of chrome spinels in olivine grain volume (sample CK-103-2LB, thin
section 15127); after [48]: a) — general view of thin section, the place contoured by dark-blue line is
shown in b) (without analyzer) and c) (with analyzer), the arrow points to the site that is shown in de-
tail in d); d) — (central part of b) and c)) — BSE-micrograph, black — serpentine, dark-grey — olivine,
light-grey — chrome spinel, white — magnetite; €) — a more detailed image of d); f) — qualitative spec-
trum that supports identification of needle-like exsolutions as chrome spinels. In b) and c) grain and
subgrain boundaries of olivine are painted by light lines. In c) the exsolutions of spinel are painted,
arrows indicate the main directions in the olivine cell (arrow direction shows the rise of these axes)
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[001]

Fig. 8. Crystallographic preferential orientation of olivine grains in the dunite from studied areas.
Plots were made on the Wulf net, upper hemisphere, numbers of calculated points vary from 105
to 120; BB — Bolshoj Bashart, Sk — Saksey, D-33 — Deposit #33, S — foliation, L — lineation
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Fig. 9. Compositional variations of chrome spinels in different areas of the Kraka massif in multiscale
view. Scale I: Chrt — chromitite, D — dunite, Hb — harzburgite, Lc — Iherzolite; Scale II: Lk, Pr, Y-2013
— point numbers correspond to the local sample numbers (Lk=YuK-2015), (Pr=YuK-2012),
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eral plot (on the right): 1 — peridotite, 2 — dunite-1 from mantle section (paleo-Moho), 3 — dunite-II
close to the crust-mantle boundary, 4 — chromitites in dunite-1, 5 — chromitites in dunite-1l; colored
areas show chemical variations of spinel grains from peridotites from ophiolites, middle oceanic
ridges (MOR) and supra subduction zones (SSZ)
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However, the gap of spinel chemistry
does not occur in the peridotite impregnated
by tiny dunite veinlets, and the Cr# changes
gradually. In this case, we observed a pres-
ence of spinel skeletal forms similar to those
in peridotite. Apparently, these forms were
quickly disappearing due to the subsequent
coalescence and spheroidization. As a result,
the chrome spinel grains become more euhe-
dral in form. During growth, these grains
may enclose a part of olivine matrix, which
leads to the formation of the olivine inclusion
in the chromite grains that are non-magmatic
in origin (Fig. 10). This phenomenon is well
known for metallic systems.

Although spinel composition changes
quite gradationally during their morphologi-
cal transition, it may sometimes change quite
sharply in places. In particular, in the thin
sections 15127 and 15134, two points were
found to have much lower Cr# compared to a
general increase of this value. Both cases
represent the needle-like chrome spinel exso-
lutions along the olivine grain boundaries.
The point 15127s belongs to a needle-like
branch (2-2.5 um thick) from a bigger elon-
gated grain 30x100 um in size. In the re-
maining part of the grain volume, the Cr# is
typical compared to that of the completely
thin section. Similarly, the point 15127d gave
a lower Cr#=0.32 in the thin needle-branch
against the isometric grain, 70x70 um in di-
mension.

Besides, we found a sharp increase of the
spinel Cr# in the same grains from the thin
section 15133 where stress was shown
(points 15133 i, k). In both cases, the in-
crease of Cr# and, accordingly, the decrease
of Mg# were found in the places where the
grains were thinned and they were enclosed
in the olivine grains of a comparable size
(Fig. 10 e, f). At the same time, chemistry of
the rest grains is similar to that in the whole
volume of the sample.

As shown above, the accessory and ore-
forming chrome spinel composition changes
at the transition from the initial stage to more
advanced stages on different scales of the
observation. We have also pointed out the
relationship between the chemical and struc-

tural features of the ore-bearing zones.
Therefore, we believe that all marked attrib-
utes of the Kraka dunite and chromitite may
be well explained only by a rheomorphic
model that suggests cooperative changes of
both ultramafic rocks structure and chemistry
during their solid flow.

The main trigger of impurity segregation
and coalescence in the olivine grain could be
plastic deformation that is accompanied by
mantle upwelling in the decompression
zones. The rise to the less dense levels of
lithosphere was accompanied by a decrease
of the olivine cell capacity for impurities, in
particular, chromium and aluminum. On the
other hand, they were an obstacle for disloca-
tions movement in the olivine grains, which
promoted their blocking and polygonization.
The exsolutions of the harder phase, such as
spinel, formed much strain around them-
selves due to a decrease of the solid flow
speed. Because of these processes, two min-
eral phases were redistributed in space.

Spheroidization is a final stage of exsolu-
tions arrangement into the euhedral chrome
spinel crystals that are typical for the ophio-
litic dunite. This process is shown in a ten-
dency to take their crystallographic habitus.
A driving force of spheroidization is the
grain boundary free energy minimization, as
this was understood in metals many years
ago (e.g. Novikov, 1986).

The thermodynamic basis of mineral
phases’ redistribution in the mantle solid
flow was given by (Fedoseev, 2016; Save-
liev, Fedoseev, 2011; 2014). It is suggested
that the localization of plastic flow in the
weakest layers should occur during decom-
pression accompanying ascending of the
mantle. Since olivine is the softest mineral of
the mantle, as shown in (Carter, 1976; Save-
liev, Fedoseev, 2011; Yamamoto et al.,
2008), a solid flow should be faster in dunite
than in peridotite. Therefore, the mineral
phase redistribution in dunite is more effi-
cient too. Chromite could be brought into
dunite in two ways.

First, as mentioned above, it could be the
deformation-induced impurities segregation
from olivine grains.
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Fig.10. Different stages of the solid deformation induced formation of olivine inclusions in the chrome
spinel grains (sample CK-103-2LB): a, b, d — photomicrographs in the plane polarized transmission
light, dark — chrome spinel, light — serpentinized olivine, c, e, f — BSE-images, light — chrome spinel,

dark-grey - olivine, black — serpentine

Second, it could be a deformation-
induced breakdown of pyroxene grains be-
cause they are more brittle than olivine.
Therefore, during the flow they could be re-
duced and dissolved. Under stress, the
chrome spinel grains composition could be
changed from high-Al to high-Cr. For all
these above-mentioned processes, the critical
zone is the narrow contact between dunite
and peridotite where only we can see numer-
ous newly-formed chrome spinel exsolutions.

Conclusion

The Kraka chromitite occurences and de-
posits consist of the high-C# chrome spinel
grains (Cr# is more than 0.7). On scale of
deposits and ore-bearing zones, the composi-
tional contrast of chrome spinels is observed
between peridotite, on the one hand, and dun-

ite and chromitite, on the other. The noted
chemical gap increases from disseminated
ore deposits («dissipated mineralization») to
typical podiform ones («concentrated miner-
alizationy).

The structural and chemical investigation
of thin initial dunite venlets in peridotite has
shown that chrome spinel chemistry changes
in them gradually and there is no Cr# gap
between peridotite and dunite. It has been
determined that the Cr# increases gradually
from peridotite into the dunite veinlet. There
are quite sharper changes in stressed places.

Within dunite veinlets, numerous newly
formed chrome spinel exsolutions were dis-
covered. The thinnest acicular precipitates
(only 0.3-0.5 um thick) are aligned in olivine
grains along [010] axis. Bigger long irregular
chrome spinel precipitates usually occur
along grain and subgrain boundaries and oc-
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casionally within grains themselves, along
[100] axis. Changes from the fine irregular
precipitates of chrome spinels to bigger eu-
hedral crystals are observed. During growth,
these grains may occupy part of olivine ma-
trix, which leads to the formation of olivine
inclusions in the chromite grains that are
non-magmatic in origin. By analogy with dy-
namic aging (dispersion hardening) in met-
als, the noted structural and chemical altera-
tions in dunites are interpreted as defor-
mation-induced segregation of impurities.

Futher on, the inhomogenous plastic flow
was driving the mineral phases redistribution
that has formed dunite bodies as «more mo-
bile matter» in which the chromitite bodies
were built. The leading role of solid plastic
flow is supported by strong deformation fab-
ric of olivine in all studied samples and by
structural deformation features of them on
different scales.
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PaccMmoTpeHsl Bapuali cocTaBa akIECCOPHBIX M PYI000pa3yIoUIMX XPOMILTUHEIN-
noB B ynbTpamaduTax Kpaka, HaumHas oT Macmrada MECTOPOXKICHUN U 3aKaHINBAs
MacmTaboM HITH(OB, B3aUMOCBSI3M 0COOCHHOCTEH cocTaBa M CTPYKTYPHI B IOPOJAxX
U pynax. Ha Bcex M3y4eHHBIX y4acTKaxX YIbTpaMaduThl U XPOMUTHTHI OOHAPYKUBAIOT
ne(OPMaIMOHHYIO CTPYKTYPY M pa3BUThIE TEKCTYphl Aedopmaruu onuBuHa. B Mac-
mrade PyAHBIX 30H MTOCTOSHHO HAOMIONAEeTCsl ONPEETICHHBIN Pa3phIB B BEIHUHHE OT-
HomreHust Cr#=Cr/(Cr+Al) Mex 1y nepuIoTHTaMu 1 XpOMUTUTAMH, C OJHOW CTOPOHHI,
¥ TIEPUIOTUTAMH, OKOJIOPYAHBIMU TyHHUTaMH — ¢ Apyroi. Ilomoxenue 3Toro paspsiBa
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Ha JMarpaMMe U3MEHSIETCS B 3aBUCUMOCTH OT THUIIAa MECTOPOXKICHHUS, YBEIMUUBAsChH
OoT Ta6y.]I$IpHBIX TCJI, CJIOKCHHBIX BKPAIJICHHBIMU pyAaMH, K TUIIMYIHO HOI[I/I(I)OpMHBIM
MacCUBHBIM XpomuTaMm. VccienoBanbl TOHKME MHULIMATIbHBIE JYHUTOBBIE MPOXKUIIKU
B MEPUOTUTAX U IMOKA3aHO, YTO COCTaB XPOMIINHMHEIUIOB MPU UX (OPMUPOBAHHU
M3MEHSETCS MOCTENEHHO U pa3phiB cocTaBa 1o Cr# Mexay NepuI0TUTaAMU U TyHHUTa-
MHU HE€ HUMECT MECTa. I[YHI/ITOBLIC MMPOXUWIJIKK TMOKA3bIBAKOT YCTKYIO NPCANIOYTUTCIIb-
HYI0O KPUCTALIOTpaHUUecKyl0 OPHEHTUPOBKY OJMBHHA, CBHJIETEJIBCTBYIOIIYIO O
(GOpMUPOBAHUHU WX B YCIOBHUSX BBICOKOTEMIEPATYPHOTO IUIACTHYECKOTo TeUeHHs. B
MPOXKUIKaX 3a(UKCUPOBAHBl PA3IUYHbIE CTAUU POCTAa HOBOOOPA30BAHHBIX 3EPEH
XPOMIIIITMHEINIOB, OOYCIIOBICHHBIE Cerperalieil mpumecei, koaieciennuei u cde-
pouauzanyen B Xo/e MIAaCTUYECKOr0 TeUEHUS MOIUKPUCTAIIMUECKOTO OJIMBUHOBOTO
marpukca. Jlemaercs BBIBOJ O BEAYIIEH POy TBEpA0(]a3HOro TeUESHUs B mepepacipe-
JICJICHUHU TJIaBHBIX MAHTUHWHBIX MUHEPAJIOB — OJIMBHHA U MHUPOKCEHOB, KOTOPOE IMpH-
BOJUT K 000COOJIeHNIO Hanboiee MOOMIIBHBIX TYHUTOBBIX TEJl, & BHYTPH HUX — K Ce-
rperaiuy MpUMECHBIX AJIEMEHTOB B BHJI€ XPOMUTOBON MuHepanu3aiuu. Oocyxaaer-
CiA pOJib MIaCTHYSCKOM ne(bopMam/m B MHUIMAIIUKU YaCTUYHOI'O IJIABJICHUA IICPUI0-
TUTOB U 00pPa30BaHUH HOBBIX 3€PEH XPOMIIMUHEIHIOB.
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meueHue, NOOUPDOPMHbIE XPOMUMUMBL.
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