
 

1105

 

ISSN 0016-7029, Geochemistry International, 2006, Vol. 44, No. 11, pp. 1105–1120. © Pleiades Publishing, Inc., 2006.
Original Russian Text © G.N. Savel’eva, N.S. Bortnikov, A.A. Peyve, S.G. Skolotnev, 2006, published in Geokhimiya, 2006, No. 11, pp. 1192–1208.

 

INTRODUCTION

The rocks dredged from the western and eastern
walls of the Markov Deep (

 

5°30.6

 

′

 

–5°32.4

 

′

 

Ò

 

 N, Sierra
Leone quadrangle) in the Mid-Atlantic Ridge during
cruises of the Russian R/V 

 

Akademik Nikolai Strakhov

 

and 

 

Akademik Ioffe

 

 are representative of the whole rock
succession of the oceanic lithosphere: the residual man-
tle ultramafic rocks, diverse gabbroids, dolerites, pla-
giogranites (trondhjemites), granodiorites, basalts, and
hydrothermally altered rocks [1, 2]. The altered gab-
broids in the lower part of the eastern wall contain sul-
fide mineralization: stringer-disseminated and massive
copper sulfides [2, 3]. The Fe–Ti gabbro in the area
have an U–Pb zircon age of 

 

97.4 

 

±

 

 0.15

 

 Ma [4].

The fresh harzburgites (which are in places practi-
cally devoid of serpentine and contain no more than
10% of this mineral) were the first fresh varieties found
on the Atlantic seafloor during the long-term study of
its oceanic rocks (which are usually strongly serpenti-
nized ultramafics that locally contain as much as 80–
100% serpentine [5–10]). Very weakly serpentinized

residual peridotites were also recently found by a Ger-
man–American expedition in the Gakkel Ridge [11].

The extremely weak alterations of the ultramafics, a
feature rare even in ophiolitic complexes, provides the
possibility of studying their textures, mineralogy, and
geochemistry without any additional limitations
imposed by serpentinization and submarine weather-
ing. Our research was based on this analysis conducted
with the aim to reproduce the evolutionary history of
the weakly serpentinized peridotites during slow
spreading and to answer the question as to why these
rocks remained practically unaltered and whether there
are any significant differences between their composi-
tion and texture and those of diverse serpentinized peri-
dotites from the same ridge segment.

Microprobe analyses of minerals (on Camebax
microprobes at the Geological Institute, Russian Acad-
emy of Sciences, and Vernadsky Institute of Geochem-
istry and Analytical Chemistry, Russian Academy of
Sciences) were conducted after the petrotextural study-
ing of these rocks. Their microscopical examination
allowed us to identify a number of generations of their
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Abstract

 

—The paper presents materials on the composition and texture of weakly serpentinized ultrabasic rocks
from the western and eastern walls of the Markov Deep (

 

5°30.6

 

′

 

–5°32.4

 

′

 

N) in the rift valley of the Mid-Atlantic
Ridge (MAR). The predominant harzburgites with protogranular and porphyroclastic textures contain two major gen-
erations of minerals: the first generation composes the bulk of the rocks and consists of 

 

Ol

 

89.8–90.4

 

 + 

 

En

 

90.2-90.8

 

 +

 

Di

 

91.8

 

 

 

+ 

 

Chr

 

 (Cr# 32.3–36.6, Mg# 67.2–70.0), while the second generation composes very thin branching vein-
lets and consists of 

 

PlAn

 

32–47

 

 + 

 

Ol

 

74.3–77.1

 

 + 

 

Opx

 

55.7–71.9

 

 + 

 

Cpx

 

67.5

 

 + 

 

Amph

 

53.7–74.2

 

 + 

 

Ilm

 

. The syndeformational oli-
vine neoblasts in recrystallization zones are highly magnesian. The concentrations and covariations of major
elements in the harzburgites indicate that these rocks are depleted mantle residues (the high Mg# of minerals
and whole-rock samples and the low CaO, 

 

Al

 

2

 

O

 

3

 

, and 

 

TiO

 

2

 

 concentrations) that are significantly enriched in
trace HFSE and REE (Zr, Hf, Y, LREE, and all REE). The mineralogy and geochemistry of the harzburgites
were formed by the interaction of mantle residues with hydrous, strongly fractionated melts that impregnated
them. The mineralogical composition of veinlets in the harzburgites and the mineralogical–geochemical char-
acteristics of the related plagiogranites and gabbronorites suggest that these plagiogranites were produced by
melts residual after the crystallization of gabbronorites. The modern characteristics of the harzburgites were
shaped by the following processes: (i) the partial melting of mantle material simultaneously with its subsolidus
deformations, (ii) brittle-plastic deformations associated with cataclastic flow and recrystallization, and (iii)
melt percolation along zones of the maximum stress relief and the interaction of this melt with the magnesian
mantle residue.
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rock-forming minerals. Chemical analyses of the rocks
for major and some trace (Ni and Cr) elements were
carried out by X-ray fluorescence at a laboratory of the
Institute of the Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Russian Academy of
Sciences. Trace elements and REE were determined by
ICP-MS on a PQ-2 (V.G. Elemental) mass spectrometer
at a laboratory of the Institute of the Geology of Ore
Deposits, Petrography, Mineralogy, and Geochemistry,
Russian Academy of Sciences.

GEOLOGICAL SETTING 
OF THE ULTRAMAFIC ROCKS

The MAR segment between the Bogdanov and Stra-
khov fracture zones (

 

5°–7°10

 

′

 

N) lies immediately south
of the ridge segment intersected by thick and closely
spaced fracture zones (Arkhangelskii, Vernadskii, and
Doldrums). The relatively narrow rift zone extends in
this segment as a single structure, which is bounded in
the west and east by flattened plateaus with thick sedi-
mentary deposits. The dissected topography of the ridge
near the rift valley is typical of slow-spreading centers
[12, 13]. Nontransform offset zones divide the ridge into
three en-echelon segments, in which all mantle and
crustal rock complexes of the oceanic crust are exposed
[1, 14]. The area is characterized by low seismic activity
[15], and the local gravitational maxima roughly coin-
cide with exposures of ultramafic rocks and gabbro [16].
The area, which is a transition zone between the struc-
tures of the North and South Atlantic, is characterized by
the absence of linear magnetic anomalies.

Ultramafic rocks and gabbro compose the walls and,
partly, the floor of the rift valley, whereas basalts (which
are dominated by evolved, highly magnesian rocks of the

 

N

 

-MORB type) are widespread in the flanks of the ridge
and, locally, along the rift valley floor.

Ultramafic rocks were lifted from depths of 3600–
3240 m (Site I1060) in the western wall and from
depths of 3900–3600 m (Site I1063) in the eastern wall
of the rift valley (Fig. 1). The material obtained at each
of the sites was dominated (~70–80%) by various gab-
bro and dolerites and contained subordinate amounts
(~20%) of ultramafics: lherzolites, harzburgites, and
rare samples of dunites and websterites, including their
plagioclase-bearing varieties. Most of the ultramafic
rocks are 80–90% serpentinized and only occasional
harzburgite fragments (no larger than a few decimeters
across) bear <10% serpentine. The extensively
deformed and metamorphosed rocks (~10%) are ultra-
mafic mylonites, gneissose gabbro, chlorite–serpen-
tine–talc and serpentine–amphibole schists, serpen-
tinites, sheared and amphibolized gabbroids that grade
into amphibolites, and diaphthorized, brecciated, and
cataclased gabbro. Plagiogranites were found in the
form of angular fragments up to 15 cm in both walls of
the rift valley. Sulfide ore mineralization is associated
with hydrothermally altered rocks.

Our concepts concerning the stratigraphy of the oce-
anic crust in the Markov Deep area are illustrated in
Fig. 2. The insets show the reproduced vertical sections
of the rock complexes and demonstrate the presence of
plagiogranite (gabbro–plagiogranite) veins and veinlets
in practically all of the rocks and the variations in their
morphology and mineralogy in various host rocks up
the stratigraphic section (Fig. 2). The harzburgites con-
tain very thin (from a few parts of a millimeter to a few
millimeters) branching veinlets, whereas the banded
gabbro often bears zonal veins up to a few centimeters
thick. The amphibole-bearing veins with variable mor-
phologies of their contacts with the host gabbronorites
contain partly resorbed xenoliths of the host rocks. A
large plagiogranite fragment caries a xenolith of mel-
anocratic amphibolite. The systematic variations in the
morphology of the veins seem to reflect the different
depths at which these veins were produced and the
intensification of the segregation of the melts up the
vertical lithospheric section. The occurrence of the
same minerals (quartz, sphene, apatite, zircon, Fe–Ti
amphibole, ilmenite, and sulfides) in all of the veins and
veinlets can be interpreted as evidence of their origin
from the same parental melt at different depths, when
small portions of the percolating melt interacted with the
residual ultramafic rocks prior to the crystallization of
this melt in veins hosted in Fe–Ti gabbro and dolerites.

PETROGRAPHY

The weakly altered ultramafic rocks occur as angular
and angular–rounded fragments no larger than 10 

 

×

 

15 cm, with very thin (1–2 mm) yellowish weathering
crusts. The harzburgites consist of 80–85% olivine,
15

 

−

 

20% enstatite, and single grains of diopside and
Cr-spinel about 1.5%. Two lherzolite samples contain up
to 5–7% diopside. Reticulate 

 

α

 

-chrysotile veinlets (with-
out magnetite) developed unevenly and account for 3–
10% rock by area in thin sections. The rocks have
coarse- to large-grained protogranular textures that
grade into porphyroclastic textures. Large (5–7 mm)
olivine grains are weakly elongated and possess numer-
ous kink bands (due to intercrystalline deformations),
which were produced by the translational gliding of
dislocations (Fig. 3a). The enstatite usually forms sin-
gle tabular grains ranging from 3–4 to 6 mm. The rocks
only occasionally contain linear aggregates of pyroxene
grains, which mark the directions of the subsolidus
solid-plastic flow in residual harzburgites and lherzo-
lites. The absence of pyroxene aggregates and the abun-
dance of olivine grains with a high thickness of disloca-
tions, including variably oriented kink bands, can be
indicative of the partial recrystallization of the rocks
during high-temperature deformations in a variable
strain field. The cores of enstatite grains bear diopside
lamellae, which are often deformed. The marginal por-
tions of large enstatite grains are partly recrystallized
with the development of equant neoblasts. Anhedral Cr-
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spinel grains (0.5–1.5 mm) are associated with ensta-
tite, with both minerals sometimes forming linear
aggregates.

The protogranular texture of the rocks is perturbed by
(i) the recrystallization of olivine into aggregates of grains
1–2 mm across, with randomly oriented relict kink bands
and (ii) by branching or linear recrystallization and
mylonitization zones, which range from a few fractions of
a millimeter to 4 mm in thickness and cut across large oli-
vine and enstatite grains with traces of intracrystalline
deformations (Fig. 3b). In these zones, olivine and ensta-
tite neoblasts range from 0.003–0.005 to 0.01–0.1 and
even 0.3 (occasionally up to 0.3–0.5 mm) in size. Parallel
to the boundaries of the zones, cryptogranular crushed oli-
vine material alternates with thin- and small-grained neo-
blasts (Fig. 3b).

The thickest (2–4 mm) zones include veinlets of the
following composition: tabular plagioclase in the cen-
tral part and brown amphibole in association with sul-
fides and ilmenite in the margins. Plagioclase is some-
times associated with apatite, sphene, and fine-grained
pleochroic clino- and orthopyroxene (Fig. 3c). Yellow-
ish green pyroxenes are also contained in the inner con-
tact zones of large veinlets, among recrystallized pri-

mary olivine and enstatite. The brown amphibole is
locally replaced by pale green actinolite.

MINERAL CHEMISTRIES

The early-generation olivine, which occurs in the
form of large grains (protogranular), is highly magne-
sian (Mg

 

#

 

 = 89.8–90.4) and contains 0.24–0.55% NiO
and usually <0.1% CaO. Linear and branching zones
cutting large grains contain recrystallized olivine in the
form of equant neoblasts of a younger (relative to the
protogranular olivine) generation. The mineral has a
composition analogous to that of large olivine grains or
is slightly more magnesian. In mylonitization zones
that cut domains with recrystallized olivine at contacts
with plagioclase (+ amphibole) veinlets, small olivine
grains of the youngest generation are relatively low
magnesian (Mg

 

#

 

 = 74.3–77.1) and contain up to 0.45%
CaO (Table 1).

Large grains of magnesian (Mg

 

#

 

 = 90.2–90.8%)
enstatite of an early generation are characterized by a
low 

 

Al

 

2

 

O

 

3

 

/Cr

 

2

 

O

 

3

 

 ratio (equal to 3) because of their rel-
atively high Cr

 

2

 

O

 

3

 

 contents (0.8–2.1%), as is typical of
large enstatite grains in serpentinized peridotites from
the same MAR segment (Peyve et al, 2003) (Table 2,

 

Fig. 1.

 

 Location map of the Markov Deep and geological profile across the MAR rift valley in the area [1]. (

 

1

 

) Fresh basalts;
(

 

2

 

) basalts metamorphosed to the prehnite–pumpellyite and chlorite–epidote subfacies of the greenschist facies; (

 

3

 

) dolerites;
(

 

4

 

) gabbroids; (

 

5

 

) residual ultramafic rocks; (

 

6

 

) (a) plagiogranites and (b) fracture zones; (

 

7

 

) listric normal faults and the displace-
ment directions along them; (

 

8

 

) dredging sites of the R/V 

 

Akademik Nikolai Strakhov

 

 [2].
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Fig. 2. Schematic vertical section of the oceanic crust in the Markov Deep area, MAR, and the setting of plagiogranites and gabbro-
diorites in this section. The insets show the successive changes in the morphology of plagiogranite veins and their mineralogy up
the stratigraphic section. Abbreviations: Bs—basalts, Db—dolerites, G—amphibole-bearing gabbro and gabbronorites, Go—lay-
ered olivine gabbro and troctolites, Px—pyroxenes, Hz—harzburgites, Lz pl—plagioclase lherzolites, Lz spl—spinel lherzolites.
Mineral symbols (here and below, numerals correspond to Mg#): Opx—orthopyroxene, CPx—clinopyroxene, AmphMg—amphib-
ole, An—plagioclase, numerals correspond to the anorthite content, Qz—quartz, Zr—zircon, Ap—apatite, Sph—sphene, Chr—Cr-
spinel, Ilm—ilmenite, Sulph—sulfides.
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Figs. 4 and 5). Small enstatite grains in the veinlets and
at contacts with them are ferrous (Mg# = 55.7–71.9) and
very poor in Al2O3 (0.36%) and Cr2O3 (0.05%). The
occurrence of orthopyroxene of this composition only
in cutting veinlets and only in association with ferrous
olivine, ferrous clinopyroxene, plagioclase, and amphib-
ole led us to ascribe this variety to a younger generation
of the minerals él + Pl + Opx ± Cpx ± Amph.

The clinopyroxene occurs as single small grains of
diopside in association with Cr-spinel. Judging from
the high Mg# (91.8) and high Al2O3 (4.29%) and Cr2O3
(1.56%) contents, as well as from the occurrence of the
mineral in rocks with an undisturbed protogranular tex-
ture, this pyroxene belongs to the early mineral associ-
ation of the residual harzburgites (Table 3). The cli-
nopyroxene in veinlets and at their contacts is princi-
pally different from diopside in the harzburgites in
having a lower Mg# = 67.5, lower concentrations of
Al2O3 (1.25%), and very low contents of Cr2O3 (0.3%)
(Table 3). This clinopyroxene, which is accompanied
by small grains of ferrous olivine, orthopyroxene, and
other minerals of the veinlets, was attributed to a
younger generation of the minerals.

The Cr-spinel is anhedral and subhedral and has
intermediate Cr# (32.3–36.6%) and Mg# (62.7–70.0),
low TiO2 concentrations, and very low Fe2O3 concen-
trations (<1%) (Table 4, Fig. 6). The low degree of Fe
oxidation makes the Cr-spinel of these harzburgites
remarkably different from this mineral in the serpenti-
nized ultramafic rocks.

The very thin veinlets extending along recrystal-
lized zones are dominated by small (0.2–0.4 mm) pla-
gioclase (An32–47) grains of equant tabular habit. The
amphibole, which is prone to be spatially restricted to
the marginal portions of the veinlets, is high-temperature
hornblende with high TiO2 concentrations (3.3−3.6%),
variable and generally low Mg# (53.7−74.2), and high
Al2O3 concentrations (9.46–15.27%) (Table 3). Ferrous
olivine and pyroxenes from the veinlets and at their con-
tacts (which were described above in comparison with
the minerals of the harzburgites) were included in the
same young generation with the plagioclase, brown Fe–
Ti hornblende, and ilmenite. Ilmenite occurs as large
anhedral and subhedral grains among plagioclase crys-
tals. The high TiO2 concentrations (51–53%) and rela-
tively high MgO concentrations (1.2–2.0%) in this
ilmenite suggest that it crystallized from a strongly dif-
ferentiated residual basic melt that percolated through
the harzburgites. The high TiO2 concentration in the melt
gave rise to the crystallization of large euhedral crystals
of sphene in the central parts of the veinlets (Fig. 2c,
Table 4). The sulfides are small euhedral crystals of
pyrite and subhedral grains of pyrrhotite and, perhaps,
pentlandite, which are associated with brown amphibole.

Thus, the weakly serpentinized harzburgites contain
two major mineral assemblages: (i) Ol89.8-90.4(I) +
Ön90.2–90.8 + Di91.8 + Chr, which composes the bulk of
the rocks, and (ii)PlAn32–47 + Ol74.3–77.1(II) + Opx55.7–71.9 +
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Fig. 3. Micrographs of fresh harzburgites: (a) protoolivine
grains with kink bands and early recrystallization. Crossed
polarizers, thin section of sample 1053-28. (b) Younger
recrystallization and cataclastic flow zones. Parallel polariz-
ers, thin section of sample 1063-30. (c) Veinlet of plagio-
clase and amphibole along recrystallization zones. The con-
tacts of the veinlet are marked by newly formed grains of
pyroxene and ilmenite with a rim of Ti-hornblende. Parallel
polarizers, thin section of sample 1063-32. Circles corre-
spond to microprobe spot analyses reported in Tables 1–4.
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Table 1.  Representative analyses of olivine in ultramafic rocks and gabbro (1069-24) from the Markov Deep, Central Atlantic

Oxide 1063-28 1063-34 1063-35 1068-44-4 1063-30 1063-32 1069-24

SiO2 41.24 40.85 40.88 41.02 38.07 38.29 39.98
TiO2 0.02 0.07 0.00 0.06 0.00 0.00 0.00
Cr2O3 0.00 0.00 0.09 0.09 0.00 0.00 0.00
Al2O3 0.18 0.00 0.00 0.01 0.05 0.00 0.08
FeO 9.75 9.51 9.55 9.25 23.25 21.02 13.52
MnO 0.14 0.21 0.11 0.13 0.16 0.36 0.14
MgO 48.19 48.39 48.58 48.80 37.65 39.70 45.77
CaO 0.08 0.11 0.45 0.08 0.17 0.04 0.16
Na2O 0.00 0.00 0.09 0.01 0.22 0.04 0.00
NiO 0.35 0.55 0.24 0.53 0.22 0.54 0.34
Total 99.95 99.68 99.99 99.97 99.79 99.99 99.99
Mg# 89.81 90.07 90.07 90.39 74.27 77.10 85.78

Note: Samples 1063-28, 1063-34, and 1063-35 are fresh harzburgites without discernible veinlets; samples 1063-30 and 1063-32 are fresh
harzburgites with thin amphibole–plagioclase veinlets; samples 1068-44 and 1068-45 are serpentinized lherzolites.

Table 2.  Representative analyses of orthopyroxene in ultramafic rocks from the Markov Deep, Central Atlantic

Oxide
1063-28 1063-34 1063-35 1068-44-4

core margin 1 2 1 1 2

SiO2 55.47 56.11 55.28 56.02 55.82 55.66 55.43
TiO2 0.00 0.01 0.06 0.02 0.00 0.06 0.00
Cr2O3 1.04 0.79 1.18 0.70 0.80 0.74 0.59
Al2O3 3.60 3.68 3.57 2.62 3.42 3.20 3.47
FeO 5.74 6.18 6.20 6.10 5.89 6.49 6.35
MnO 0.10 0.21 0.20 0.20 0.11 0.00 0.09
MgO 30.26 32.26 32.11 33.10 32.77 32.31 32.69
NiO 0.02 0.00 0.22 0.31 0.37 0.23 0.21
CaO 3.73 0.76 0.98 0.82 0.73 1.04 1.17
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.01
K2O 0.02 0.00 0.03 0.02 0.10 0.08 0.00
Total 99.99 100.00 99.82 99.90 99.99 99.79 100.00
Mg# 90.38 90.29 90.23 90.63 90.84 89.88 90.17

Oxide
1063-32 1069-7

1 1 2 3 4 5 6

SiO2 51.24 54.65 56.45 55.29 55.29 55.96 56.17
TiO2 0.24 0.07 0.04 0.00 0.16 0.13 0.04
Cr2O3 0.05 1.11 0.66 0.99 1.07 0.41 0.84
Al2O3 0.36 3.49 2.85 3.45 3.51 2.77 2.76
FeO 26.79 5.30 5.77 6.39 5.99 6.08 6.11
MnO 0.72 0.19 0.12 0.00 0.02 0.23 0.08
MgO 18.90 30.04 32.98 32.15 32.20 33.59 32.59
NiO 0.15 0.16 0.23 0.24 0.21 0.14 0.07
CaO 1.50 4.74 0.91 1.25 1.53 0.64 1.35
Na2O 0.04 0.25 0.00 0.25 0.00 0.00 0.00
K2O 0.02 0.00 0.00 0.02 0.04 0.04 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg# 55.70 90.99 91.05 89.97 90.55 90.78 90.49
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Cpx67.5 + Amph53.7–74.2 + Ilm, which occurs in very thin
branching veinlets. Syndeformational olivine neoblasts
that developed along recrystallization zones before the
origin of the veinlets are highly magnesian and have a
composition analogous to that of the protoolivine.

ROCK CHEMISTRIES

The chemical compositions of the rocks are reported
in correlation with the textural and mineralogical charac-
teristics of these ultramafics. Table 5 presents analyses of
the weakly serpentinized ultramafic rocks without visi-
ble amphibole–plagioclase veinlets, analogous rocks
with rare thin veinlets (detected in thin sections), and ser-
pentinized lherzolites. In all of the rocks, their relatively
high Mg# 89.1–89.9; (89.1 and 87.7 for the serpentinized
lherzolites, samples 1068/45 and 1068/44, respectively)
and the low concentrations of CaO, Al2O3, and TiO2 are
fully consistent with the aforementioned mineralogical
features of these rocks. In the diagrams in Fig. 7, which
characterize the mantle depletion trend, the data points of
the rocks plot within the field of abyssal peridotites [17,
18] and depleted harzburgites with low Al2O3/SiO2 =
0.01–0.02 and Al2O3/CaO of approximately 1.0. The
serpentinized lherzolites 1068/44 and 1068/45 are the
least depleted ultramafic rocks among all of the ana-
lyzed varieties, but they contain notably less CaO and
Al2O3 than abyssal peridotites: 0.5–1.65 and 0.39–
1.27% against 3–3.5 and 3.5–4.5% CaO and Al2O3,
respectively. According to the experimental data [19]

and the results of geochemical simulations [20], rocks
of this composition can be produced during the partial
melting of lherzolite in the presence of an aqueous
fluid, after the fractionation of 15–18% of the melt. The
low concentrations of TiO2 (0.01–0.02%) and the high
contents of Ni (1281–1993 ppm) and Cr2O3 (0.18–
0.36%) in the harzburgites are comparable with the
concentrations of these elements in abyssal and ophi-
olitic depleted residues [7, 18, 21]. Judging from the
concentrations of chemically bound water in the rocks
and with regard for the amounts of amphibole and talc
in recrystallization zones and thin veinlets, the amount
of serpentine varied from 3 to 20%, which is in general
agreement with petrographic observations.

The geochemical characteristics of these rocks are
more complicated. Their conspicuous feature is high
concentrations of trace elements and REE in all of the
fresh and serpentinized peridotites: the sum of REE
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Fig. 4. Proportions of Al2O3 and Cr2O3 (wt %) in ortho- and
clinopyroxene from peridotites whose whole-rock compo-
sitions are listed in Table 7. The dashed and solid lines con-
tour the compositional fields of ortho- and clinopyroxene,
respectively, from serpentinized peridotites of the Sierra
Leone quadrangle (Peyve et al. 2003). Dredging sites:
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(44)–I1068-44, (32)–I1063-32. Small and large symbols
correspond to ortho- and clinopyroxene, respectively.

50 60 70 80 90
Mg#

(b)

Al2O3 wt %
6

4

2

0

Opx

Cpx

6

4

2

0

(‡)

88 90 92 94

Fig. 5. Correlation between the Al2O3 concentration (wt %)
and Mg# of ortho- and clinopyroxene from (a) peridotites
and (b) gabbro (solid diamonds) and peridotites (shaded
fields). See Fig. 4 for symbol explanations.
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ranges from 1.55 ppm (sample 1063/28) to 4.35 ppm
(sample 1063/30) (Tables 6 and 7, Figs. 8 and 9). As the
sum of REE decreases, the La/Yb and La/Sm ratios
notably increase, i.e., the relative La concentration
increases (for example, in sample 1063/28). The rela-
tively high concentrations of LREE cause clearly pro-
nounced U-shaped morphologies of the REE pattern, as
is typical of mantle residues in some areas in the Atlan-
tic and also in some ophiolite massifs [22–24]. Very
low (sometimes below the detection limit) Eu concen-
trations were detected in four (of the five) samples of

the fresh harzburgites and are also relatively low in the
serpentinized lherzolites. Our data are principally dif-
ferent from the REE patterns of residual ultramafic
rocks from the Lanzo Massif in the Western Alps,
which display a clearly pronounced systematic increase
in concentrations from LREE to HREE [25]. Peridot-
ites with analogous characteristics are ascribed to so-
called impregnated mantle residues [25].

The Sm/Nd and Lu/Hf ratios of the analyzed ultra-
mafic rocks are close to or lower than those in the
depleted mantle (Fig. 9b), and the Sm/Yb ratio of

Table 4.  Representative analyses of ore minerals in ultramafic rocks from the Markov Deep, Central Atlantic

Oxide

Cr-spinel

1063-28 1063-34 1063-35 1068-44

1 2 1 2 1 2 1

SiO2 0.08 0.00 0.04 0.05 0.10 0.07 0.01

TiO2 0.14 0.04 0.13 0.11 0.00 0.04 0.05

Cr2O3 32.23 31.44 29.17 30.03 28.67 28.75 27.92

Al2O3 37.45 37.84 39.75 38.28 40.34 39.67 39.89

FeOsum 13.48 13.28 14.38 14.39 13.55 14.26 15.01

Fe2O3 0.66 1.53 0.67 1.49 0.98 1.61 2.47

FeO 12.88 11.90 13.78 13.05 12.67 12.81 12.79

MnO 0.08 0.21 0.27 0.34 0.16 0.15 0.09

MgO 16.43 16.71 15.82 16.06 16.62 16.43 16.40

NiO 0.11 0.41 0.20 0.11 0.21 0.28 0.43

Total 100.07 99.93 99.76 99.37 99.65 99.65 99.80

Mg# 69.45 69.45 67.17 68.68 70.05 69.57 69.57

Cr# 36.60 36.60 32.98 34.48 32.28 32.71 31.95

Oxide

Cr-spinel Ilmenite

1069-7 1063-30-3 1068-32

1 2 3 4 5 1 1

SiO2 0.00 0.01 0.07 0.15 0.10 0.13 0.04

TiO2 0.03 0.02 0.05 0.12 0.02 53.07 51.00

Cr2O3 30.38 29.13 28.54 29.39 29.39 0.07 0.29

Al2O3 38.77 39.59 39.82 39.71 39.21 0.03 0.00

FeOsum 14.58 14.24 14.94 14.28 14.43 42.66 45.80

Fe2O3 0.90 1.35 1.60 0.57 1.22 – –

FeO 13.77 13.03 13.50 13.77 13.33 – –

MnO 0.14 0.07 0.11 0.00 0.22 1.42 0.70

MgO 15.83 16.39 16.23 16.24 16.07 1.99 1.22

NiO 0.07 0.31 0.00 0.01 0.24 0.25 0.24

Total 99.80 99.76 99.76 99.90 99.68 99.62 99.29

Mg# 67.19 69.15 68.18 67.76 68.23 – –

Cr# 34.45 33.05 32.46 33.18 33.45 – –
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almost all of the rocks (except sample 1063/30) is anal-
ogous to this ratio of the depleted mantle [26]. The rel-
atively high (Sm/Nd)cn ratio [27], which varies from 1
to 3.9, approaches the values interpreted as resulting
from high degrees of melting of mantle peridotites in
plume MAR segments [23].

The concentrations of Rb, Sr, Y, Zr, Nb, Hf, Ta, and
Pb significantly vary, and the Zr concentrations are
notably elevated (Table 6). These variations are associ-
ated with clearly pronounced positive correlations in
the Zr–Hf and Zr–Yb pairs and with weaker positive
correlations between Zr and Nb (Figs. 10a–10c). The
direct correlations between these low-mobile elements
and the high REE and Zr concentrations in the ultrama-
fic rocks can be interpreted as a result of the interaction
of the high-Mg residue with a percolating melt, a pro-
cess that determined the final composition of the
harzburgites. This idea finds further support in the fact
that the composition of the plagiogranites dredged in
association with weakly serpentinized harzburgites and
composing veinlets and veins in all rocks of the succes-
sion is also characterized by very high REE concentra-
tions (up to 180 ppm La and 210 ppm Zr in sample
1060/57). The clearly pronounced Eu minima in the
chondrite-normalized REE patterns (Fig. 11) of the pla-
giogranites suggest that they crystallized from a melt

complementary to gabbroids with high-Ca plagioclase,
which are also present in the rock succession.

There is no correlation between the concentrations
of mobile large-ion elements (Sr and Hf, Ba and Rb),
and the concentrations of these elements display the
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20

10
85 75 65 55 45

Mg#

Fig. 6. Correlation between the Cr# and Mg# of accessory
Cr-spinel from peridotites. The line contours the composi-
tional field of accessory Cr-spinel from serpentinized peri-
dotites from the Sierra Leone quadrangle [1]. See Fig. 4 for
symbol explanations.
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most significant variations. The behavior of these com-
ponents was likely controlled by the active participa-
tion of a fluid phase in the processes of medium- and
low-temperature metamorphism [28]. It is worth men-
tioning the higher concentrations of Sr and Rb (which
are elevated by factors of 5–10) in the fresh harzburg-
ites compared to those in the serpentinized lherzolites
and the higher concentrations of Ba and Cs, which are
below the detection limits in the serpentinized rocks.
The contents of such metals as Cu, W, and Ta are, con-
versely, notably higher in the serpentinized lherzolites
(Table 6).

DISCUSSION

Summarizing the materials presented above, we will
discuss the geological setting of the rocks, their texture
and composition (which can shed light onto the nature
of and the reasons for the occurrence of weakly altered
residual ultramafic rocks on the seafloor and make it
possible to reproduce some aspects of their evolution-
ary history and genesis).

The geological setting of the weakly altered ultra-
mafic rocks is noted for the fact that the spreading of the
oceanic crust over the past 1.5–2 Ma in the Sierra
Leone quadrangle was associated only with the erup-
tions of thin basaltic flows [1]. Intense multistage
deformations affected various deep lithospheric levels,
including the root zones of nontransform offsets, when
deep-sitting rocks were brought to the surface and the
oceanic crustal rock succession was formed. Traces of
deformations are clearly discernible in the residual
ultramafic rocks and plutonic gabbroids. The same
rocks and dolerites are impregnated by younger,
strongly differentiated residual melts in the form of
veins and thin veinlets of plagiogranite and leucogab-
bro–diorite composition. Thus, the local crust was not
produced during a single stage, and the plagiogranite
that are younger than the rock succession of residual
ultramafic rock—layered gabbro—dolerite interlink
and chronologically “seal” the oceanic crustal and, per-
haps, also uppermost lithospheric succession.

The microtextures of the ultramafic rocks provide
evidence of more than one stage of their deformations.
The earliest stage left traces in the form of intercrystal-

Table 5.  Bulk-rock composition of ultramafic rocks and gabbro from the Markov Deep, Central Atlantic

 Oxide,
%

Ultramafic rocks Gabbro 

1 2 3 4 5 6 7 8

1063-28 1063-30 1063-32 1063-34 1063-35 1068-44 1068-45 1069-24

SiO2 44.77 40.89 47.03 46.46 43.45 45.73 49.20 46.70

TiO2 0.02 0.01 0.02 0.02 0.02 0.06 0.02 0.06

Cr2O3 0.83 0.39 0.98 1.18 0.86 1.27 1.02 20.90

Al2O3 9.58 11.27 9.17 9.38 9.82 10.98 9.24 5.28

FeO 8.63 10.14 8.25 8.44 8.83 9.88 8.31 4.75

MnO 0.14 0.15 0.13 0.14 0.15 0.17 0.15 0.07

MgO 43.03 46.25 40.76 40.47 44.16 37.99 39.77 14.00

CaO 1.01 0.50 1.18 1.59 0.91 1.59 1.62 11.69

Na2O 0.06 0.08 0.06 0.07 0.07 0.07 0.06 1.13

P2O5 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.04 0.02 0.03 0.04 0.03 0.02 0.00 0.02

Ni 0.26 0.30 0.23 0.25 0.26 0.23 0.25 0.05

Cr 0.19 0.09 0.35 0.37 0.22 0.34 0.34 0.05

S 0.04 0.04 0.04 0.03 0.03 0.07 0.12 0.03

LOI 3.73 3.90 3.80 1.40 3.77 9.67 10.01 3.76

Total 99.61 99.49 98.69 98.32 99.03 100.38 98.25 99.94

Mg# 89.90 89.10 89.80 89.50 89.90 87.70 89.10 89.00

Note: The analyses were conducted by XRF at a laboratory of the Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and
Geochemistry (IGEM), Russian Academy of Sciences. See Table 1 for rock names.
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line gliding in olivine crystals with subparallel kink
bands oriented nearly perpendicular to the direction in
which dislocations moved in the crystals. The high-
temperature brittl-plastic deformations of the ultra-
mafics were initially induced under dry subsolidus con-
ditions and proceeded during normal faulting, as fol-
lows from the anhydrous syndeformational mineral
assemblages: the first generation of neoblasts (0.5–
0.8 mm) of high-Mg olivine and, more rarely, orthopy-
roxene that developed along kink bands. The first gen-
eration of relatively large syndeformational neoblasts
was formed at temperatures of 1180–1050°C (accord-
ing to the Cr/Al thermometer [19]), at a low stress
(within 40–60 MPa), which was evaluated from the
sizes of the neoblasts and their crystallization tempera-
ture [29, 30], and, correspondingly, at low deformation
rates. The next stage was responsible for the develop-

ment of linear zones of recrystallization and plastic
flow, which contain olivine neoblasts from 0.005–0.08
to 0.1–0.2 mm. With regard for the sizes of these neo-
blasts, their magnesian composition, and the cutting
position with respect to the predominant direction of
the glinting bands in the protoolivines, it is reasonable
to conclude that the differential stress and deformations
rate drastically increased, and the strain field changed
[29–32]. The syndeformational olivine–enstatite (diop-
side) mineral assemblage in the youngest transecting
(mylonite) zones was produced at T = 980–850°C,
under a stress, which was also assayed from the sizes of
the neoblasts and their crystallization temperatures at
100–270 MPa.

After this, the migration of a fluid/melt initiated in
these zones resulted in the origin of plagioclase, Ti-rich
amphibole, ferrous clinopyroxene, ilmenite, sulfides,

Table 6.  Concentrations (ppm) of trace elements in ultramafic rocks from the Markov Deep, Central Atlantic

Element 1063-28 1063-30 1063-32 1063-34 1063-35 1068-44 1068-45 1069-24

Co 98.11 115.00 102.00 76.47 95.80 86.18 92.20 38.70

Ni 1738.00 1993.00 1579.00 1281.00 1673.70 1384.70 1637.50 497.80

Cu 0.54 5.72 3.26 6.91 0.57 16.66 31.86 54.56

Zn 38.10 62.90 42.20 46.00 50.90 44.66 54.16 245.30

Ga 0.95 0.78 1.52 0.69 1.22 1.34 1.18 8.86

Rb 4.50 4.29 0.46 3.12 5.32 0.71 0.59 6.56

Sr 14.52 24.51 1.59 12.05 26.41 2.02 3.71 165.40

Y 0.46 1.42 0.52 0.61 0.94 0.97 0.71 1.17

Zr 4.10 7.62 12.32 4.21 17.25 13.53 21.06 11.37

Nb 0.17 0.26 0.14 0.15 0.27 0.74 0.37 0.23

Mo 0.00 2.06 0.49 2.54 0.20 0.24 0.27 0.00

Ag 6.54 7.76 7.98 4.33 10.54 4.38 5.10 8.30

Sn 12.59 0.00 0.00 0.00 28.58 0.00 0.00 40.97

Sb 0.27 0.14 0.15 0.31 0.14 0.29 0.49 0.43

Cs 0.63 1.18 0.00 0.54 22.00 0.00 0.00 0.06

Ba 656.00 1172.00 11.95 724.70 1430.60 0.00 0.00 2027.30

Hf 0.17 0.37 0.55 0.15 0.69 0.63 0.92 0.48

Ta 0.97 0.95 0.96 0.14 0.37 19.64 5.84 1.96

W 2.53 6.95 567.60 16.19 2.05 160.80 268.20 0.00

Au 0.08 0.04 0.06 0.18 0.23 0.89 0.63 0.21

Pb 1.76 0.56 0.61 3.03 1.20 2.17 3.41 4.22

Th 0.12 0.15 0.06 0.40 0.11 0.10 0.19 0.13

U 0.20 0.13 0.13 0.11 0.19 0.14 0.40 0.08

Zr/Y 8.91 5.37 23.69 6.90 18.35 13.95 29.66 9.72

Zr/Y 8.91 5.37 23.69 6.90 18.35 13.95 29.66 9.72

Zr/Nb 24.12 29.31 88.00 28.07 63.89 18.28 56.92 49.43

Ta/Hf 5.71 2.57 1.75 0.93 0.54 31.17 6.35 4.08

Note: The analyses were conducted by ICP-MS at a laboratory of the Institute of the Geology of Ore Deposits, Petrography, Mineralogy,
and Geochemistry (IGEM), Russian Academy of Sciences (analysts S.A. Gorbacheva, V.D. Sidel'nikova, and L.S. Tsimlyanskaya).
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and sphene. Near the veinlets, the magnesian protooli-
vine and enstatite were replaced by more ferrous gener-
ations: Mg# changed from 90.8 to 86.3 for olivine and
from 91.9 to 71.9 for enstatite.

The general analysis of the data presented above
suggests that the composition of the ultramafic rocks
was determined by the following processes: (i) the par-
tial melting of mantle material associated with subsoli-
dus deformations; (ii) high-temperature brittle–plastic
deformations accompanied by cataclastic flow and
local recrystallization along linear zones; and (iii) melt
percolation along zones where the stress relief was at a
maximum.

The composition of the weakly altered ultramafics is
unusual in that these rocks are depleted mantle residues
in terms of major elements (highly magnesian minerals
and bulk-rock compositions and low concentrations of
Ca, Al, and Ti) and, at the sate time, are strongly
enriched in trace HFSE and REE, particularly in Zr, Hf,
Y, LREE, as well as the in sum of REE. There can be
several reasons for these inconsistencies between the
major- and trace-element and REE compositions of
these rocks.

The plausible explanations of these reasons should
take into account the fact that the rocks are closely asso-

ciated with plagiogranites, and some of the harzburg-
ites contain very thin amphibole–plagioclase veinlets.
The plagiogranites are noted for high concentrations of
Zr, Y, and LREE. During the percolation of melts
through these harzburgites, the rocks should have
become enriched in these elements. In an open system
with melting, percolating melt interacts with the resi-
due, extracts and removes some components from it,
and introduces others [33–36]. This process is associ-
ated with the enrichment of the residues in low-mobile
HFSE and LREE. Moreover, the very high concentra-
tions of certain trace elements, such as Th, Ta, U, and,
in some samples, also Rb and, particularly, Ba, the ele-
vated concentrations of all REE, as well as the presence
of high-temperature amphibole and the diversity of the
accessory and ore minerals in the veinlets, testify that
the melts that impregnated the peridotites were hydrous
and strongly fractionated. The geochemical character-
istics of the plagiogranites described above (for exam-
ple, their Eu minimum) suggest that these rocks crystal-
lized from residual melts complementary with the gab-
bronorites that contain Fe–Ti amphibole.

If the partially melted material consisted of garnet
lherzolites or a mixture of spinel lherzolites and garnet
pyroxenites (melting in a mantle column approximately
50 km thick [20]), it is also reasonable to expect an

Table 7.  Concentrations (ppm) of REE in ultramafic rocks from the Markov Deep, Central Atlantic

Element 1063-28 1063-30 1063-32 1063-34 1063-35 1068-44 1068-45 1068-24

La 0.30 0.40 0.20 0.20 0.40 0.30 0.40 0.40

Ce 0.50 0.80 0.40 0.50 0.60 0.70 0.70 0.50

Pr 0.09 0.25 0.04 0.09 0.16 0.10 0.09 0.11

Nd 0.04 1.10 0.20 0.40 0.70 0.40 0.40 0.50

Sm 0.05 0.25 0.3 0.08 0.14 0.11 0.4 0.17

Eu nd nd nd nd 0.07 0.03 0.01 0.19

Gd 0.07 0.28 0.06 0.07 0.15 0.15 0.06 0.22

Tb 0.02 0.04 0.01 0.01 0.02 0.02 0.01 0.02

Dy 0.11 0.30 0.07 0.12 0.21 0.20 0.10 0.24

Ho 0.02 0.06 0.02 0.02 0.04 0.04 0.02 0.04

Er 0.07 0.21 0.08 0.07 0.15 0.15 0.12 0.13

Tm 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.02

Yb 0.07 0.21 0.10 0.10 0.20 0.18 0.13 0.14

Lu 0.02 0.05 0.03 0.02 0.05 0.04 0.03 0.04

Hf 0.17 0.37 0.55 0.15 0.69 0.63 0.92 0.48

Total 1.55 4.35 1.81 1.85 3.61 3.08 3.05 3.20

Lu/Hf 0.12 0.14 0.05 0.13 0.07 0.06 0.03 0.08

Sm/Nd 1.25 0.23 0.15 0.20 0.20 0.28 0.10 0.34

La/Yb 4.29 1.90 2.00 2.00 2.00 1.67 3.08 2.86

Note: The analyses were conducted by ICP-MS on a PQ-2 (V.G. Elemental) mass spectrometer at a laboratory of the Institute of the Geol-
ogy of Ore Deposits, Petrography, Mineralogy, and Geochemistry (IGEM), Russian Academy of Sciences.
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analogous effect of the enrichment of the depleted
harzburgites in incompatible trace elements and REE.

The petrography and composition of the ultramafics
and plagiogranites led us to give preference to the
explanation of their genesis that involves the effect of
the interaction of the residue and the last melt portions
that remained after the crystallization of the Fe–Ti gab-
bro. This explanation eliminates the need to invoke the
action of melts coming from another deep-sitting
(“plume”) source, although such sources were proved
to have existed beneath the Atlantic [22, 34, 37].

A closely similar effect of interaction between a res-
idue and melt was documented for spinel lherzolite and
harzburgite xenoliths in basalts, particularly if the ultra-
mafics contained very thin veinlets consisting of pla-
gioclase with minor amounts of amphibole, clinopy-
roxene, and, sometimes, biotite (see, for example,
[34]). In these situations, the ultramafics are also
enriched in LREE, and the rock–melt interaction is

mineralogically pronounced only within the millime-
ter-thick contact zones of the veinlets. Such xenoliths
of residual ultramafics are thought to have been torn by
the melt from the walls of the magmatic chamber.

In the situation discussed in this publication, the
newly formed generation of pyroxenes and Fe–Ti
amphibole are also formed only along plagioclase vein-
lets, and all types of residual deformations in olivine
and enstatite crystals intersected by veinlets were pro-
duced at subsolidus temperatures (including the super-
plastic flow that was responsible for the origin of linear
zones of fine-grained olivine). This explanation can
also account for the weak degree of serpentinization of
the harzburgites, whose blocks could sometimes have
been “shielded” by linear zones of stress relief (perme-
able zones). The zones along which melt percolation
could later be inherited as pathways for the migration of
aqueous fluids through the oceanic crust (as follows
from the crystallization of talc and chlorite in veinlets)
and, thus, hindered the development of reticulate ser-
pentinization textures. We have, however, to admit that
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the fresh ultramafic rocks were brought to the seafloor
quite recently and, thus, display practically no traces of
submarine weathering.

The occurrence of serpentinized lherzolites and
fresh harzburgites in the same vertical section of the
modern oceanic crust calls for the specialized studying
of the isotopic characteristics of these rocks, probably,
including their radioisotopic dating. It seems to be rea-
sonable to expect that this area of slow pulsating
spreading can contain mantle residues of diverse ages.
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