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INTRODUCTION

Except for the comprehensively studied Emperor
seamount chain, information on the structure of the
Earth’s crust in the northwestern Pacific is currently
limited to geophysical data (Erickson and Grim, 1969;
Grim and Erickson, 1969) and descriptions of sedi�
mentary cores recovered by deep�sea drilling (Fullam
et al., 1973; Rea and Dixon, 1973; Shipboard Scien�
tific…, 1993). The nature of the oceanic basement in
this oceanic region is very poorly known and remains
a terra incognita in the existing concepts on the geo�
logic history of the Pacific. The most detailed interpre�
tation of the geodynamic evolution of the lithosphere
in the northwestern Pacific on the basis of geophysical
and paleomagnetic data was proposed by Lonsdale
(1988). According to this interpretation, a small frag�
ment of the ancient and previously considered hypo�
thetical Kula plate was preserved in the northwestern
sector of the Pacific Ocean south of the Aleutian
Trench. This fragment is bordered in the south by the
extended transverse Stalemate Ridge adjacent to a
supposed paleotransform fault of the Kula–Pacific
spreading center. This ridge extends over more than
500 km from the southeast to the northwest and was
supposedly formed by the tectonic uplift of an oceanic
lithospheric block of Cretaceous (?) age along the

transform fault (Lonsdale, 1988). However, no data
were available on the rocks of the Stalemate Ridge.

The Stalemate Fracture Zone was a subject of study
of cruise SO201�1b of 2009 of the German R/V Sonne
within the German–Russian project KALMAR. The
results of multibeam bathymetry performed during the
cruise (Fig. 1) supported the conclusions of previous
studies (Lonsdale, 1988) and allowed reliable interpre�
tation of this rise as a transverse ridge. Morphologi�
cally, the Stalemate Ridge is similar to transverse
ridges parallel to the adjacent transform faults in mod�
ern oceanic basins formed owing to the tectonic uplift
of the oceanic lithosphere along the fracture zones
(Bonatti, 1978; Kastens et al., 1998; Bonatti et al.,
2005). A remarkable achievement of this cruise was
successful dredging at four stations along the Stale�
mate Ridge (Fig. 1), which recovered rocks represent�
ing the complete section of the oceanic lithosphere
formed in the Kula–Pacific spreading center (FS
Sonne…, 2009).

The rocks considered in this paper were obtained at
dredge station DR37 on the eastern slope of the north�
western segment of the Stalemate Ridge in a region
with ocean depths of 4600–3000 m (Fig. 1). Dredging
was carried out at depths of 4360–3955 m and recov�
ered fragments of strongly altered ultrabasic rocks
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including, according to the onboard description, ser�
pentinized dunites, harzburgites, and lherzolites (FS
Sonne…, 2009). The goal of this study was the recon�
struction of the conditions of low�temperature alter�
ations of the peridotites of the Stalemate Ridge and
identification of related processes. 

METHODS

The peridotite samples selected for investigations
were crushed at IFM–GEOMAR (Kiel, Germany).
For chemical analysis, a 1–5 mm fraction was rinsed
with deionized water and ground in a jasper planetary
ball mill to 200 mesh at the same research center. The
<1 mm fraction was used for hand�picking mineral
separates, which were mounted for electron micro�
probe analysis.

In order to determine major element contents,
powdered rocks were fused with Li2B4O7/LiBO2 and
analyzed by X�ray fluorescence (XRF) at ACME lab�
oratories (Vancouver, Canada). The analytical back�

ground was smaller than 0.01 wt % for all elements.
The measurement of standard samples indicated an
analytical accuracy of 0.02% relative and a precision of
0.01% relative.

For trace element analysis, the powdered rocks
were mixed with epoxy resin (Buehler EpoThin) and
mounted in separate cells of a Plexiglas disk. The
amount of powder mixed with epoxy resin varied from
sample to sample and was usually 20–40%. After
solidification, the mounts were polished using corun�
dum paper with a particle size of up to 12 μm. Pow�
dered rock standards (AGV�2, BCR�2, BHVO�2,
BIR�1, and W�2) were prepared in the same fashion.
Analyses were performed at the Institute of Earth Sci�
ences of Christian–Albrecht University (Kiel, Ger�
many) by laser ablation–inductively coupled plasma
mass spectrometry. The Geolas Pro (Coherent) abla�
tion system included a COMPexPro™ excimer laser
coupled with an Olympus microscope and an Agilent
7500c quadrupole inductively coupled plasma mass
spectrometer. Each peridotite and standard sample
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Fig. 1. Topographic map of the ocean floor and the location of dredge stations of the R/V Sonne at the region of the Stalemate
Transform Zone. The detailed map is based on the data of multibeam bathymetry obtained during cruise SO201�1b of the R/V
Sonne within the German–Russian project KALMAR and was constructed onboard using the GMT program package of Wessel
and Smith (1995). The overview map was constructed using the GeoMapApplication program (http://www.geomapapp.org;
Ryan et al., 2009).
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were analyzed twice. The NIST612 and BCR�2G
glasses (Jochum et al., 2009) were used for primary
calibration. All the samples and standards were ana�
lyzed using the same procedure, which included back�
ground measurement over 20 s and sample analysis
over 250 s along a 1�mm�long line. The laser beam
diameter was 80 μm at an laser energy density of
10 J/cm2 and a repetition rate of 10 Hz. The contents
of elements were calculated using calibration lines
based on the measurement of standards in the coordi�
nates of element to SiO2 ratio versus the ratio of the
measured intensities of the appropriate element iso�
tope and 30Si. The 232Th16O+/232Th+ ratio was lower
than 0.5% during analyses, which indicates a high
degree of the dissociation of complex ions in the
plasma and their negligible influence on the analytical
results. The analyses of standard samples are given in
Table 2.

The compositions of major minerals were deter�
mined at the Vernadsky Institute of Geochemistry and
Analytical Chemistry, Russian Academy of Sciences
(supervised by N.N. Kononkova) using an SX 100
Cameca electron microprobe with four vertical spec�
trometers at an accelerating voltage of 15 kV and a
beam current of 30 nA. The compositions of tremolite,
titanite, and epidote in samples DR37�8 and DR37�15
and element distribution maps in the silicified serpen�
tinite samples were obtained at IFM–GEOMAR
using a JEOL JXA 8200 electron microprobe.

PETROGRAPHY AND GEOCHEMISTRY
OF PERIDOTITES FROM
THE STALEMATE RIDGE

Petrographic and Mineralogical Characteristics

The peridotite collection included four samples of
strongly altered dunitic rocks and 11 samples of altered
lherzolites. According to Krasnova et al. (2011), the
spinel lherzolites were produced by the 10–12% near
fractional melting of the depleted mantle, and the
dunites could result from lherzolite–melt interaction.
The strongly altered dunites are light red rocks with
rare (<3%) macroscopically visible spinel relicts (FS
Sonne…, 2009). The petrographic examination of
these rocks revealed a reticulate texture typical of
altered dunites (Fig. 2). However, the main mineral of
the altered dunites is quartz rather than serpentine.
There are very subordinate amounts of chlorite, ser�
pentine, and iron hydroxides and rare relicts of pri�
mary reddish brown spinel and bottle�green clinopy�
roxene (Fig. 2). The almost complete silicification
clearly distinguishes the serpentinized dunites from
the known products of hydrothermal alteration and
low�temperature (seafloor) weathering of peridotites
in the oceanic crust (Silantyev et al., 2009). Up to now,
such a phenomenon has never been described in the
literature on the mineralogy and geochemistry of peri�
dotites from the basement of modern ocean basins.

Most of the peridotite samples from our collection
are serpentinites after spinel lherzolites. These rocks
show rather significant variations in textural charac�
teristics, and there are varieties with reticulate and
bastite textures. It is evident that the textural diversity
of the serpentinites is controlled mainly by the miner�
alogy of the initial rocks. Some peridotite samples of
this group show distinct indications of syntectonic
recrystallization (sample DR37�15). They have a
banded structure, and bending of individual layers
composed of tremolite and minor talc is clearly
observed in thin sections. In contrast to the silicified
dunites, the serpentinized lherzolites show much bet�
ter preservation of primary minerals, among which
orthopyroxene, clinopyroxene, and abundant spinel
were identified. These rocks bear diverse secondary
mineral assemblages corresponding to the wide tem�
perature range of their formation.

The compositions of secondary minerals from the
serpentinites of the Stalemate Ridge are given in Table 1.
Chlorite from the altered dunitic rocks is clinochlore
with high chromium content. This peculiarity of chlo�
rite composition is probably mainly due to its formation
by the recrystallization of primary spinel. High chro�
mium contents in chlorite from the serpentinites of the
Mid�Atlantic Ridge (MAR) have been reported in
many publication on oceanic core complexes (e.g.,
Bazylev, 1997; Silantyev et al., 2011). Serpentine from
the serpentinized lherzolites of the Stalemate Fracture
Zone is chemically similar to serpentinized peridotites
from the oceanic core complexes of the MAR (e.g.,
Silantyev et al., 2011) and shows variable Al2O3 (0.34–
2.3 wt % and 0.95–3.3 wt % in two samples) and a pos�
itive correlation between Fe and Cl contents. The find�
ing of clinozoisite in a sample of tectonically affected
banded serpentinite (DR37�16) may indicate the pres�
ence of plagioclase in this rock. Titanite was found in
sample DR37�8, although this mineral is not typical of
oceanic serpentinites. However, this phase is often
observed in vein gabbroids associating with abyssal peri�
dotites, where it replaces ilmenite or titanomagnetite
(e.g., Silantyev et al., 2011). Perhaps, the serpentinized
lherzolites of the Stalemate Fracture Zone contain thin
veinlets of gabbroid material, the presence of which
could be disguised by serpentinization. Among the sec�
ondary minerals of the serpentinized lherzolites, a
mixed�layer phase replacing orthopyroxene was also
detected. This phase is a talc–chlorite mixture (Table 1).
A similar phase was previously reported by Bazylev
(1997) from the metaperidotites of the Hayes Fracture
Zone. The temperature of formation of the tremolite +
chlorite + talc assemblage in the peridotites was esti�
mated as 450–500°С (Bazylev, 1997). Thus, as was
noted above, the serpentinized lherzolites of the Stale�
mate Fracture Zone show evidence for relatively high�
temperature intracrustal oceanic metamorphism. It
should be pointed out that some samples of serpenti�
nized lherzolites contain quartz (or amorphous silica),
the content of which is much lower than that in the
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altered dunites. The latter are referred to below as silic�
ified serpentinites after dunites on the basis of the afore�
mentioned feature and geochemical characteristics.

Geochemistry of the Peridotites of the Stalemate Ridge

The contents of major and selected trace elements
in the silicified serpentinites after dunites and serpen�

tinized lherzolites of the Stalemate Fracture Zone are
given in Table 2.

Figure 3a illustrates peculiar features of the silici�
fied dunites: very high SiO2 (up to 88.70 wt % in sam�
ple DR37�2) and unusually low MgO contents
(1.39 wt % in the same sample). Also shown in Fig. 3a
are the compositional fields of MAR abyssal peridot�
ites (collection of more than 250 samples from the
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Fig. 2. Structures of silicified dunites from the Stalemate Fracture Zone. (a) Back�scattered electron image of a fragment of sam�
ple DR37�2. The bulk SiO2 content in this rock is 87 wt %. Former olivine cores are replaced by a microcrystalline aggregate of
quartz with admixtures of iron oxides, and the matrix is pure quartz. Relicts of chrome spinel are present. (b)–(d) Fragment of
sample DR37�4 from a transition zone between the brecciated (right) and massive (left) zones. (b) Back�scattered electron image;
(c) distribution of Si contents; (d) distribution of Mg contents. Lighter areas in Figs. 2c and 2d correspond to higher contents,
and darker areas correspond to lower contents. The bulk SiO2 content in the rock is 71 wt %. Former olivine cores and cross�
cutting veins are composed of microcrystalline and amorphous quartz. A relict chlorite grain occurs in the lower left of the frag�
ment. The matrix is composed of a quartz aggregate with admixtures of magnesium and iron oxides, the proportions of which are
somewhat different in the massive and brecciated parts of the rocks. The massive part is relatively richer in SiO2. All images were
obtained at IFM–GEOMAR using a JEOL 8200 electron microprobe at an accelerating voltage of 20 kV and a beam current of
30 nA. Element mapping was carried out with a step of 1 @[mu]m and a counting time of 50 ms at each spot.
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Table 1. Compositions of major secondary minerals in the peridotites of the Stalemate Ridge, wt %

Compo�
nent

DR37�1 DR37�1 DR37�5 DR37�5 DR37�5 DR37�5 DR37�8 DR37�9 DR37�9 DR37�9 DR37�14 DR37�14

1 1 2 2 2 2 2 2 2 2 2 2

Chl Chl Ta+Chl Srp Srp Tr Spn Srp Tr Srp Tr Tr 

SiO2 31.86 32.62 53.36 49.42 38.4 56.65 30.89 40.58 51.11 39.07 55.45 55.05

TiO2 0.06 0.03 0.01 0.02 0.01 0.05 35.14 0.01 0.07 0.01 0.05 0.08

Al2O3 15.69 15.42 2.02 3.28 0.95 2.69 0.29 0.34 4.21 2.3 3.84 3.96

FeO 2.99 2.98 2.64 4.58 10.26 1.82 0.69 6.51 3.05 6.85 4.25 3.99

MnO 0.02 0 0 0.02 0.11 0.07 0.02 0.03 0.12 0.16 0.08 0.12

MgO 33.58 34.22 28.16 31.05 30.72 23.03 0.02 35.26 20.29 37.43 25.87 25.49

CaO 0 0.01 0.12 0.15 0.18 13.26 29.14 0.08 12.25 0.33 10.28 10.94

Na2O 0.02 0.01 0.29 0.24 0.08 0.3 0 0.18 0.59 0.04 0.11 0.14

K2O 0.01 0.01 0.04 0.06 0.06 0.02 0.01 0.06 0.03 0 0.01 0

Cr2O3 2.1 2.32 0.7 0.8 0.08 0.41 0 0.07 2.1 0.77 0.95 0.89

NiO 0.02 0.02 0.02 nd 0.01 0.18 0.07 nd 0.04 nd 0.15 0.06

Cl nd nd 0.02 0.04 0.48 nd nd 0.17 0.04 0.24 nd nd

Total 86.36 87.64 87.39 89.66 81.33 98.49 96.27 83.3 93.91 87.19 101.05 100.72

Compo�
nent

DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15 DR37�15

2 2 2 2 2 2 2 2 2 2 2

Tr Tr Tr Tr Tr Tr Tr Tr Tr Tr Zo

SiO2 55.32 55.12 53 55.54 58.23 57.5 52.3 58.52 52.23 57.96 38.44

TiO2 0.04 0.05 0.1 0.02 0.04 0.03 0.54 0.06 0.38 0.11 0.11

Al2O3 3.23 3.9 5.85 3.13 0.79 0.68 6.06 0.74 5.39 1.07 28.32

FeO 1.91 2.01 2.3 1.79 2.72 2.66 2.43 2.44 2.38 1.54 8.54

MnO 0 0 0.05 0.06 0.08 0.12 0.06 0.09 0.03 0 0.01

MgO 21.9 21.81 21.09 22.4 22.87 22.86 21.02 23.07 21.63 23.59 2.15

CaO 13.54 13.44 13.33 13.27 13 12.88 13.45 13 13.22 13.23 21.64

Na2O 0.54 0.67 1.09 0.64 0.21 0.18 1.1 0.17 1.1 0.23 0.02

K2O 0.02 0.02 0.04 0.01 0.01 0.01 0.05 0.01 0.01 0.01 0.01

Cr2O3 0.87 0.95 1 0.43 0 0.06 0.69 0.02 0.77 0.28 0.04

NiO 0.14 0.2 0.19 0.13 0.08 0.15 0.16 0.15 0.09 0.11 0.04

Cl nd nd nd nd nd nd nd nd nd nd nd

Сумма 97.5 98.16 98.04 97.43 98.03 97.13 97.86 98.27 97.52 98.14 99.31

Note: 1, serpentinites after dunite and 2, serpentinized lherzolites. Mineral symbols: Chl, chlorite; Ta + Chl, mixed�layer phase; Srp, serpen�
tine; Tr, tremolite; Spn, titanite; and Zo, zoisite. nd indicates not determined.
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Fig. 3. Covariations of the contents of (a) SiO2 and MgO, (b) SiO2 and Al2O3, (c) SiO2 and CaO, (d) SiO2 and FeO*, (e) SiO2 and
Na2O, (f) SiO2 and Ni, and (g) SiO2 and Sc in the peridotites of the Stalemate Ridge. Asterisks are silicified dunitic rocks, circles are
serpentinized lherzolites, and crosses are abyssal peridotites from MAR. The dark gray field shows the compositions of serpentinites,
the light gray field is carbonized serpentinites, and oblique hatching shows the compositions of steatitized peridotites.
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crest zone of the ridge between 12°N and 51°N), sep�
arately for serpentinites, carbonated serpentinites, and
peridotites that underwent steatitization (replacement
by talc). The distribution of the compositions of the
silicified dunites of the Stalemate Ridge in the SiO2–
MgO diagram emphasizes the sharp difference of
these rocks from the products of hydrothermal alter�
ation of oceanic ultrabasic rocks. The negative corre�
lations of SiO2 with Al2O3, CaO, FeO, Na2O, Ni, and
Sc in the altered dunites indicate that the silicification
was accompanied by the replacement of ferromagne�
sian silicates in the protolith of these rocks by quartz
(Figs. 3b–3g). In contrast, the serpentinized lherzo�
lites are compositionally similar to abyssal peridotites.
Nonetheless, these rocks also show geochemical evi�
dence for the initial stage of silicification, for instance,
a negative correlation between SiO2 and MgO and
some enrichment of the serpentinized lherzolites in
SiO2 compared with the MAR peridotites.

The extrapolation of the compositions of the silici�
fied dunites into the supposed region of the initial
rocks provides an approximate estimate for the com�
position of their protolith: ~1 wt % Al2O3, ~6 ppm Sc,
and ~1800 ppm Ni. The lower contents of Sc and
Al2O3 and higher Ni contents in the protolith of the
altered dunites compared with the serpentinized lher�
zolites suggest that the protolith of the silicified ser�

pentinites was depleted in pyroxenes and enriched in
olivine compared with the lherzolites. Thus, the
geochemical data support the primary dunitic nature
of the protolith of the silicified serpentinites. It should
be pointed out that the silicification of the peridotites
was accompanied by their deserpentinization and,
consequently, was a later process. This is indicated by
the strong negative correlation between SiO2 content
and loss on ignition for the silicified dunites (Fig. 4a).

The obtained data indicate that the serpentinized
lherzolites dredged at the Stalemate Fracture Zone
were undoubtedly metamorphosed within a wide tem�
perature range under oceanic crustal conditions. On
the other hand, the silicified serpentinites have no
mineralogical and geochemical analogues among
abyssal peridotites. Hence, the deserpentinization and
silicification of these rocks reflect a more complex
evolution of oceanic materials compared with that
recorded in the composition of all known abyssal peri�
dotites.

Thus, taking into account the modern setting of the
silicified dunites on the deep�sea slope of a submarine
ridge in the zone of an oceanic transform fault, the
reconstruction of the conditions of low�temperature
alterations resulting in the silicification of peridotites
becomes fundamentally important for the under�
standing of the general character of the evolution of
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the northwestern segment of the Kula–Pacific paleof�
racture zone.

ESTIMATION OF CONDITIONS
AND PROCESSES OF PERIDOTITE 

SILICIFICATION AT THE STALEMATE 
FRACTURE ZONE

Processes of Peridotite Alteration in the Oceanic Crust: 
An Overview of Available Data

The tremendous amount of data accumulated up to
now indicates that almost all available samples of abys�
sal peridotites were affected to a varying degree by
medium�temperature hydrothermal alteration and
low�temperature submarine weathering (or halmyrol�
ysis). Silantyev et al. (2009) used numerical methods
for a wide temperature range and distinguished in the
section of the oceanic crust five characteristic mineral
facies of hydrothermally altered peridotites from slow�
spreading MOR: (1) aragonite–goethite–saponite
(20–65°С); (2) chrysotile–hematite–pyrite (65–
130°С); (3) chrysotile–magnetite–pyrrhotite (130–
260°С); (4) antigorite–tremolite–magnetite–pyrrho�
tite (260–410°С); and (5) talc–tremolite–olivine–
magnetite–pyrrhotite (410–480°С). The secondary
minerals of the lherzolites of the Stalemate Fracture
Zone are tremolite, talc, titanite, clinozoisite (only in
sheared serpentine sample DR37�15), chlorite, and
serpentine. Thus, the aforementioned secondary
phases occurring in the serpentinized lherzolites cor�
respond to the whole spectrum of the mineral types of
hydrothermally altered peridotites in the oceanic crust
and were formed under the conditions of the retro�
grade branch of oceanic metamorphism. The
medium�temperature stage of the metamorphism of
the Stalemate Ridge peridotites occurred in the lower
levels of the oceanic crust and predated the serpentini�
zation and low�temperature alteration of the rocks.

The main exogenous agent controlling the
geochemical trends of the intracrustal transformation
of the mantle peridotites of MOR is seawater and its
derivatives interacting with the whole section of the
oceanic crust. Among the most reliable indicators for
the degree of alteration of ultramafic rocks of the oce�
anic basement are the 87Sr/86Sr ratio and the abun�
dance of Sr in the rocks; it was shown (Silantyev, 2003)
that both the carbonation and serpentinization of oce�
anic peridotites are accompanied by significant Sr
enrichment (Fig. 4b). Among the major elements,
SiO2 and MgO are most mobile during the submarine
weathering of abyssal peridotites (Snow and Dick,
1995; Bazylev, 1997; Silantyev et al., 2011). However,
even in the most weathered serpentinites, the MgO
content does not decrease below 30 wt % and 25 wt %
in strongly carbonated varieties (Fig. 3a). Snow and
Dick (1995) estimated an MgO loss of up to 5 wt % rel�
ative to the initial bulk rock composition during sub�
marine weathering. They also noted a significant

enrichment of abyssal peridotites in K, Na, and Rb
during their submarine weathering. Aluminum, Ti, Zr,
and Cr are concentrated in secondary phases and
accumulate in ultrabasic rocks affected by low�tem�
perature submarine weathering (Snow and Dick,
1995). During the late stage of submarine weathering,
serpentinites usually undergo carbonation, while Ca is
either adsorbed from seawater or inherited from the
protolith (Brady and Gislason, 1997; Silantyev, 2003).
Carbonated serpentinites may contain up to 8–15 wt
% CaO and 2900 ppm Sr (Silantyev, 2003) (Figs. 3b,
4b). The submarine weathering of serpentinites results
also in U enrichment (from seawater) and is not
accompanied by considerable loss or gain of Fe and Si
(Snow and Dick, 1995; Silantyev, 2003).

It was emphasized above that the enrichment of the
altered dunites in quartz makes them sharply different
from the known products of peridotite alteration in the
oceanic crust. The very high SiO2 content observed in
these rocks is very atypical of MOR peridotites
affected by metamorphism and low�temperature
weathering (Silantyev et al., 2009). Relatively high
SiO2 contents were observed only in the MAR serpen�
tinites that underwent peculiar silica metasomatism
(Bach and Klein, 2007), which resulted in the steatit�
ization of these rocks and was related to the interaction
of serpentinites with the material of gabbroic veins.
However, even the most silicified of these serpentinites
(known as soapstones) contain no more than 60–
66 wt % SiO2 at 30–32 wt % MgO (Kelemen et al.,
2004) (Fig. 3a). According to the calculations of Bach
and Klein (2007), the steatitization of serpentinites
related to silicic metasomatism occurs at temperatures
of >350°C under the influence of a fluid with high Si
activity.

There are only a few studies on mineralogical and
geochemical effects related to the subaerial weathering
of serpentinites. The weathering of serpentinized peri�
dotites under subaerial conditions is accompanied by
the extreme mobilization of MgO, the content of
which may decrease in the serpentinites from 40 to
2.5 wt % (Beinlich et al., 2010). During the alteration
of primary silicates, silica is initially accommodated in
deweylite and, then, accumulates in quartz (opal)
(Delvigne et al., 1979; Beinlich et al., 2010). The data
of Bulmer and Lavkulich (1994) suggest intense Ni
removal during the subaerial weathering of serpen�
tinites. It is relevant to note that the negative correla�
tion of SiO2 and Ni in the silicified serpentinites of the
Stalemate Ridge (Fig. 3f) may indicate that these
rocks were produced by the low�temperature alter�
ation of an ultrabasic material, possibly in a subaerial
weathering setting.

Beinlich et al. (2010) described the subaerial alter�
ation of clastogenic peridotite fragments from the
Devonian conglomerates of the Solund complex
(northwestern Norway). The sequential low�tempera�
ture alteration of these peridotites resulted in the for�
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mation of the following mineral assemblages: (1) ser�
pentine + relicts of primary silicate minerals + mag�
netite + magnesite  (2) deweylite + magnesite +
hematite  (3) quartz + calcite + hematite. In the
case described by Beinlich et al. (2010), the silicifica�
tion of serpentinites is accompanied by carbonation
owing to the input of Ca from the sedimentary country
rocks.

Summarizing the available limited data, it can be
concluded that the main geochemical effect of the
subaerial weathering of ultrabasic rocks is their silicifi�
cation with the formation of the association of quartz
(opal) and iron hydroxides (Delvigne et al., 1979).
Perhaps, the volume of aqueous solution and the rate
of its percolation through the rock are essential for the
character of secondary mineral formation during sub�
aerial weathering. Under humid conditions, primary
silicates are dissolved to produce quartz, Fe�montmo�
rillonite (nontronite), and secondary magnetite (Bul�
mer and Lavkulich, 1994; Andreani et al., 2009).
Under arid conditions, the interaction of peridotite
with meteoric water results in the extensive precipita�
tion of magnesite and dolomite in carbonate veins, and
the formation of carbonates is a relatively rapid pro�
cess (840–43 000 yr; Kelemen and Matter, 2008).

The data presented above allow us to suppose that
the silicification of serpentinites at the Stalemate
Fracture Zone occurred at a low temperature and
resulted from rock weathering, possibly under sub�
aerial conditions. However, this hypothesis needs to be
independently tested, and this was done by means of
thermodynamic modeling.

Modeling of the Silicification of Stalemate
Fracture Zone Peridotites

The data on the processes of oceanic peridotite
alteration reviewed above indicate that the silicifica�
tion of the Stalemate rocks can be considered as a
result of weathering. It is reasonable to consider two
settings with contrasting physicochemical parameters
for the occurrence of this process, submarine and sub�
aerial. In order to determine which of the two environ�
ments was responsible for the silicification of the
Stalemate Ridge peridotites, numerical modeling was
used in this study.

The method of thermodynamic modeling account�
ing for the kinetics of mineral dissolution developed by
Zolotov and Mironenko (2007) was employed. This
approach was implemented in the GEOCHEQ pro�
gram package (Mironenko et al., 2008). The low�tem�
perature alteration (weathering) of serpentinites was
imitated by a great number of aqueous solution waves
passing through the same rock volume. Two scenarios
with different solution compositions (atmospheric
precipitation and seawater) were considered. The
duration of a single interaction step was 0.05 yr. Over�
all, two million waves of aqueous solution passed

through the model serpentine block. The water–rock
ratio was estimated from the mass proportion of pre�
cipitation and rock affected by weathering for the sub�
aerial scenario and on the basis of rock permeability
for the submarine scenario. The water–rock interac�
tion occurred at a temperature of 15°С and a pressure
of 1 bar. For the interaction with seawater, hypotheti�
cal hydrothermal conditions at temperatures from 50
to 200°С were also modeled. The specific surface area
of serpentine was taken to be 1 m2/g (Josef et al.,
2007). The specific surface area of quartz (0.02 m2/g;
Worley, 1994) was accepted for the calculations of sec�
ondary minerals.

In both model scenarios (subaerial and subma�
rine), the kinetic and thermodynamic parameters of
the following minerals phases were taken into account:
amorphous silica, analcime, aragonite, Ca�montmo�
rillonite, calcite, chrysotile, clinochlore, daphnite,
dolomite, Fe�talc, goethite, greenalite, hematite,
illite, K�montmorillonite, magnesite, Na�montmoril�
lonite, nontronite (Fe�montmorillonite), siderite,
stilbite, and talc. Pyrite and pyrrhotite were also avail�
able in the serpentinite–seawater scenario.

The initial composition of serpentine used in the
calculations corresponded to sample DR37�14
(Table 2). This rock consists of 70% serpentine, 15%
orthopyroxene, 7% clinopyroxene, 5% spinel, and 3%
olivine. The choice of this rock rather than a serpenti�
nized dunite for the initial composition was motivated
by the following considerations: (1) the volume pro�
portions of major minerals in the protolith of the silic�
ified dunites cannot be estimated, and (2) the probable
differences between the bulk compositions of the pro�
toliths of the serpentinized lherzolites and dunites
cannot affect the character of the main trends of
model weathering scenarios. It should also be noted
that the above estimate of the chemical characteristics
of the altered dunites is rather approximate.

The following compositions of initial minerals were
used during modeling: serpentine Mg2.5Fe0.5Si2H4O9,
orthopyroxene Mg1.69Ca0.05Na0.01Fe0.18Al0.17Si1.91O6, cli�
nopyroxene Mg0.89Ca0.585K0.07Na0.55Fe0.08Al0.21Si1.91O6,
spinel Mg0.89Fe0.425Al1.79O4, and olivine Mg1.8Fe0.2SiO4.
In the submarine scenario, standard seawater with
pH = 7.8 interacted with the serpentinite. The com�
position of rainwater in the subaerial scenario was
approximated by pure water with a dissolved СО2 con�
tent corresponding to atmospheric СО2 pressure (4 ×
10–4 bar) and pH = 5.5. In both cases, the system was
open to СО2.

Modeling of Serpentine Weathering
under Ocean Floor Conditions

The modeling of the submarine weathering of ser�
pentinite established the following sequence of pri�
mary mineral dissolution: relict orthopyroxene (550
model years)  relict olivine (1550 yr)  relict cli�
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nopyroxene (1600 yr)  relict spinel (3000 yr) 
serpentine (29 000 yr) (Fig. 5). The secondary mineral
association of the initial stage of weathering (≤3000
model years) is dominated by talc and deweylite
(Mg4Si3O10 ⋅ 6H2O, a mixture of crystalline serpentine
and talc or serpentine and stevensite). After the disso�
lution of primary (relative to weathering products) ser�
pentine, carbonate phases become dominant. At dura�
tions of seawater–serpentinite interaction up to 25000 yr,
the residue of submarine weathering is enriched in
nontronite, but this mineral disappears from the
weathering products after the complete dissolution of
serpentine. During the final stage of submarine weath�
ering (100000 model years), the products contain car�
bonates (dolomite–magnesite, 73 vol %), talc (dewey�
lite) (21 vol %), goethite (3 vol %), Na�montmorillo�
nite (2 vol %), and illite (1 vol %) (Fig. 5). The total
volume of the rock increases monotonously during
submarine weathering and eventually becomes almost
twice that of the initial rock (Table 3).

The bulk composition of serpentinite shows minor
changes at the first stage of weathering (≤250 model

years) related to the removal of magnesium (by 1.5 wt
%) owing to the dissolution of primary silicates and
their replacement by talc (deweylite) (Table 3). This
process is followed by Mg accumulation accompany�
ing magnesite formation, and its bulk content in the
rock increases significantly owing to Mg uptake from
seawater. During the whole process of serpentinite–
seawater interaction, the mass fraction of Si, Fe, and
Al in the rock decreases significantly. However, signif�
icant removal or input of these elements was not
observed; this is explained by the accumulation of car�
bonates in the residue, which results in a significant
increase in the volume and a proportional decrease in
the density of the rock.

A number of model scenarios were also considered
for the hypothetical interaction of hot seawater with
serpentinite at temperatures of 50, 100, and 200°С.
The following variations in the mineral and chemical
compositions of the resulting high�temperature resi�
dues were observed. At 50°С, the content of carbon�
ates increased, and minor amounts of zeolites were
formed in the weathering products. At 100°С, the frac�
tion of zeolites among secondary minerals decreased

Serpentine
Orthopyroxene
Clinopyroxene

 Spinel
Olivine

Deweylite
Carbonates
Nontronite

Goethite
Na�montmorillonite

Illite
Pyrite

1е+0 1е+1 1е+2 1е+3 1е+4 1е+5

Т = 15°С

Time, years

Fig. 5. Evolution of the mineral composition of serpentinite during submarine weathering. Black lines are primary (relative to
weathering products) minerals, and gray lines are weathering products.

Table 3. Tendencies of compositional variations during the submarine weathering of initial serpentinite (sample DR37�14)
reconstructed on the basis of thermodynamic modeling

Component Initial composition 250 yr 2250 yr 14 kyr 100 kyr

SiO2 40.66 38.85 29.24 19.92 14.11

Al2O3 1.56 2.93 2.07 0.68 0.48

FeO 9.99 9.76 7.58 5.70 4.03

K2O 0.09 0.08 0.05 0.05 0.03

CaO 0.83 3.01 8.40 12.40 14.60

MgO 32.11 29.61 27.47 28.36 29.07

Na2O 0.52 0.15 0.05 0.06 0.04

H2O 14.24 8.53 4.40 2.21 1.57

CO2 0 7.10 20.74 30.63 36.07

V/Vinit × 100% 100 111 151 140 198
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significantly, and their formation was not observed at
200°С. The fraction of serpentine in the rock
increased with increasing temperature. Clay minerals
were not formed in any of the high�temperature sce�
narios. At 200°С, the final stages of serpentinite inter�
action with hot seawater produced small amounts of
amorphous silica, which, however, could be an artifact
of numerical modeling. Changes in the bulk composi�
tion of high�temperature residues include a gradual
decrease in Mg content and an increase in SiO2 con�
tent with increasing temperature: MgO = 50 wt %
(recalculated to the anhydrous composition of the
final residue) and SiO2 = 22.4 wt % at 50°C, MgO =
41.5 wt % and SiO2 = 48.7 wt % at 100°С, and MgO =
41 wt % and SiO2 = 51.5 wt % at 200°С.

Thus, the results of model calculations show that
the extensive carbonation of serpentinites resulting in
a decrease in the relative bulk content of silica can be
considered as a mineralogical indicator for submarine
weathering. It is evident that the model trends of peri�
dotite compositions at submarine weathering or
hydrothermal alteration cannot explain the composi�
tion of the silicified serpentinites after dunites from
the Stalemate Fracture Zone.

Modeling of Serpentinite Weathering
under Subaerial Condition

In this model scenario, the following sequence of
primary mineral dissolution was obtained: orthopy�
roxene (1000 model years)  olivine (2000 yr) 
clinopyroxene (2400 yr)  spinel (4500 yr)  ser�
pentine (10 500 yr) (Fig. 6). Despite its low content in
the rock, spinel is preserved in the residue longer than
any of the primary minerals of the peridotite. Serpen�
tine also shows very low dissolution rates.

The secondary minerals of the initial stage of
weathering (<10 000 model years) are dominated by
deweylite, which was imitated in models as a serpen�
tine–talc mixture. After the dissolution of the primary
serpentinite minerals, deweylite is replaced by amor�
phous silica. During the final stage of serpentinite
weathering (100 000 model years), the newly�formed
phases are amorphous silica (72 vol %), goethite
(13 vol %), nontronite (12 vol %), illite (2 vol %), and
Na�montmorillonite (1 vol %) (Fig. 6). The bulk vol�
ume of the rock decreases monotonously during sub�
aerial weathering, reaching 51% of the initial volume
after 100000 model years (Table 4).

Serpentine
Orthopyroxene
Clinopyroxene

Spinel
Olivine

Deweylite
Amorphous silica

Nontronite
Goethite

Na�montmorillonite
Illite

1е+0 1е+1 1е+2 1е+3 1е+4 1е+5

Т = 15°С

Time, years

Fig. 6. Evolution of the mineral composition of serpentinite during subaerial weathering. Black lines are primary (relative to
weathering products) minerals, and gray lines are weathering products.

Table 4. Tendencies of compositional variations during the subaerial weathering of initial serpentinite (sample DR37�14) recon�
structed on the basis of thermodynamic modeling

Component Initial composition 100 yr 8 kyr 100 kyr

SiO2 40.66 42.07 50.00 72.93

Al2O3 1.56 2.44 2.70 3.98

FeO 9.99 11.09 11.32 19.18

K2O 0.09 0.09 0.11 0.13

CaO 0.83 0.51 0 0

MgO 32.11 32.83 27.96 0.58

Na2O 0.52 0.27 0.03 0.03

H2O 14.24 10.70 7.89 3.17

V/Vinit × 100% 100 100.08 76.35 51.46
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Variations in the bulk composition of the serpen�
tinite owing to subaerial weathering are related to sig�
nificant removal of MgO and CaO (Table 4). The dis�
solution of Fe–Mg silicates at the subaerial weathering

of serpentinite results in the significant silicification of
the initial rock, such that a residue with approximately
73 wt % SiO2 at 0.58 wt % MgO is formed in the model
system (Table 4, Fig. 7).

Based on the results of modeling we arrived at the
conclusion that the two types of serpentinite weather�
ing show sharply different geochemical trends and
mineralogical characteristics (Fig. 8). The model data
indicate also that the geochemical and mineralogical
effects observed in the silicified dunites of the Stale�
mate Ridge are most similar to the expected results of
the low�temperature alteration of oceanic serpen�
tinites under subaerial conditions.

GEODYNAMIC INTERPRETATION
OF THE WEATHERING CONDITIONS
OF THE STALEMATE PERIDOTITES

The empirical and numerical data reported in this
paper suggest that the serpentinites of the Stalemate
Ridge could hardly be silicified under the conditions
corresponding to their present�day deep�sea occur�
rence and more likely underwent subaerial weathering.
The observed evidence of the silicification of serpenti�
nized lherzolites indicates that these rocks were also
weathered under conditions different from those of the
ocean floor. The difference in the degree of silicifica�
tion in the rocks studied (high in the serpentinites after
dunites and minor in the serpentinized lherzolites) can
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are the same as in Fig. 3.
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be attributed to the different positions of these rocks in
the section. That is, the serpentinites after dunites
were silicified to the highest extent, because they
occurred in the uppermost part of the emergent peri�
dotite section most accessible for the infiltration of
meteoric waters.

The interpretation of the results of our study inevi�
tably leads to the question about the consistency of the
processes that probably took place during the evolu�
tion of the ultramafic rocks of the Stalemate Ridge
with the tectonics of modern oceanic basins. The
answer to this question must evidently be sought in the
available evidence on the structure of large transform
faults and associating transverse ridges in the Ocean.
The best studied examples of such geologic structures
are the Vema and Romanche fracture zones in the
Atlantic Ocean. These fracture zones are the largest
known in the Atlantic and are accompanied by
extended transverse ridges, which, similar to the Stale�
mate Ridge, are divided into blocks and oriented along
the direction of the associated fracture zones.

The Vema Fracture Zone shifts the axis of the Mid�
Atlantic Ridge by 320 km and associates with an
extended transverse ridge, which is approximately
300 km long, up to 30 km wide at the base, and 4 km
high. According to Bonatti (1978) and Kastens et al.
(1998), this ridge is a slice of the oceanic lithosphere,
which was vertically displaced toward the ocean floor.
Shallow�water carbonate sediments were found on the
summits of two separate blocks of this fragmented
ridge. Theses sediments are 3–4 Ma old and were
formed under near�surface (relative to the sea level)
conditions (Kastens et al., 1998). The present�day
ocean depth in this region is 470–450 m. Bonatti et al.
(2005) estimated the rate of uplift for a block of mantle
peridotites in the Vema Fracture Zone as 2–4 mm/yr.
According to the dating of pelagic carbonate incrusta�
tions on peridotites collected at the base of the Vema
transverse ridge at various distances from the MAR
axis, the ridge was uplifted as a consolidated structure
within a tectonically active offset of the Vema Fracture
Zone (Bonatti et al., 2005). These authors argued that
this uplift resulted in that a significant portion of the
transverse ridge (approximately 50 km long) emerged
above sea level and was affected by subaerial erosion.

The Romanche transverse ridge (equatorial Atlan�
tic) is located at the northern side of the Romanche
Fracture Zone across the eastern intersection of the
MAR and the Romanche Fracture Zone (Gasperini et
al., 1997). A number of separate blocks of this trans�
verse ridge emerged in the early–middle Miocene
above sea level and are now covered with shallow�
water carbonate sediments, which were deposited on
the subsiding oceanic basement simultaneously with
subaerial erosion (Gasperini et al., 1997). The sum�
mits of these submersed blocks of the Romanche
transverse ridge occur now at a depth of 1000 m.
According to the data of seismic profiling and litho�

logical investigations, the ocean floor subsidence of
such considerable amplitude began in this region of
the crest zone of the Mid�Atlantic Ridge in the early
Miocene (Gasperini et al., 1997).

Thus, the available geophysical and geological data
indicate that one characteristic feature of the tectonic
evolution of transverse ridges associating with large
transform zones in the Ocean is their vertical move�
ments of varying amplitude and direction. This sug�
gests that the subaerial weathering of peridotites in the
Stalemate transverse ridge could be related to such
vertical movements. It is also possible that vertical
movements at the Stalemate Fracture Zone were trig�
gered by the tectonic upthrust of an oceanic lithos�
pheric block of Cretaceous (?) age along the Kula–
Pacific Fracture Zone (Lonsdale, 1988). The reasons
for this tectonic event should probably be sought in the
location of the ocean region considered between two
important geologic structures, which influenced the tec�
tonic evolution of the northwestern Pacific: the Emperor
Ridge in the southwest and the frontal part of the Aleu�
tian subduction zone in the north and northwest.

The interpretation proposed in this paper for the
formation conditions of silicified peridotites in the
Stalemate Ridge cannot evidently be claimed as final.
Since the methods of isotopic geochemistry may pro�
vide important information on the nature of the main
agents and physicochemical parameters of peridotite
alteration, a very important test for the plausibility of
the silicification model proposed in this paper can be
provided by the investigation of O and Sr isotopic
compositions in these rocks, which is planned by the
authors for the near future. The conclusions drawn on
the basis of the presented data give rise to several ques�
tion that cannot yet be answered: (1) where and when
did the subaerial weathering of the peridotite of the
Stalemate Fracture Zone occur, and (2) what was the
tectonic event that caused the subsidence of an oce�
anic lithospheric block to a depth of 4000 m, and how
long did it take?

CONCLUSIONS

The comprehensive petrological and geochemical
investigation of altered (including silicified) peridot�
ites dredged during cruise SO201�1b of the joint Rus�
sian–German expedition on the R/V Sonne on the
eastern slope of the northwestern segment of the Stale�
mate transverse ridge revealed remarkable enrichment
of serpentinites after dunites in amorphous silica and
quartz and unusually high SiO2 (up to 88.7 wt %) and
low MgO contents (up to 1.4 wt %) in them. These
mineralogical and geochemical features clearly distin�
guish these rocks from the known products of the
hydrothermal alteration and low�temperature weath�
ering of peridotites in the oceanic crust. The results of
numerical modeling and the analysis of published data
allowed us to suppose that the geochemical and min�
eralogical effects observed in the silicified dunites of
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the Stalemate Fracture Zone are consequences of the
low�temperature deserpentinization of oceanic rocks
under subaerial conditions. Hence, the peridotites
could not be weathered under the conditions corre�
sponding to their present�day submarine occurrence
at depths of approximately 4000 m. This implies that
the oceanic crustal block of the northwestern Pacific
discussed in this paper has experienced, since the time
of its formation, uplift followed by subsidence with
amplitudes of several thousand meters.
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