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Abstract—The formal statistical analysis of variations in the basalt compositions for the whole global system
of mid-oceanic ridges (approximately 19000 analyses of quenched glasses), including cluster analysis, discrim-
inant analysis, and the analysis of histograms and component covariations, provide new data on the petrological
parameters of the evolution of mantle magmatism and the spatial distribution of its products depending on geo-
dynamic environments. The results thus obtained make it possible to assess all available information on mag-
matism in mid-oceanic ridges and to specify tasks for the further research. The information thus obtained is
required for the development of the petrological basis for a model of magmatism of six major basalt groups
(P-T parameters, productivity of volcanism, mantle upwelling, etc.).
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INTRODUCTION

Basalts of mid-oceanic ridges (MORB and TOR!
are the products of mantle volcanic activity in the oce-
anic segments of the Earth that occur as flows of pillow
lavas along the axes and flanks of the rift zones of mid-
oceanic ridges. Now extensive information is accumu-
lated on their petrography, mineralogy, petrochemistry,
geochemistry, relations between geologic structures,
etc. At the same time, a wide circle of problems con-
cerning relations between oceanic magmatism and the
deep mantle structure and geodynamics remains unset-
tled as of yet.

The compositional variations of mid-oceanic ridge
basalts provide insight into their genesis, which is cru-
cial for understanding the origin and evolution of the
oceanic lithosphere. This research is continuously con-
ducted based on the results of petrological experiments
and data on the trace-element and isotopic geochemis-
try of these rocks. Recent publications present newly
obtained important and comprehensive information
concerning this problem and deserve worldwide recog-
nition. However, the accumulation of factual material
on the composition of basalts in individual geologic
structures and with reference to geophysical fields, con-

T Deceased.

1 TOR, the abbreviation for the tholeiites of oceanic rifts, was pro-
posed (Dmitriev et al., 1978) as an alternative to MORB.

sidered in the context of relations between petrological
and geophysical parameters, highlights the need to
refine certain data obtained in the course of earlier stud-
ies. In this context, it was required to refine and system-
atize information on the variations in the petrochemis-
try of basalts sampled throughout the whole world’s
system of mid-oceanic ridges without reference to the
broadly known information on their petrography and
mineralogy.

One of our earlier publications statistically justified
the classification of TOR in the northern segment of the
Mid-Atlantic Ridge (MAR) (Dmitriev et al., 1990). The
factual materials were based on the catalogue of the
compositions of quenched TOR glasses published by
the Smithsonian Institution (Melson et al., 1977),
which was supplemented with data from later publica-
tions (5882 microprobe analyses). The cluster analysis
of this material made it possible to distinguish six TOR
groups with different character of their compositional
variations and the petrological parameters of their evo-
lution. The first four groups (TOR-1, TOR-2, TOR-Na,
and TOR-K) are the differentiation products of four dif-
ferent parental melts that are generated in the mantle at
different depths, temperatures, and degrees of melting.
TOR-1 and TOR-2 compose the background of all vol-
canism and quantitatively dominate in mid-oceanic
ridges. The parental melts of TOR-1 are derived in the
mantle at greater depths and at higher temperatures and
degrees of melting than those of TOR-2. The petrolog-
ical parameters of TOR-1 and TOR-2 evolution were
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determined experimentally. TOR-Na are the differenti-
ation products of melts produced in the mantle at shal-
low depths and at the lowest degrees of melting, tem-
peratures, and pressures. These rocks occur locally. The
petrological parameters of the evolution of TOR-Na
were determined by calculations. TOR-K are produced
by the deepest mantle magmatism in the system of mid-
oceanic ridges, and the nature and characteristics of
these rocks are transitional to those of the products of
oceanic-island magmatism (OIB). TOR-1 and TOR-K
are members of the plume association of basalts, and
TOR-2 and TOR-Na belong to the spreading-related
association. It was established that Ti, Na, and K are
indicator elements of spreading and plume TOR associ-
ations: spreading associations are enriched in TiO, and
Na,O, whereas plume associations contain relatively
much K,O. The remaining two groups, TOR-Fe and
TOR-FeTi, are produced by the differentiation of
TOR-1 and TOR-2, respectively, in magmatic chambers.
The distribution of these six groups in MAR was deter-
mined statistically and displayed in the petrological map
of the Atlantic Ocean published in (Dmitriev et al.,
1990).

Later, with the further amassing of factual materials,
the same six groups of TOR were identified in the East
Pacific Rise (EPR), and their composition and spatial
distribution were examined in detail. The groups were
identified without cluster analysis, based only on the
average compositions and standard deviations calcu-
lated previously for the northern part of MAR. In the
course of this research, we have determined the affilia-
tion of the groups with spreading or plume basalt asso-
ciations and clarified their relations to the deep struc-
ture of the mantle and geodynamic characteristics of
the development of mid-oceanic ridges with various
spreading velocities (Dmitriev, 1998; Dmitriev et al.,
1999, 2002; Dmitriev and Sokolov, 2003).

This study is a continuation of our earlier research
and involves the detailed examination of correlations
between the geophysical and petrological parameters of
the origin of the oceanic lithosphere on the basis of
modern data. In this context, it seems to be expedient to
refine the compositional variations of the six TOR
groups based on all data on the ocean as a whole with
the use of formalized statistical approaches.

FACTUAL MATERIAL

The basis of the databank of the compositions of
TOR quenched glasses used in this research, which was
conducted at the Vernadsky Institute of Geochemistry
and Analytical Chemistry, Russian Academy of Sci-
ences, is the new Smithsonian Volcanic Glass Data File
(Smithsonian..., 2000) and a database of petrological
information of the Lamont-Doherty Earth Observatory
of the Columbia University (Ridge..., 1999). This
material was supplemented with original data obtained
by the authors and with literature information pub-
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lished in the past years. The database comprises 18793
microprobe analyses with analytical totals for major
elements of 100 £ 1.5%, calibrated on the M 111
240/52 standard (Jarosevich et al., 1979).

STATISTICAL ANALYSIS OF VARIATIONS
IN THE COMPOSITIONS AND PETROLOGICAL
PARAMETERS

Figure 1 displays a Si0,—(Na,O + K,0) diagram for
the variations in the compositions of seafloor volcanic
rocks that were included in the database of the Vernad-
sky Institute. This diagram is still successively used to
the simplified systematics of magmatic rocks
(McDonald and Katsura, 1962).

According to the currently adopted nomenclature,
rocks with SiO, > 53 wt % are classed with intermedi-
ate and acid varieties. They can be regarded as the prod-
ucts of the deep differentiation of basalts. Rocks with
(Na,O + K,0) > 5 wt % are ascribed to subalkaline and
alkaline basaltoids, which are possible products of
within-plate magmatism. The former rocks are repre-
sented by 476 analyses, which makes up 2.5% of all
analyses composing the database. These rocks occur
predominantly in structures adjacent to the system of
island arcs and islands in the Pacific Ocean. They were
found in MAR near Iceland, at the Azores plume, and
in Ascension Island.

Rocks of elevated alkalinity are represented by 238
analyses (1.3% of the database). They occasionally
occur in areas adjacent to islands of the Pacific seafloor
and in the vicinity of the Azores plume and Iceland.
These rocks (referred to as acid and subalkaline) are not
discussed in this publication.

Statistical analysis was conducted for tholeiitic
basalt (TOR) whose compositions cluster within a com-
pact field (core) in the SiO,—(Na,O + K,0) diagram
(Fig. 1) and are represented by 18 079 analyses.

As was mentioned above, cluster analysis of a lim-
ited selection of data (5882 analyses) has revealed six
stable TOR groups. This publication presents the
results of the cluster analysis of the compositional vari-
ations of TOR for the whole system of mid-oceanic
ridges on the basis of all available data (18079 micro-
probe analyses of quenched glasses).

The cluster analysis routine was conducted in a
number of stages, with the use of additional informa-
tion, which was obtained from the data of histograms
and variation diagrams for key components.

Clusters were calculated for five variants of the sets
of arguments that persistently determine the maximum
differences between the compositions:

(1) all eight major components: Si0,—TiO,—Al,O;—
FeO-MgO-Ca0O-Na,0-K,0;
PETROLOGY  Vol. 14
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Fig. 1. Si0,—(Na,O + K,0) diagram (McDonald and Katsura, 1962) for the composition of volcanic rocks from the seafloor. The

slant line separates the alkaline and tholeiitic series.

(2) four components with the maximum dispersion
of concentrations: TiO,—~FeO-Na,0-K,O0;

(3) the same four components and the Na,O/MgO
ratio (the degree of melting divided by the degree of
differentiation);

(4) the K,O/TiO, ratio (degree of enrichment)—
Na,O/MgO (the degree of melting divided by the
degree of differentiation)-FeO/MgO (Fe#);

(5) three components with the maximum dispersion
TiO,—-Na,0-K,O and the K,O/TiO, and Na,0/MgO
ratios.

Each set of the arguments was treated by cluster
analysis using the STATISTICA software package for
data analysis with the preliminary standardization of
the variables (which were brought to zero means and
unit variances). The data table whose rows were indi-
vidual analyses and the columns were the arguments
was processed by STATISTICA to calculate the subdi-
vision of the whole body of analyses into subgroups by
the K-means clustering procedure. The latter technique
makes use of the outlining of isolated subsets in an n-
dimension space, where n is the number of the argu-
ments. This process is conducted as follows. The clas-
sification algorithm is specified by a certain starting
radius r in dimensionless (because of standardization)
coordinates, with r being so small that spheres of radius
r drawn around each point are not intersected. As the
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radius is increased, the elementary spheres begin merg-
ing into variable volumes that outline data subsets. The
process is aborted when the number of the subsets
becomes equal to the desired number of clusters. The
output of the procedure provides coordinates for the
centers of the cluster subsets, their average radii, and a
table with the affiliation of each analysis with a cluster
of certain number. Theoretically, this procedure can be
implemented in the reverse sequence of the change in
the radius of the sphere, i.e., from an originally large
radius r that comprises all points toward its smaller val-
ues. The original hypersphere is then subdivided into
smaller volumes until the desired number of clusters is
achieved. The calculation routine in STATISTICA also
involves some technicalities that will be not discussed
in this publication.

The most important issue in the calculation method
is the selection of the “right” number of clusters to sub-
divide the analytical data set. This number is specified
by the researcher based exclusively on the expedience
and appropriateness of the desired classification. In
order to determine the optimum number of the clusters,
a series of calculation iterations (steps) should be con-
ducted with a gradual increase in the number of the
final clusters from an apparently minimum value (for
example, 2) to a value apparently exceeding the physi-
cally achievable and instrumentally distinguishable
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diversity of the groups. The optimum number of clus-
ters should occur somewhere in between and can be
determined using the following asymptotic criteria.
Assume that the calculations of the clusters are con-
ducted with the subdivision of the set of clusters with a
step for two to ten clusters. Inasmuch as two target clus-
ters obviously do not describe the whole diversity of the
groups, we proceed to the next step of three clusters.
This usually results in the distinguishing of a new group
with notably different parameters, and so on. If the
increase in the number of clusters at each step leads to
a value exceeding the physically justified optimum and
the number of clusters tends to infinity (i.e., to the orig-
inal number of analyses), the calculations result in clus-
ters virtually indistinguishable from one another,
whose parameters vary around the mean values. This
increasing concentration of cluster parameters within
some small value relative to the mean values indicates
that the optimum was missed during the execution of
the calculation steps, and the algorithm is forced to con-
tinue classifying where this is unreasonable. Hence, the
optimum number of clusters is equal to a value at which
pervasively different groups of clusters end to form,
and the cluster parameters start to “swarm” around the
mean values and range within the instrumental accu-
racy.

All variants starting at step 4 (4 clusters each) dis-
play similarities between the groups of the composi-
tional variations with one another and with the compo-
sitional fields of TOR-1, TOR-2, TOR-Na, and TOR-K

determined previously.2 They differed only in the loca-
tion of the boundaries between the compositional fields
and the extent of their overlaps. The maximum similar-
ities between the fields of TOR and those determined in
the calculations were achieved during step 4 of the fifth
set of components (three components with the maxi-
mum dispersion TiO,-Na,0-K,0O and the K,O/TiO,
and Na,O/MgO ratios). This is clearly seen in Fig. 2,
which presents a Na,O/MgO vs. K,O/TiO, diagram for
the compositional fields of TOR determined by calcu-
lating the clusters of variant 5 (Fig. 2a) and correspond-
ing fields established previously (Fig. 2b; Dmitriev and
Sokolov, 2003). Note that none of the cluster analysis
variants managed to distinguish compositional fields
corresponding to TOR-Fe and TOR-FeTi. This can be
explained by the fact that both of these groups have rel-
atively insignificant volumes and are the differentiation
products of TOR-1 and TOR-2. During our earlier
research, the compositions attributed to ferrous basalts
had more than 12 wt % FeO, and they were subdivided
into TOR-Fe and TOR-FeTi by analyzing some varia-
tion diagrams (Dmitriev and Sokolov, 2003).

Having generally similar configurations of their
compositional fields, the diagrams in Figs. 2a and 2b
exhibit certain differences. This can be explained by the

% The compositional fields appearing during calculation steps 5, 6,
and 7 significantly overlap.
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fact that cluster analysis was previously applied only to
the northern MAR segment but not to the whole ocean.
To clarify how stable are the compositional variations
of TOR-1, TOR-2, TOR-Na, and TOR-K and also to
outline the compositional fields of TOR-Fe and TOR-
FeTi, we examined and used the data of histograms for
FeO, Na,0, K,0, and K,O/TiO, for all data from the
database and for each of the four clusters of variant 5.

Statistically significant maxima in the K,O concen-
trations (0.25 wt %) and the K,0O/TiO, ratio (0.2-0.3)
were identified in all clusters. This led us to notably
expand the compositional field of cluster 5_4_1, corre-
sponding to TOR-K, at the expense of other fields.

The weakly pronounced minimum at 2.5-3 wt %
Na,O can be seen in the histogram for the whole data-
base. It corresponds to the compositional gap at ~2.8 wt %
Na,O in the MgO-Na,O diagram for cluster 5_4_3,
corresponding to TOR-Na.

In the histogram for Na,O, this cluster also displays
a weak minimum at 2.8 wt % Na,O. This provided
grounds to exclude compositions with Na,O < 2.8 wt %
from the cluster corresponding to TOR-Na.

Two notable minima in the FeO concentrations
(at 11.5 and 13 wt %) can be seen in the histogram for
the whole database. The minimum at 11.5 wt % is
clearly pronounced in the histogram of cluster 5_4_4,
which corresponds to TOR-1, and the minimum at
13 wt % is seen in the histogram for 5_4_2, correspond-
ing to TOR-2. This led us to exclude compositions with
FeO > 13 wt %, which were then combined into the group
of TOR-FeTi. Compositions with FeO > 11.5 wt % were
combined in the group of TOR-Fe.

The compositions of clusters 5_4_4 and 5_4_2, after
the excluding of compositions corresponding to TOR-
Fe and TOR-FeTi from them, along with compositions
with K,O > 0.25 wt % and with Na,O > 2.8 wt %, can
be regarded as TOR-1 and TOR-2, respectively.

Figure 3 presents a Na,0/MgO-K,O/TiO, diagram
for all compositions of the six TOR groups calculated
by the aforementioned procedure. This diagram can be
used to identify various TOR groups by newly obtained
materials.

Table 1 summarizes all information on the average
compositions and standard deviations for the whole
body of data on the ocean and for all TOR groups
obtained in our research. For comparison, this table
also presents the data from (Dmitriev and Sokolov,
2003).

The analysis of the materials reported in Table 1
demonstrates the following.

After the publication of (Dmitriev and Sokolov,
2003), the databank was supplemented with a selection
of only 267 analyses, and hence, the average composi-
tions of oceanic basalts remained practically
unchanged.

PETROLOGY  Vol. 14
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Fig. 2. Compositional fields of TOR calculated in (a) (Dmitriev and Sokolov, 2003) and (b) this paper. The compared fields are

shown by analogous symbols.

The proportions of plume and spreading basalt asso-
ciations were also virtually not changed: 32 and 68% in
2003 and 33 and 67% according to the results of the
newly conducted calculations.

Notable changes were caused by the redistribution
of the percentages of various TOR groups. The percent-
age of TOR-1 in the plume association has decreased
(20 against 33%) because of an increase in the percent-
age of TOR-K (11 against 1%), and the percentage of

PETROLOGY  Vol. 14
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TOR-Fe has doubled (2 instead of 1%). In the spread-
ing association, the percentage of TOR-2 has decreased
from 61 to 57%, and the percentages of TOR-Na and
TOR-FeTi have notably increased (5 instead 2% and 4
instead 2%, respectively).

Some changes also occurred with the average com-
positions of various TOR groups. The most remarkable
of them are an increase in the Mg# of TOR-1, TOR-Fe,
and TOR-FeTi, an increase in the Na,O and TiO, con-
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Table 1. Average compositions (X, wt %) and standard deviations (G) of basalts from mid-oceanic ridges of the plume

and spreading associations

Plume association Spreading association
Compo- | MOR basalt TOR-1 TOR-K TOR-Fe TOR-2 TOR-Na TOR-FeTi
nent
X o X o X o X o X o X o X o
Data from this publication

SiO, 50.85 | 0.80 | 50.80 | 0.86 | 51.18 | 1.10 | 51.07 | 0.57 | 50.78 | 0.70 | 51.15| 0.77 | 50.93 | 0.76
TiO, 1.54| 042 | 1.08| 0.18 1.68| 046 | 136| 0.19 | 1.57| 028 | 2.11| 026 | 241 | 0.46
Al,O4 1520 | 1.00 | 15.52| 0.78 | 1583 | 1.09 | 14.15| 0.41 | 1520 | 0.88 | 14.85| 0.92 | 13.21 | 0.64
FeO 1025 | 142 | 953 | 077 | 944 | 1.31 | 1233 | 042 | 10.22 | 1.07 | 11.01 | 1.28 | 14.20 | 1.17
MgO 7.50| 0.88 | 829 | 0.69 | 698 092 | 7.07| 039 | 7.57| 0.64 | 648 | 050 | 577 | 0.54
CaO 11.65| 0.79 | 12.39| 0.51 | 11.20 | 1.01 | 11.76 | 0.38 | 11.66 | 0.55 | 10.64 | 0.67 | 10.35 | 0.63
Na,O 266| 041 | 218 0.19 | 2.89| 048 | 2.06| 0.12 | 2.74| 026 | 3.33| 031 | 2.75| 0.36
K,0 0.18 | 0.16 | 0.12| 0.06 | 056 | 0.24 | 0.11| 0.05 | 0.13| 0.06 | 024 | 0.07 | 0.18 | 0.06
K,O/TiO, | 0.11 | 0.09 | 0.11 | 0.05 | 0.33| 0.11 | 0.08| 0.03 | 0.08| 0.04 | 0.12| 0.04 | 0.07 | 0.03
N 18079 3648 1941.0 428 10346 1002.0 714

% 100 20.18 10.74 2.37 57.22 5.54 3.95

(Dmitriev and Sokolov, 2003)

SiO, 50.86 | 0.81 | 50.97 | 0.94 | 50.28 | 1.09 | 53.36 | 3.03 | 50.80 | 0.72 | 50.67 | 0.83 | 52.68 | 3.21
TiO, 1.54 | 043 1.28 | 0.35 1.57 | 032 | 196 | 0.58 1.69 | 040 | 1.61 | 023 | 2.84 | 0.67
Al,O4 1521 | 1.01 | 1523 | 1.01 | 1638 | 0.79 | 13.38 | 1.26 | 1520 | 1.02 | 16.14 | 0.84 | 12.83 | 1.75
FeO 1026 | 143 | 10.17 | 1.47 | 8.60| 1.34 | 1391 | 2.15 | 1031 | 1.41 | 9.22| 0.81 | 14.78 | 2.27
MgO 750 089 | 772 095 | 7.69| 0.57 | 3.57| 1.16 | 7.38| 0.84 | 7.65| 048 | 422 1.12
CaO 11.65| 0.82 | 12.02 | 0.85 | 11.73 | 1.59 | 8.16| 1.18 | 11.45| 0.73 | 11.00 | 0.83 | 8.71 | 1.20
Na,O 266| 042 | 228 032 | 264 | 048 | 285| 037 | 2.86| 0.32 | 3.40| 020 | 3.22| 0.54
K,0 0.19| 020 | 022 | 028 | 0.87| 053 | 049 | 026 | 0.17| 0.14 | 0.18 | 0.06 | 0.38| 0.26
K,OTiO, | 0.12| 0.13 | 0.16 | 0.19 | 0.57 | 040 | 0.28| 0.20 | 0.10 | 0.07 | 0.11| 0.04 | 0.60 | 0.09
N 17812 5812 216 184 10834 325 441

% 100 32.6 1.21 1.03 60.82 1.82 2.47

Note: N is the number of analyses in each group and their percentage of the whole data body.

tents in TOR-K and TOR-Na, and a decrease in the
Na,O and TiO, concentrations in TOR-1, TOR-Fe, and
TOR-FeTi. The average composition of TOR-Na
became somewhat richer in TiO,, FeO, and K,O, while
the average composition of TOR-2 remained practi-
cally unchanged.

These changes are explained by the fact that the
application of cluster analysis of key components to the
whole body of data (18 079 analyses instead of 5882)
made it possible to determine more accurately the vari-
ations in the compositions of basalts, distinctive fea-
tures of their differentiation, and affiliation with certain
groups. The changes in the compositional variations

were also affected by some regional features in the dis-
tribution of various TOR groups. The compositional
variations of individual TOR groups are illustrated in a
series of diagrams presented below (to simplify the
reading of these diagrams, symbols are plotted in them
with different intervals and with steps from 1 to 30
depending on the volumes of discrete compositional
groups).

The MgO-FeO diagram in Fig. 4 demonstrates that
the compositions of the most widely spread groups
TOR-1 and TOR-2 plot differently, and their fraction-
ation trends have different slopes. This confirms our
earlier conclusion that the differentiation products of
No. 3
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Fig. 3. Na,0/MgO-K,0/TiO, diagram for the composition of TOR of the World Ocean based on the results of cluster analysis
(arguments: TiO,—Na,0-K,0-K,0/TiO,—Na,0/TiO,) with regard for the data of histograms (see text).

these groups have distinct mantle sources: that of TOR-
1 is deeper sitting and higher temperature (magnesian)
than the source of TOR-2.

Figures 5, 6, and 7 illustrate the differences between
the fractionation trends of indicator elements (TiO, and
Na,0) and the K,0/TiO, ratio for the major groups of
TOR-1, TOR-2, TOR-Na, and TOR-K. It can be easily
seen that the differentiation of TOR-2 and TOR-Na is
associated with a more rapid increase in the concentra-
tions of TiO, than those for TOR-1 (Fig. 5), a feature
explaining the elevated TiO, concentrations in the
basalts of the spreading association. Figure 6 clearly
demonstrates the two levels of the Na,O concentrations
in the major groups of TOR-1 and TOR-2: it is the high-
est in TOR-Na and possibly decreases during the frac-
tionation of TOR-Na.

This definitely testifies that the mantle source of the
basalts of the spreading association is enriched in Na,O
relative to the basalts of plume association. Figure 7
demonstrates parallel enrichment trends for TOR-1 and
TOR-2, with the trend for TOR-1 situated above the
trend for TOR-2. The close spacing of the trends
explains the similarities between the K,O/TiO, ratios
for the intermediate compositions of both groups and
corroborates the earlier conclusion that the parental
melts of TOR-1 (plume association) are enriched more
strongly than those of TOR-2 (spreading association).

The behavior of Na,O and TiO, during the differen-
tiation of TOR-K is the same as in the other major
groups. At the same time, Figs. 5, 6, and 7 demonstrate

PETROLOGY Vol. 14 No.3 2006
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Fig. 4. MgO-FeO diagram for the composition of TOR-1
and TOR-2. The different slopes of the differentiation
trends of TOR-1 and TOR-2 suggest that these two groups
could have been derived from different mantle sources. The
lower angle between the TOR-1 differentiation trend solid
line and the MgO axis than that of the TOR-2 trend (dashed
line) testifies to the higher Mg# of the parental melts of
TOR-1.
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Fig. 5. MgO-TiO, diagram for the compositional fields and
differentiation trends of TOR-1, TOR-2, TOR-Na, and
TOR-K. The different slopes of the differentiation trends
and different TiO, contents accentuate the role of TiO, as an
indicator of plume and spreading associations of basalts
(see text).

the strongly elevated concentration of K,O and the high
degree of enrichment in TOR-K. The fractionation
trends for this group are little informative because of
the broad compositional variations (Fig. 3). In general,
the compositional variations of the TOR-K group illus-
trate its independence as a group. It has been demon-
strated in our earlier publications that TOR-K belongs
to the plume association, and its petrological parame-
ters are the most contrasting relative to TOR-Na.

TOR-Fe and TOR-FeTi were classed (Dmitriev,
1998) with the deep fractionation products of TOR-1
and TOR-2, respectively, in magmatic chambers under
relatively low (<3 kbar) pressures. Cluster analysis
allowed us to demonstrate on a quantitative basis that
TOR-Fe and TOR-1 are genetically related within the
plume association and TOR-FeTi and TOR-2 within the
spreading association. This is clearly demonstrated in
Figs. 8 and 9: the variations in the TiO, and Na,O con-
tents of TOR-Fe lie on the continuation of the differen-
tiation trend for TOR-1, and the analogous variations
for TOR-FeTi continue the trend for TOR-2.
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Fig. 6. MgO-Na,O diagram for the compositional fields
and differentiation trends of TOR-1, TOR-2, TOR-Na, and
TOR-K. The different slopes of the differentiation trends
and different Na,O contents accentuate the role of Na,O as
an indicator of plume and spreading associations of basalts
(see text). See Fig. 5 for symbol explanations.

In our pervious studies, we have calculated the pres-
sures, temperatures, and H,O concentrations for the tri-
ple TOR cotectic (Ol-PIl-Cpx) by the method described
in (Dmitriev et al., 1994) and then implemented as an
option of the PETROLOG software package (Danyush-
evsky et al., 1996). The method for estimating pressure
during TOR crystallization is underlain by the effect of
the expansion of the clinopyroxene stability field with
increasing pressure. To solve this problem, a series of
polybaric calculations was conducted to simulate the
crystallization temperatures of olivine, plagioclase, and
clinopyroxene under various pressures. The condition
of the equality of the calculated temperatures for the
quenched glasses is a criterion for the evaluation of the
pressure within the stability field of this mineral assem-
blage. The concentration of water is estimated based on
the known effect of a decrease in the plagioclase liqui-
dus temperature relative to those of olivine and clinopy-
roxene. Currently available extensive information on
the petrography and petrochemistry of TOR indicates
that, at MgO > 9 wt %, crystallization starts with oliv-
ine, and the stable O/-P[-Cpx triple mineral assem-
blage appears when the MgO content decreases to
8.5 wt % or less. This makes it possible to apply this
method regardless of the crystallization conditions (iso-
or polybaric).
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Fig. 7. MgO-K,0/TiO, diagram for the compositional
fields and differentiation trends of TOR-1, TOR-2, TOR-
Na, and TOR-K. The different slopes of the differentiation
trends and different K,O/TiO, ratios demonstrate the differ-
ent enrichment of various TOR groups and their derivation
from distinct mantle sources (see text). See Fig. 5 for sym-
bol explanations.

The results of these calculations enabled us to esti-
mate the major tendencies in the distribution of the
compositions of various TOR groups in P-T space and
to evaluate the limits for the water concentrations in the
corresponding melts during their differentiation.

Below we present the results of analogous calcula-
tions conducted by the modernized PETROLOG 2 soft-
ware (Danyushevsky, 2001), which allowed us to nota-
bly refine the location of the compositional TOR groups
in P-T space. The pressure is estimated by this program
accurate to 2 kbar, and the accuracy of the temperature
values is within the accuracy of the used geothermom-
eters (5—-10°C). The water concentrations in the melt
can be evaluated accurate to approximately 50% of the
calculated contents.

Figure 10 displays a MgO-H,O diagram for the cal-
culated water concentrations in all TOR groups. Note
that these calculated H,O concentrations in TOR are
consistent with the direct determinations of water in
MORB of various compositions (Kovalenko et al.,
2004; Asimov and Langmuir, 2003; Sobolev, 1997).
These data will be used below to calculate differentia-
tion trends for TOR of different groups.

Figure 11 shows the compositional fields of the six
TOR groups in P-T space. It can be clearly seen that the
common field is divided into “strata” parallel to the
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Fig. 8. MgO-TiO, diagram for the compositional fields and
differentiation trends of TOR-1, TOR-2, TOR-Fe, and
TOR-FeTi. The diagram highlights genetic relations of
TOR-Fe with TOR-1 and of TOR-FeTi with TOR-2. See
Fig. 3 for symbol explanations.

lines of dry solidi (Herzberg, 1996) corresponding to
discrete TOR groups. These strata do not intersect,
which directly testifies that the sources of each TOR
group are different and they evolve independently,
along parallel trends. The overlaps of the fields are
insignificant, a feature indicating the stability of the
independent evolutionary processes of the melts
derived from different sources. It is also clearly seen
that the TOR-1 group comprises the differentiation
products of melts derived at the highest temperatures
and pressures, and the TOR-Na group was, conversely,
produced at the lowest temperature and pressure values.
In terms of these parameters, the TOR-2 group occu-
pies a transitional position. The TOR-K group is char-
acterized by the maximum dispersion of its P-T param-
eters, and the compositions plotting within the high-
pressure region are shifted toward moderate tempera-
tures. The latter feature could result from the elevated
water concentrations in the source of these melts. The
TOR-Fe group continues the trend for TOR-1 with a
slight shift toward lower temperatures and pressures,
and TOR-FeTi makes up the ending of the trend for
TOR-2, also with a shift toward the lowest P—T param-
eters.

The average differentiation trends for each TOR
group that accentuate the character of their evolution in
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Fig. 9. MgO-Na,O diagram for the compositional fields
and differentiation trends of TOR-1, TOR-2, TOR-Fe, and
TOR-FeTi. The diagram highlights genetic relations of
TOR-Fe with TOR-1 and of TOR-FeTi with TOR-2. See
Fig. 3 for symbol explanations.

a P-T diagram, were calculated by the modernized
COMAGMAT 3.5 computer program (Ariskin and
Barmina, 2004). For these calculations, the average
compositions of the most magnesian varieties (initial
points of the trends) were calculated for each TOR
group from data on the position of their compositional
fields in MgO-other major component diagrams. The
initial pressure was specified from the P-T coordinates
of these compositions (Fig. 11). The differentiation
conditions were determined by selecting parameters at
which the visually estimated position of the calculated
trend is in good agreement with the position of the com-
positional fields in the MgO—other major component
diagrams. During this stage of the research, there was
no need to calculate the function measuring the devia-
tions of natural compositions from the trend, because
this value turned out to be smaller than the overlap
intervals of the fields of various TOR groups. The H,O
concentrations in each group were roughly evaluated
from Fig. 10 (see above). As a result of this selection, it
was established that the variations in TOR composi-
tions are most consistent with the model of fractional
crystallization with a dP/dF step (kbar/mol, %) of 0.1-
0.4, in an open system, during decompression at the
QFM buffer. The differentiation trend for TOR-K was

DMITRIEV et al.
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Fig. 10. MgO-H,O diagram for the compositional fields of
major TOR groups. The H,O concentrations were calcu-
lated by the method proposed by Danyushevsky et al.
(1996) accurate to £0.5%. See Fig. 3 for symbol explana-
tions.

calculated at an initial pressure of 10 kbar, because the
COMAGMAT 3.5 program ceased to be accurate
enough at higher pressures. All of the aforementioned
parameters and the calculated temperature values from
the beginning of crystallization to the cotectic are sum-
marized in Table 2 (these parameters for TOR-K were
calculated for a pressure range of 0-10 kbar, see
above).

Figure 12 displays the fractional crystallization
trends for all TOR groups in a P-T diagram. The dia-
gram also shows the compositional data points of the
parental melts of TOR-1, TOR-2, and TOR-K, which
were determined experimentally (Table 3), and the pos-
sible compositional fields of these melts.

REGIONAL DISTRIBUTION OF TOR GROUPS

The coverage of mid-oceanic ridges with TOR anal-
yses is illustrated by Table 4, which demonstrates that
the ridges in the North Atlantic and Pacific oceans are
sampled practically equally thoroughly and are close in
this respect to the crust basement of the ocean as a
whole: an average of 1 analysis per 2 km along the
ridge strike. This allowed us to fairly reliably compare
the variations in the TOR compositions in these areas.
Analogous comparison of data on the South Pacific and
Indian oceans should be conducted more cautiously.
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The overall distribution of various TOR groups over
the ocean (Table 1) is illustrated by a histogram for dis-
criminant D-04, which makes it possible to identify the
affiliation of various TOR groups with the plume or
spreading associations (Fig. 13). D-04 was calculated
based on the same key arguments that were used for
version 5 of cluster analysis: TiO,, Na,O, K,O,
Na,0/MgO, and K,O/TiO,.

The two compared files included TOR-1 + TOR-K
(plume association) and TOR-2 + TOR-Na (spreading
association). According to the calculations, D-04 = 6.43
TiO, + 7.95 Na,O — 19.41 K,0 -19.91 Na,0/MgO +
0.95 K,O/Ti0O,. The critical value is D-04, = 19.28 (the
boundary between the plume and spreading associa-
tions). Figure 12 indicates that these associations are
divided by a clearly pronounced minimum: the overlap
zone for TOR-1 and TOR-2 does not exceed 10% of the
whole body of data, and the compositions of TOR-Na
and TOR-K plot on the D-04 axis with a gap. The com-
positions of TOR-Fe and TOR-FeTi were not included
in the “teaching” file, but they plot on the D-04 axis in
corresponding ranges and are divided by a gap: TOR-
Fe occurs within the plume association, and TOR-FeTi
plots within the spreading association, a fact corrobo-
rating their classification (see above) and justifying the
accurateness and efficiency of the D-04 discriminant.
Figure 13 reflects the proportions of the plume and
spreading associations and various TOR groups for the
ocean as a whole (see also text above and Table 1).

Table 5 reports data on the composition and distri-
bution of various TOR groups in major regions of the
ocean, which were calculated during our research. The
most significant differences in the distribution of plume
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Fig. 11. P-T diagram for the composition of six TOR
groups. The parameters were calculated by the computer
program developed by Danyushevsky et al. (1996) accurate
to =2 kbar and £10°C.

and spreading basalt associations and various TOR
groups can be seen when the northern segment of MAR
is compared with EPR, as was previously mentioned in
(Dmitriev, 1998; Dmitriev and Sokolov, 2002). In these

Table 2. Composition (wt %) of the most magnesian TOR varieties and their parameters used to calculate the differentiation trends

Compo- Plume association Spreading association

nent TOR-1 TOR-K TOR-Fe TOR-2 TOR-Na TOR-FeTi
Si0, 49.2 49.9 50.9 50.1 51.5 51.0
TiO, 0.7 1.2 1.2 1.2 1.6 2.0
Al,O4 17.7 17.5 15.0 17.2 16.2 13.5
FeO 7.5 8.0 11.5 8.7 9.5 13.0
MgO 11.0 9.0 7.7 8.7 7.5 6.9
CaO 11.8 11.5 11.5 11.4 10.2 10.7
Na,O 2.0 2.5 2.1 2.6 33 2.8
K,0 0.1 04 0.1 0.1 0.2 0.1
P 10 10 2 8 7 2
H,0 0.1 0.5 0.2 0.2 0.3 0.2
dPldF 0.2 0.3 0.1 0.2 0.2 0.1
T 1300 Ol 1250 Ol + PI 1190 Ol + PI 1260 PI 1200 Ol + PI 1180 O!
T 1280 Ol + PI 1150 Ol + Pl +Aug | 1240 Pl + Ol 1160 Ol + Pl + Aug
Teotect | 1160 Ol+ Pl+Aug | 1140 Ol + Pl+Aug | 1120 Pig+ Pl+ | 1150 P+ Ol +Aug| 1140 Ol + Pl + Aug | 1080 OI + Pl +

Aug Aug + Mt

Note: dP/dF is the degree of fractionation, kbar/mol; 7, °C is the temperature variations in the course of crystallization and changes in
mineral assemblages. (OI) olivine, (P/) plagioclase, (Aug) augite, (Mr) magnetite, (Pig) pigeonite.
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Fig. 12. Fractional crystallization trends for the six groups of basalts from the global system of mid-oceanic ridges (TOR) calculated
by the COMAGMAT 3.5 computer program (Ariskin, 1999) and the fields of P-T parameters under which the parental melts were
derived. The dry solidus line is given after (Herzberg and Zhang, 1996). See text for explanations.

papers, the phenomenon is explained in light of data on
the differences between the spreading velocities in
MAR and EPR. It was demonstrated that an increase in
the spreading velocity (EPR) is coupled with an
increase in the percentage of spreading associations rel-
ative to plume ones due to the association of mantle
upwelling with a high spreading velocity. The geody-
namic and petrological consequences of these differ-
ences are discussed in detail and the aforementioned
publications.

Table 3. Composition (wt %) of parental TOR melts ac-
cording to data obtained on melt inclusions and numerical
simulations

Component (SBTb(O).ll:; land (SOTb(O).ll:;zand ((281}:;11150

mitriev, Dmitriev,

1989) 1989) et al., 1999)
Si0, 48.9 49.6 46.5
TiO, 0.5 0.9 2.1
Al,O4 15.7 18.6 13.9
FeO 7.7 7.2 8.7
MgO 13.9 94 12.6
CaO 11.8 12.0 12.5
Na,O 1.5 23 2.2
K,O 0.0 0.0 0.8
K,0/TiO, 0.38
P, kbar 15 9 20
T,°C 1420 1270 1388

Figure 14 clearly demonstrates the differences
between the volumetric proportions of plume and
spreading basalt associations and the volumetric pro-
portions of various TOR groups at different spreading
velocities, as is illustrated by the example of D-04 his-
tograms for the northern segment of MAR (Fig. 13a)
and EPR (Fig. 13b) and as is also demonstrated in Table 4.
Figure 14 clearly demonstrates the strong predomi-
nance of the spreading association in EPR compared
with MAR (88 and 12%), mostly because of an increase
in the percentage of TOR-2 relative to TOR-1. The vol-
ume of TOR-Na is notably higher in EPR than in the
northern segment of MAR, while TOR-K is developed
mainly in MAR. TOR-FeTi (spreading association) is
fairly abundant in EPR and practically absent from
MAR. TOR-Fe (plume association) are widespread in
MAR, where they are spatially restricted to the Reyk-
janes and Kolbeinsey ridges (related to the Iceland
megaplume), and occur near the Azores megaplume
and in the vicinity of the Bouvet Island plume. TOR-Fe
were also found in the Red Sea and Indian Ocean (slow-
spreading ridges) but are relatively scarce at EPR. The
latter fact is displayed in the map of the distribution of
TOR-Fe and TOR-FeTi (Fig. 15).

It was mentioned above that, at slow spreading
velocities, there are stable correlations between petro-
logical and geophysical parameters, and the distribu-
tion of various TOR groups along the ridge axis is in
agreement with its tectono-magmatic segmentation. At
high spreading velocities, the correlation between the
geophysical and petrological parameters becomes
unstable, and this results in a chaotic distribution of var-
ious TOR groups and their close spatial association
with one another. It has been demonstrated that these
differences stem from the fact that an increase in
spreading velocity is related to an increase in the inten-
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Table 4. Sampling density over the system of mid-oceanic ridges (estimates)

Area Length, Number of | Number of
km analyses |analyses per km

Pacific Ocean, Juan de Fuca Ridge, EPR segment between 56° S and 26° N 11500 6273 0.5
Galapagos spreading center 2350 1249 0.5
North Atlantic, MAR segment between 0°S and 80°S 10200 6053 0.6
Southern Atlantic, MAR segment between 0°S and 60°S and the American-Antarc- 8100 1735 0.2
tic Ridge
Indian Ocean: Red Sea, Mid-Indian Ridge, Southwest Indian Ridge, and South- 13100 552 0.04
east Indian Ridge
Ocean as a whole 45250 18079 0.4

sity of mantle upwelling and an intensification of the
productivity of magmatism. This can lead to the oblit-
eration of boundaries between discrete magmatic prov-
inces and the mixing of melts of different genesis.

This can be illustrated by the comparison of the dis-
tributions of TOR-Na and TOR-K, i.e., two TOR
groups with the most contrasting petrological parame-
ters, at low and high spreading velocities in the northern
part of MAR (Fig. 16a) and EPR (Fig. 16b). In these
diagrams, the geochemical differences between TOR-
Na and TOR-K are highlighted by their different
degrees of enrichment (K,O/TiO,), and the geophysical
fields, whose character is controlled by the geodynamic
environments in which the ridges developed, are char-
acterized by the data of satellite altimetry (Sandwell
and Smith, 1997) on the surface topography. Figure 16
demonstrates that, at a low spreading velocity (MAR),

Frequency
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100 - | [

both TOR groups are notably separated along the ridge
trend, with TOR-K and TOR-Na spatially restricted to
positive and negative gravity anomalies (topographic
features), respectively. At a high spreading velocity
(EPR), this distribution pattern is disturbed: both
groups occur together within a small area north of the
equator but are mostly separated south of it. There are
no clear correlations between the distributions of TOR-
Na and TOR-K and the gravity field.

DISCUSSION

First of all, it should be mentioned that the principal
conclusions concerning the petrological and geody-
namic characteristics of oceanic magmatism drawn ear-
lier based on limited material were confirmed by the
results of this research and were significantly refined

TOR MOR

0 == |"'I.|'I‘
02 4 6

8 1012 14 16 18

2022 24 26 28 30 32 34 36 38 40
D-04
[ITOR-1 W TOR-2 W TOR-Na [ TOR-K [l TOR-Fe
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Fig. 13. Histogram of the D-04 discriminant characterizing the volumetric proportions of six TOR rock groups in the global system

of mid-oceanic ridges (MOR).
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Table 5. Average compositions (X) and deviations (o) for the six TOR groups from various oceanic areas

Compo- TOR-1 TOR-2 TOR-Na TOR-K TOR-Fe TORgo-FeTi
nents X c X c X c X c X c X c
East Pacific Rise (N = 6273, Q = 34.70%)
SiO, 50.19 | 0.77 50.65 | 0.58 5092 | 0.62 50.73 | 0.97 49.80 | 2.34 5098 | 0.76
TiO, 1.14| 0.13 1.63| 0.31 222 | 0.19 1.84 | 041 1.30 | 0.68 256 | 0.30
Al,O4 1588 | 0.87 1501 | 0.87 1428 | 0.73 1579 1.24 15.09 1.98 1330 | 0.62
FeO 9.19| 0.67 1033 | 1.05 11.80 1.01 9.69| 1.23 12.21 0.88 1379 | 0.66
MgO 8.55| 0.51 7551 0.68 638 | 0.51 695| 0.79 7.70 1.34 577 | 042
CaO 1252 042 11.81 | 0.51 10.79 | 0.64 11.04 | 0.99 1149 | 0.78 10.17 | 0.54
Na,O 233| 0.14 2751 0.21 317 | 0.19 3.09| 0.39 226 | 044 3.01 0.24
K,0 008 | 0.04 0.13 | 0.06 023 | 0.06 060 | 0.26 007 | 0.05 0.19 | 0.06
K/Ti 0.07| 0.03 0.08 | 0.04 0.11 0.03 033] 0.12 0.05 | 0.01 0.07 | 0.02
n 404 4700 486 338 8 337
q 6.4 74.9 8 5 0 5
Mid-Atlantic Ridge (N = 7788, Q = 43.08%)
SiO, 51.01 | 0.79 5092 | 0.72 5122 | 0.55 5133 | 1.02 51.09 | 043 50.71 0.84
TiO, 1.08 | 0.18 152 0.24 206 | 024 1.65| 047 135 | 0.17 194 | 040
Al,O4 1540 | 0.73 1549 | 0.69 15.14 | 0.61 1571 0.93 1414 | 0.28 13.41 0.49
FeO 957 0.79 994 | 0.81 1065 | 0.86 940 | 1.27 1234 | 0.40 1428 | 0.94
MgO 820| 0.72 7.65| 0.58 6.60 | 0.38 7.09| 0.99 7.04 | 0.32 6.04 | 0.50
CaO 1234 | 0.55 1146 | 0.51 1062 | 0.48 1126 | 1.07 11.78 | 0.37 1094 | 0.59
Na,O 216 0.18 278 | 0.26 337 | 0.24 281 | 0.51 206 | 0.10 233 | 0.28
K,0 0.14| 0.06 0.13| 0.06 022 | 0.07 0.55| 0.22 0.11 0.04 0.19 | 0.07
K/Ti 0.13 | 0.05 009 | 0.04 0.11 0.04 034 0.11 008 | 0.03 0.09 | 0.02
n 2342 3583 277 1074 399 113
q 30.07 46.01 3.56 13.79 5.12 1.45
Indian Ocean (N =552, Q =3.05%)
Sio, 51.24| 1.14 51.30| 0.85 5127 | 041 51.52 | 0.79 51.24 1.43
TiO, 099 | 0.21 1.39 | 0.21 1.72 | 0.18 1.58 | 0.28 129 | 0.18
Al O3 1536 | 0.97 1557 | 0.92 16.41 0.72 1556 | 0.88 1445 | 0.63
FeO 958 | 1.12 9.56 | 1.00 884 | 0.77 976 | 1.34 12.12 | 0.17
MgO 8.18 | 0.80 7.66 | 0.55 720 | 045 693 | 0.73 7.10 | 047
CaO 1235 | 0.59 11.36 | 0.64 1042 | 0.67 11.07 | 0.80 1135 | 0.23
Na,O 214 | 0.27 285 | 0.35 377 | 0.25 298 | 0.39 222 | 0.04
K,0 0.09| 0.04 0.14| 0.06 023 | 0.06 043] 0.13 0.12 | 0.05
K/Ti 009 | 0.03 0.10 | 0.05 0.13 | 0.02 028 | 0.09 0.09 | 0.03
n 96 397 26 29 4
q 17.40 71.92 471 5.25 0.72
Galapagos spreading center (N = 1249, 0 =6.91%)
SiO, 5033 | 0.65 5091 | 0.67 51.87 | 044 4952 | 0.72 51.61 0.33 51.04 | 0.73
TiO, 1.04| 0.14 1.52| 0.31 208 | 0.21 2.00| 0.38 145 | 0.10 245 | 0.56
Al,O4 1581 | 0.65 1475 0.97 1560 | 0.46 17.15| 0.88 13.85 | 0.53 1292 | 0.68
FeO 9431 0.50 1098 | 1.51 972 | 0.67 9.14| 0.57 11.90 | 0.35 14.80 1.55
MgO 8.61| 0.58 7451 0.71 6.51 0.57 691 | 0.62 739 | 024 562 | 0.66
CaO 1249 | 0.34 11.71| 0.73 990 | 0.56 1091 | 0.74 11.51 0.11 1029 | 0.59
Na,O 213 | 0.16 2441 0.26 377 | 0.23 333| 0.34 216 | 0.04 253 | 0.18
K,0 0.07| 0.03 0.11| 0.07 028 | 0.05 072 0.23 005 | 0.06 0.15 | 0.05
K/Ti 0.07| 0.02 0.07 | 0.04 014 | 0.02 036 | 0.09 0.03 | 0.04 0.06 | 0.02
n 494 356 109 68 8 214
q 39.56 28.50 8.73 5.44 0.64 17.13
PETROLOGY  Vol. 14 No. 3 2006



STATISTICAL ASSESSMENT OF VARIATIONS IN THE COMPOSITIONAL 223
Table 5. (Contd.)
Compo- TOR-1 TOR-2 TOR-Na TOR-K TOR-Fe TOR-FeTi
nents X c X c X c X c X c X o
Mid-Atlantic Ridge (northern segment, N = 6053, O = 33.48%)

SiO, 51.03| 0.77 5097 | 0.75 5147 | 0.77 51.44 1.01 51.09 | 042 50.68 | 0.86
TiO, 1.08 | 0.18 1.50| 0.24 1.97 | 0.22 1.54 | 0.38 1.35 | 0.16 1.92 | 041
Al,O4 1537 | 0.70 1545] 0.70 15.06 | 0.54 15.76 | 0.83 14.13 | 0.27 1335 | 045
FeO 9.60| 0.78 998 | 0.84 10.66 | 0.75 9.14 1.13 1233 | 0.40 1435 | 0.93
MgO 819 | 0.72 7.64 | 0.60 651 | 041 725 | 091 7.04 | 032 6.06 | 0.49
CaO 1234 | 0.55 1147 | 0.51 10.55 | 0.62 1141 1.05 11.79 | 0.33 11.03 | 0.51
Na,O 216 | 0.18 2741 0.27 341 | 034 271 | 048 206 | 0.07 226 | 0.12
K,0 0.14| 0.06 0.13| 0.06 019 | 0.09 055 | 0.23 0.11 0.04 0.18 | 0.06
K/Ti 0.13| 0.05 0.09| 0.04 0.10 | 0.06 035 | 0.11 0.08 | 0.03 0.09 | 0.02
n 2232 2422 57 840 397 105

q 36.87 40.02 0.94 13.88 6.56 1.73

Mid-Atlantic Ridge (southern segment, N = 1735, Q = 9.60%)

Sio, 50.62 | 1.00 50.80 | 0.62 51.16 | 045 50.94 | 0.97 52.07 | 0.12 51.08 | 0.12
TiO, 1.09| 0.21 1.55| 0.22 208 | 0.24 206 | 0.53 1.99 | 0.04 227 | 0.07
Al O; 16.06 | 0.97 1557 | 0.67 15.16 | 0.62 15.55 1.20 1490 | 0.10 1420 | 0.03
FeO 9.05| 0.77 9.87| 0.75 10.65 | 0.89 10.32 1.29 1336 | 0.19 1332 | 0.09
MgO 849 | 0.67 7.68 | 0.55 6.62 | 0.37 6.50 1.05 6.66 | 0.03 577 | 0.20
CaO 1223 | 0.53 1144 | 0.49 1064 | 0.44 10.73 | 0.98 9.69 | 0.58 9.76 | 0.12
Na,O 228 0.23 285| 0.24 336 | 0.21 3.14 | 045 1.18 | 0.35 324 | 0.04
K,0 0.08 | 0.06 0.13| 0.07 022 | 0.06 057 | 0.19 0.15 | 0.05 029 | 0.04
K/Ti 0.07 | 0.06 0.08 | 0.04 0.11 0.04 028 | 0.08 0.07 | 0.03 013 | 0.02
n 110 1161 220 234 2 8

q 6.34 66.92 12.68 13.49 0.11 0.46

Note: N is the number of analyses for a given area, Q its percentage of the overall number of the analyses used, # is the number of analyses
for each TOR group and the percentage of their sampling ¢ in a given area.

with the application of formal statistical analysis (clus-
ter analysis, analysis of histograms and covariations of
key parameters, and discriminant analysis) to the whole
volume of data on the compositions of the quenched
basaltic glasses from the seafloor.

The six major stable TOR groups remained the
same, but the variation ranges of their compositions
were significantly refined, and their affiliation with
plume or spreading associations was determined more
accurately.

The application of the modernized computer pro-
gram PETROLOG 2 (Danyushevsky, 2001) and a new
version of the COMAGMAT 3.5 program (Ariskin and
Barmina, 2004) to the refined data on the compositional
variations of discrete TOR groups allowed us to evaluate
more accurately their differentiation in pressure—tem-

PETROLOGY  Vol. 14

No. 3 2006

perature diagrams and to localize the differentiation
trends on a quantitative basis. The comparison of these
trends with data on the P-T parameters under which the
parental melts were derived from the mantle (these
parameters were established experimentally) has dem-
onstrated that the major TOR groups are indeed pro-
duced by different parental mantle melts, and the mixing
of their differentiation products during their ascent to
the surface either is limited or does not take place at all.

Of course, the recognition of the six major groups of
basalts was only the first necessary generalization of
their complex compositional variations. In practice,
each group is fairly heterogeneous, a fact that became
more apparent when the whole data body was exam-
ined. The reasons for this are numerous and include
local compositional characteristics of the mantle
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Fig. 14. Changes in the volumetric proportions of various TOR groups depending on the spreading velocity as is illustrated by the
D-04 histogram for (a) MAR and (b) EPR. See text for explanations.

source, the geodynamic environments in which the dif-
ferentiation took place, etc. It is quite probable that fur-
ther research will lead to a next step of generalization
and the recognition of other TOR groups (or sub-
groups).

It is pertinent to mention some features of the com-
positional heterogeneity of discrete TOR groups.

TOR-1. The position of the data point of the paren-
tal melt of TOR-1, determined experimentally, relative
to the corresponding compositional field and trend
(Fig. 12) indicates that the TOR-1 sample used to cal-
culate (from the results obtained on melt inclusions;

Sobolev and Dmitriev, 1989; Sobolev, 1997) the P-T
parameters under which the melt was derived from the
mantle source is a rare, the most magnesian member of
this basalt group. Judging from the orientation of the
TOR-1 compositional field in a P-T diagram relative to
the data point of the TOR-1 parental melt, most of the
parental melts of this group can define a fairly broad
stripe parallel to the solidus line, and their differentia-
tion can give rise to a complex compositional series.

TOR-2. The compositional variations of this group
are the most stable, and the composition of the parental
melt determined experimentally lies on the continua-
No. 3
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Fig. 15. Schematic map for the distribution of TOR-Fe and TOR-FeTi in the World Ocean. TOR-Fe and TOR-FeTi obviously dom-

inate in the northern MAR segment and at EPR, respectively.

tion of the TOR-2 field in a P-T diagram. The basalts of
this group are spread most widely in the global system
of mid-oceanic ridges, and the relative stability of their
compositions can be caused by the optimum geody-
namic conditions of the magmatism of the whole sys-
tem.

TOR-Na. The TOR-Na group is of exclusive inter-
est because its evolution takes place at the lowest pres-
sures and temperatures and within the overall minimum
range of depths. This was previously explained by the
unusual geodynamic environment of mantle magma-
tism in slow-spreading ridges, which is characterized
by the lowest productivity of volcanism at the cold,
rigid lithosphere and the development of the Hess crust
(Dmitriev, 1998; Dmitriev et al., 1999; Dmitriev and
Sokolov, 2002, 2003; Bonatti et al., 2001, 2003; Klein
and Langmuir, 1987; Langmuir et al., 1992). Our
present research has proved that TOR-Na are also
spread fairly widely at the East Pacific Rise, a ridge
with the maximum spreading velocity. This fact calls
for its further examination with the use of reliable infor-
mation on the deep structure of EPR and the heteroge-
neity of its upper levels. Conceivably, such a research
will make it possible to solve the problems concerning
the preservation of cold lithosphere blocks during the
intense upwelling of heated mantle (a process that
brings about fast spreading), the sizes of these blocks,
their compositional heterogeneity, and their interaction
with the mantle. The solution of these problems will be
undoubtedly facilitated by the detailed studying of the
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compositional variations of the TOR-Na themselves,
which can, perhaps, comprise two subgroups that dif-
ferentiate at two pressure levels (>3 kbar and <3 kbar),
as can be seen in Fig. 17. This highlights the need for
experimental determining the composition of the
parental melt (or melts) of TOR-Na and the conditions
under which it (or they) are derived from the mantle.
This research seems to be crucial from the viewpoint of
the petrology, geochemistry, and geodynamics of oce-
anic mantle magmatism.

TOR-K. This group of basalts displays the maxi-
mum dispersion of their compositions and the broadest
range of the P-T parameters of fractionation, which
overlaps the compositional fields of all other basalt
groups and even extends outside of them. This feature
of the TOR-K group can be explained as follows.
According to its petrological and geochemical charac-
teristics, this group is transitional to a large individual
and complicated group of basalts whose sources occur
in the lower mantle or in its transitional zone to the
upper mantle. In various classifications, these basalts
are attributed to within-plate or island (OIB) rocks or to
the products of magmatism related to plumes, hotspots,
mantle jets, etc. Despite terminological differences, the
common mechanism thought to initiate this type of
magmatism is mantle melting in response to its active
local upwelling from significant depths, with breaking
through the surrounding lithospheric structures and the
origin of overprinted chambers of geochemically
enriched basalts of broad compositional range. Accord-
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ing to these features, we ascribed the TOR-K group to
the plume association of basalts of mid-oceanic ridges.
The broad compositional variations of this group can
also be caused by the broad range of parameters under
which the parental melts are derived from composition-
ally various mantle sources. Because of this, the
detailed examination of the compositional heterogene-
ity of the basalts of the TOR-K group and the elucida-
tion of the reasons for these heterogeneities is one of
the crucial problems of the petrology, geochemistry,
and geodynamics of mantle magmatism in mid-oceanic
ridges.

TOR-Fe and TOR-FeTi. Each of these groups is
quite homogeneous in composition, which can be

explained by narrow ranges of the fractionation param-
eters of these rocks in intermediate magma chambers at
low pressures. The homogeneity of each group is also
retained in terms of the concentration levels of indicator
elements (Ti, Na, and K), a feature indicating that these
TOR groups are derivatives of either TOR-1 (TOR-Fe)
or TOR-2 (TOR-FeTi). This can result from the
absence of mixing between plume and spreading asso-
ciations at the depth levels where the magma chambers
are formed. Further research should be centered on the
identification of ferrous and ferrous—titanic basalts as
derivatives of TOR-Na and TOR-K.
An important outcome of our research is the refining
of the distribution of various TOR groups in the system
PETROLOGY Vol. 14

No. 3 2006



STATISTICAL ASSESSMENT OF VARIATIONS IN THE COMPOSITIONAL

T,°C
1300

1280
1260
1240
1220
1200
1180
1160
1140 =

L

1120 -

1100 T T T T

227

0 2 4

1
10
P, kbar
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of mid-oceanic ridges. The most interesting data were
obtained on an increase in the volumes of spreading
basaltic associations, including the group of TOR-Na,
in the EPR system and a significant increase in the vol-
ume of the TOR-K group in the plume basalt associa-
tion of MAR. This confirms in quantitative terms the
earlier conclusion that the distribution of various TOR
groups (which are the evolutionary products of sources
at different depths in the mantle) depends on the dynam-
ics of its upwelling and the velocity of spreading.

CONCLUSIONS

The formal statistical analysis of the compositional
variations of basalts for the whole global system of
mid-oceanic ridges yielded important results. New data
were obtained on the petrological parameters of the
evolution of mantle magmatism and the spatial distri-
bution of characteristics of its products depending on
the geodynamic environments. These results made it
possible to assay the current availability of petrological
information on magmatism in mid-oceanic ridges and
to propose the following scheme for identifying various
TOR groups among newly obtained data on quenched
glasses:

(1) the affiliation to plume or spreading associations
based on the discriminant value of D-04 = 6.43 TiO, +
PETROLOGY  Vol. 14

No. 3 2006

7.95Na,0 - 1941 K,0 - 1991 Na,0/MgO +
0.95 K,0O/TiO,. Compositions with D-04, < 19.28 are
attributed to the plume association and those with
D-04, > 19.28 are related to the spreading association;

(2) compositions of the plume association with FeO >
11 wt % are ascribed to TOR-Fe, and compositions of
the spreading association with FeO > 13 wt % are
classed with TOR-FeTi;

(3) the TOR-K group comprises compositions of
the plume association with K,O > 0.4 wt % and FeO <
11 wt %;

(4) the TOR-Na group includes compositions of the
spreading association with Na,O > 3 wt % and FeO <
13 wt %;

(5) the TOR-1 group consists of compositions of the
plume association with K,O < 0.4 wt % and FeO <
11 wt %;

(6) the TOR-2 group comprises compositions of the
spreading association with Na,O < 3 wt % and FeO <
13 wt %.

In order to identify TOR groups, one can use the dia-
grams presented in Fig. 3 (Na,0/MgO-K,0/TiO,) and
Fig. 11 (P-T). In the latter, the values for P and T
should be calculated by the PETROLOG 2 computer
program (Danyushevsky, 2001).
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The groups can always be identified accurate to at
least 10%.

The results of our research also make it possible to
propose the avenues for further studies.

1. In the course of this research, information was
obtained that is needed for the development of the pet-
rological basis for a geodynamic model of magmatism
of the six major basalt groups (P-T parameters of their
evolution, productivity of volcanism, mantle
upwelling, spreading, etc.). Since no data on the
geochemistry of trace incompatible elements and iso-
topes were used, detailed information was lost on the
geochemical heterogeneity of the mantle sources of
magmatism and its influence on the distribution of var-
ious TOR groups and on the character of genetic rela-
tions between these groups and their associations.
Because of this, one of the key goals for the further
investigations is the systematizing of factual material
on the geochemistry of basalts in mid-oceanic ridges
with its correlating with geologic structures and with
regard for the affiliation of the rocks with discrete TOR
groups.

2. A comparative petrological-geochemical study of
the basalts and the rocks of the plutonic complex should
be carried out. For example, it is interesting to compare
TOR-Fe and TOR-TiFe with dike and intrusive gab-
broids.

3. An important independent problem is the exami-
nation of relations between the compositions of various
TOR groups and the composition of their mantle
source. It is particularly interesting to explore the
geochemical and geodynamic aspects of this problem.

4. It is necessary to further examine correlations
between the petrological-geochemical and geophysical
parameters. The statistical justification of the recogni-
tion of the six discrete basalt groups made it possible to
formulate specific tasks for the studying relations
between the evolution of magmatism and the geody-
namic environments in which the lithosphere is pro-
duced in the mid-oceanic ridges of selected reference
areas.

5. Considering the uneven character of sampling in
mid-oceanic ridges, it is necessary to systematically
collect materials in the South Atlantic and Indian
oceans and in polar basins.
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