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INTRODUCTION

Reliable estimates of the compositions of natural
magmas formed in different geodynamic settings can
be obtained by studying primary melt inclusions in
minerals and quench glasses in rocks. These data are of
special importance in estimating the contents of vola-
tiles, which are partially removed during magma erup-
tion or crystallization. We have long been developing a
database of magma compositions, which consists of
analyses of primary melt inclusions and quench
glasses. The database was used to estimate the average
compositions of melts formed in various geodynamic
settings [1, 2]. The database presently contains more
than 260000 analyses for volatile, major, and trace ele-
ments (73 elements in total) in melt inclusions and
quench glasses from magmatic rocks of various geody-
namic settings. This paper addresses the problem of
estimating the compositions of oceanic-island and oce-
anic-plateau magmas and their sources with the aim of
constructing a compositional model of mantle plumes.
Much attention was paid to the contents of volatiles

(H

 

2

 

O, Cl, F, and S) and incompatible elements (K, Ce,
Ti, P, and others), which behave as volatiles during the
derivation of mantle magmas. Since a great number of
data was accumulated, the investigation results were
presented in two papers. The first paper is focused on
the average compositions of melts estimated from data
on glasses in inclusions and rocks and on the composi-
tional variations related to the existence of different
sources. The second paper will be devoted to the possi-
ble compositions of mantle sources and the composi-
tional structure of mantle plumes.

FACTUAL MATERIAL

Our database now contains about 45000 analyses of
glasses from inclusions and rocks of ocean islands and
plateau compiled from 108 papers. Most of the analy-
ses were borrowed from 50 publications, each contain-
ing more than 20 analyses [3–52]. Table 1 lists average
contents of major, volatile, and rare elements, including
800 determinations of H

 

2

 

O, 1385 determinations of Cl,
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Abstract

 

—Statistical analysis of a data bank of the compositions of glasses and melt inclusions in minerals
from ocean-island basalts. The initial database contains more than 45000 published analyses of ocean-island
igneous rocks from around the world. Much attention was given to the contents of volatiles (H

 

2

 

O, Cl, F, and S)
and their ratios to one another and to nonvolatile components of close incompatibility (Ti, P, K, and Ce). The
average compositions of melt inclusions are similar to those of glasses of the rocks, including volatiles, with
consideration for a somewhat higher degree (by approximately 20%) of the differentiation of glasses. The aver-
age compositions of ocean-island melts differ from those of mid-ocean basalts in having wider variations and
elevated contents of some of the most incompatible elements (Sr, Nb, Ta, Ba, U, Th, and others), as well as H

 

2

 

O,
F, and Cl. Based on the correlation of volatiles to one another and to incompatible elements, three groups of
ocean-island basalts are distinguished: (I) low-K, P, Ti magma compositions approximating mid-ocean ridge
magmas, (II) high-K, Ce, P, and Ti magmas that resemble continental rift magmas but differ from them in low
H

 

2

 

O content, and (III) high-K, H

 

2

 

O, Ce, P, and Ti magmas close to continental rift magma. All three types of
the melts were found only in the Hawaiian Archipelago, whereas other ocean islands are dominated by any one
of these types. The distinguished melt types presumably reflect the differences (heterogeneity) in the composi-
tions of the sources.
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Table 1. 

 

 Average contents of major, volatile, and trace elements in mineral melt inclusions and quenched glasses from ocean-
island magmatic melts

Com-
ponent

Melt inclusions Quenched glasses Com-
ponent

Melt inclusions Quenched glasses

 

n

 

arithm. geom.

 

n

 

arithm. geom.

 

n

 

arithm. geom.

 

n

 

arithm. geom.

SiO

 

2

 

1696 50.04 50.03 1751 50.40 50.39 V 107 195 192 155 312 317

2.04 2.10–2.01 2.09 2.17–2.07 84 91–62 83 108–81

TiO

 

2

 

1635 2.03 1.56 1655 2.65 2.61 Cr 423 647 494 262 236 237

1.02 1.09–0.64 0.62 0.68–0.53 776 963–327 194 310–134

Al

 

2

 

O

 

3

 

1650 13.86 13.83 1655 13.87 13.86 Ni 55 383 334 262 172 140

2.02 2.15–1.86 1.00 1.08–1.00 375 409–184 147 181–79

FeO 1684 9.93 9.90 1657 11.26 11.25 Sr 297 198 177 196 314 273

2.28 2.64–2.08 1.18 1.41–1.24 199 334–115 273 312–145

MnO 1221 0.14 0.14 938 0.18 0.19 Y 186 13.1 12.8 175 27.6 27.6

0.05 0.06–0.04 0.06 0.05–0.04 6.6 6.7–4.4 7.9 9.0–6.8

MgO 1684 8.43 8.39 1740 6.54 6.49 Zr 283 70.0 48.9 193 124 124

2.32 2.85–2.13 1.46 1.77–1.40 80.5 145–36.6 70 80–49

CaO 1650 11.58 11.63 1655 10.99 10.95 Nb 156 10.9 9.3 168 18.1 10.8

2.00 2.43–2.00 1.12 1.37–1.22 10.1 7.7–4.2 38.6 13.6–6.0

Na

 

2

 

O 1635 2.22 2.20 1655 2.52 2.45 Ba 211 56.2 56.6 146 102 77.0

0.58 0.55–0.44 0.74 0.64–0.51 63.8 155–42 172 184–54

K

 

2

 

O 1600 0.48 0.48 1740 0.55 0.59 La 342 4.62 2.30 187 11.7 9.4

0.49 0.68–0.28 0.56 0.42–0.25 6.99 5.30–1.61 18.9 12.2–5.3

P

 

2

 

O

 

5

 

1336 0.26 0.26 1563 0.29 0.27 Ce 230 6.27 3.37 185 26.1 22.7

0.21 0.34–0.15 0.21 0.13–0.09 13.8 5.15–2.04 27.6 24.9–11.9

H

 

2

 

O 293 0.35 0.34 505 0.42 0.49 Nd 230 5.10 3.19 185 16.6 15.9

0.36 0.71–0.23 0.34 0.45–0.23 8.84 3.76–1.73 11.0 13.7–7.4

Cl 512 230 190 873 380 310 Sm 245 1.89 1.26 187 4.48 4.49

260 400–130 390 540–190 2.53 0.80–0.49 2.36 2.61–1.65

F 326 600 570 513 770 720 Eu 227 0.90 0.67 167 1.67 1.55

570 730–330 990 1680–510 1.22 0.54–0.30 0.64 0.64–0.45

S 620 980 950 1295 620 560 Dy 230 2.54 2.25 184 4.89 4.94

710 820–440 620 1260–390 1.80 1.58–0.93 1.36 1.61–1.22

CO

 

2

 

226 210 130 350 130 90 Er 230 1.69 1.53 175 2.66 2.64

380 430–100 230 210–60 0.99 0.86–0.55 0.74 0.86–0.65

Be 24 0.77 0.75 32 0.85 0.88 Yb 340 1.72 1.61 186 2.22 2.22

0.22 0.30–0.22 0.26 0.29–0.22 0.79 0.78–0.52 0.71 079–0.59

B 61 1.26 1.07 23 1.59 1.44 Hf 22 3.82 3.42 96 3.71 3.73

1.16 1.54–0.63 0.82 0.74–0.49 1.94 2.66–1.50 0.63 0.81–0.67

 

Note: The contents of major elements and water are given in wt %, other elements are in ppm; 

 

n

 

 is the number of determinations,
(arithm.) is the arithmetic mean, value below denotes the deviation from the mean; (geom.) is the geometric mean, the range of
two values below show plus and minus deviation from the mean, respectively. The contents of elements were calculated as arith-
metic and geometric means under the conditions that the largest deviation of individual measurements differ from the average
value by no more than 2 

 

σ

 

 with a probability 95%.



 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 45

 

      

 

No. 2

 

      

 

2007

 

VOLATILES IN BASALTIC MAGMAS OF OCEAN ISLANDS AND THEIR MANTLE SOURCES: I. 107

 

840 determinations of F, 1915 determinations of S, as
well as more than 7000 determinations of nonvolatile
trace elements. Major elements were analyzed by an
electron microprobe. Trace and volatile elements were
determined on electron and ion microprobes, by IR
spectrometry, or by other methods. The accuracy of
analyses for elements depends on the method
employed, but this factor is not considered in this work.
In our opinion, the use of a great number of diverse ana-
lytical data results in the mutual compensation of the
individual systematic errors, allowing us to obtain a
reliable estimate of the average melt composition. In
particular, this is supported by the fact that, beginning
with a certain volume of the database, the addition of
even a large number of analyses only insignificantly
affects the average composition and dispersion.

Available analytical data characterize various oce-
anic islands, plateaus, and the floor of the adjacent
basins. The largest number of analyses of basic mag-
mas is available for the Hawaiian islands (more than
600 determinations), a few tens of determinations are
available for the Canary Islands, Kerguelen, Reunion,
and the Ontong plateau.

The average compositions of melt inclusions and
quenched glasses of the rocks are generally close to
each other (Table 1), with some systematic differences.
The main difference is that the inclusions have more
magnesian and less differentiated compositions. This is
confirmed, along with Mg contents, by the lower con-
tents of practically all incompatible elements, including
water, chlorine, and fluorine. The ratio of the average
contents in rock glasses to those in inclusion glasses for
most incompatible elements, including water, chlorine,
and fluorine, is within 0.5–0.9. It is important that the
water ratio (0.83) also falls into this interval. This indi-
cates that the possible water loss from inclusions via
hydrogen diffusion through olivine [53–56] was insig-
nificant. Given this fact, the analyses of inclusions and
quenched glasses will be considered together.

AVERAGE COMPOSITION 
OF OCEAN ISLAND BASIC MAGMAS

Table 2 lists the average chemical compositions of
ocean-island magmatic melts, including the contents of
some volatile components (water, chlorine, sulfur, and
fluorine). Only compositions with SiO

 

2

 

 contents no
higher than 54 wt %, the main maximum of basic com-
positions of ocean-island magmas, were used (Fig. 1).
Since the contents of most trace elements display a log-
normal distribution (Fig. 2), the geometric mean is
taken as the distribution maximum. In some cases,
arithmetical averages are also useful in estimating the
global fluxes of chemical elements. Therefore, the table
displays both values with the corresponding standard
deviations. It should be noted that the Ti and P distribu-

tion is close to both the normal and the lognormal dis-
tribution.

In Table 2, the average composition of ocean-island
melts is compared with that of mid-ocean ridge melts
estimated in previous work [57]. Geochemical and iso-
tope differences between MORB and OIB basalts were
repeatedly discussed in the literature, however, it will
be interesting to compare their compositions using the
global database of quenched melt compositions. These
compositions are similar in abundance of most major
elements (SiO

 

2

 

, Al

 

2

 

O

 

3

 

, FeO, MgO, and CaO). Ocean-
island magmas are significantly enriched in incompati-
ble elements (Ti, Na, K, volatiles, and many trace ele-
ments). It should be noted that the differences between
the average compositions can be related to the degree of
parent melt fractionation. In particular, the insignifi-
cantly lowered Al and Mg contents in compositions of
ocean islands could be interpreted as a result of olivine
and plagioclase fractionation. This process can also
explain some enrichment in incompatible elements.
Least square calculations using major elements show
that the average composition of ocean-island magmas
is best approximated by the fractionation of 5% olivine
and 15% plagioclase from the average MORB compo-
sition. The differences in the abundance of some com-
patible elements are presumably related to the crystal-
lization of accessory phases (spinel, sulfides).

The significance of the average contents of compo-
nents (C

 

1

 

 and C

 

2

 

) was estimated by statistical criterion

 

z

 

 = (C

 

1

 

 – 

 

 

 

C

 

2

 

)/( /

 

n

 

1

 

 + /

 

n

 

2

 

)

 

1/2

 

, where 

 

σ

 

 is the stan-σ1
2 σ1

2
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Fig. 1.

 

 Histogram of SiO

 

2

 

 distribution in natural ocean-
island magmatic melts, 

 

n

 

 is the number of determinations.
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Fig. 2.

 

 Histograms of the distribution of H

 

2

 

O, Cl, F, S, K

 

2

 

O, Dy, P

 

2

 

O

 

5

 

, TiO

 

2

 

, and Ce contents in ocean-island magmatic melts.
Shaded histograms correspond to a lognormal distribution of elements, open histograms correspond to their normal distribution;

 

n

 

 is the number of determinations.
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 (Contd.)

 

dard deviation and 

 

n

 

 is the number of analyses for a
given component, with critical values of 2.58 for a
probability of 99%. It was taken into consideration that
oceanic basaltic magmas can be enriched in incompat-
ible elements due to ~20% fractionation. As a result, we
distinguished components with certainly different aver-
age concentration. As compared to the average compo-
sition of mid-ocean ridge magma, ocean-island basalts
are significantly enriched in Ti, Na, K, P, Cl, and F, and,
to a lesser extent, in H

 

2

 

O. As a result, the average
H

 

2

 

O/K

 

2

 

O ratio in mid-ocean ridge melts is higher than
that in the melts of oceanic islands (respectively, 1.45
and 0.78). The average S content in the ocean-island
magmas is approximately 25% lower than that in mid-
ocean ridge melts. In addition to the most incompatible
elements, ocean-island magmas are also enriched in
some trace elements (Rb, Sr, Ba, Nb, Ta, Th, and U).
However, this tendency is less distinct because of the
wide range of compositions, especially for the melts of
oceanic islands. In particular, their REE contents are
overlapped even in the LREE part. With respect to mod-
erately incompatible elements (HREE, Y, Sc), mid-

ocean ridge melts are also significantly enriched rela-
tive to ocean-island basalts. It is interesting that mid-
ocean ridge melts are enriched in light elements, Li and
B, relative to the melts of ocean islands at practically
the same Be contents.

HETEROGENEITY OF OCEAN ISLAND 
MAGMAS

The data reported in Table 2 indicate significant
compositional variations in ocean island magmas. The
fact that ocean-island melts show a greater dispersion
of compositions than the melts of mid-ocean ridges was
considered by many researchers as related to the heter-
ogeneity of the mantle source [58, 59].

Our databank demonstrates that the compositions of
ocean island melts are heterogeneous and display nei-
ther H

 

2

 

O–K nor H

 

2

 

O–Ce correlations, which were
found for mid-ocean ridge melts [57]. More compact
groups of magma compositions must be distinguished
to estimate the heterogeneity of mantle plumes. The
subdivision is based on correlations between K, Ce,
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Table 2.

 

  Average contents of major, volatile, and trace elements in the magmatic melts of ocean islands and mid-ocean ridges

Com-
ponent

Average composition 
of ocean island melts

Average composition 
of mid-ocean ridges

Com-
po-
nent

Average composition 
of ocean island melts

Average composition 
of mid-ocean ridges

 

n

 

arithm. geom.

 

n

 

arithm. geom.

 

n

 

arithm. geom.

 

n

 

arithm. geom.

SiO

 

2

 

3447 50.24 50.23 3762 50.20 50.20 Sr

 

493 259 232 803 135 130

 

2.08 2.16–2.08 0.92 0.93–0.92 257 360–140 65 62–44
TiO

 

2

 

3290 2.42 2.04 2596 1.34 1.24

 

Y

 

361 20.4 19.6 796 28.1 28.0

 

0.84 0.92–0.63 0.62 0.53–0.38 12.2 17.1–9.1 13.1 12.7–8.7
Al

 

2O3 3305 13.84 13.85 2525 15.59 15.58 Zr 476 92.0 83.8 929 93.7 90.2
1.55 1.67–1.49 1.21 1.25–1.16 85.0 166–58 53.1 74.9–40.9

FeO 3341 10.72 10.66 2583 9.24 9.23 Nb 324 17.4 10.2 763 4.84 2.37
1.91 2.27–1.87 1.65 1.71–1.43 32.3 13.0–5.7 6.89 4.36–1.54

MnO 2159 0.16 0.16 1450 0.16 0.16 Ba 357 80.6 62.9 654 30.6 16.6
0.07 0.07–0.05 0.04 0.06–0.04 110 160–45 52.8 57.0–12.9

MgO 3424 7.30 7.33 2815 7.81 7.80 La 529 8.26 3.58 1065 5.51 4.38
2.10 2.66–1.95 1.43 1.58–1.32 14.4 9.71–2.61 5.98 5.71–2.48

CaO 3305 11.16 11.19 2525 11.54 11.54 Ce 415 18.0 9.16 1175 12.5 11.2
1.49 1.85–1.59 1.10 1.23–1.10 30.8 32.6–7.2 10.9 13.3–6.1

Na2O 3290 2.35 2.32 2565 2.67 2.66 Pr 87 3.84 4.34 181 2.12 1.73
0.64 0.59–0.47 0.57 0.64–0.51 2.06 1.53–1.16 1.69 1.35–0.76

K2O 3340 0.51 0.56 3462 0.20 0.14 Nd 415 10.6 7.35 874 10.6 10.4
0.50 0.52–0.27 0.27 0.30–0.10 13.4 19.7–5.4 5.9 7.0–4.2 

P2O5 2899 0.28 0.28 2243 0.15 0.14 Sm 432 3.12 2.35 952 3.57 3.45
0.22 0.24–0.13 0.12 0.16–0.07 3.16 4.05–1.49 1.88 1.68–1.21

H2O 798 0.40 0.45 1051 0.29 0.30 Eu 394 1.23 0.98 793 1.28 1.21
0.36 0.55–0.25 0.26 0.37–0.16 1.18 1.50–0.59 0.61 0.51–0.36

Cl 1385 320 270 1151 180 130 Gd 150 5.86 5.89 547 4.42 4.36
350 510–180 260 450–100 2.18 2.33–1.67 1.46 1.55–1.14

F 839 650 620 341 180 160 Tb 39 0.93 0.91 246 0.74 0.78
760 1130–400 170 210–90 0.29 0.22–0.18 0.26 0.27–0.20

S 1900 710 720 549 1010 990 Dy 414 3.56 3.40 779 4.82 4.74
630 1190–450 420 480–320 2.34 3.19–1.64 2.06 2.01–1.41

CO2 576 180 110 455 190 150 Ho 85 1.07 1.05 170 1.01 0.98
310 330–80 210 120–70 0.13 0.12–0.11 0.34 0.34–0.25

Total 99.58 99.24 99.19 98.99 Er 405 2.11 1.98 637 3.05 3.00
T, °C 870 1194 1194 504 1227 1227 1.18 1.34–0.81 1.25 1.13–0.82

65 66–62 42 43–42 Tm 39 0.46 0.45 173 0.41 0.40
Li 33 4.51 4.41 307 6.33 6.16 0.08 0.09–0.07 0.14 0.14–0.10

1.47 1.36–1.04 2.22 1.82–1.40 Yb 526 1.89 1.81 817 2.98 2.90
Be 56 0.80 0.75 308 0.61 0.62 0.91 0.91–0.61 1.35 1.26–0.88

0.25 0.51–0.30 0.38 0.38–0.24 Lu 81 0.33 0.34 455 0.45 0.43
B 84 1.33 1.22 193 1.86 1.61 0.07 0.09–0.07 0.20 0.15–0.11

1.10 1.12–0.58 1.18 1.00–0.62 Hf 118 3.56 3.71 398 2.39 2.31
Sc 112 31.9 32.6 574 38.5 38.4 1.09 1.39–1.00 1.07 1.19–0.79

8.6 11.9–8.7 5.3 6.0–5.1 Ta 80 0.89 0.90 370 0.30 0.28
V 262 274 262 546 269 267 0.28 0.34–0.25 0.41 0.55–0.19

140 147–94 65 77–64 Pb 84 0.89 1.02 326 0.71 0.73
Cr 685 485 382 858 303 299 0.61 0.81–0.46 0.53 0.41–0.26

624 690–250 198 239–133 Th 94 0.64 0.66 525 0.46 0.37
Co 44 49.8 50.4 216 44.8 44.8 0.52 1.00–0.40 0.74 0.78–0.25

7.7 10.2–8.5 5.4 5.5–4.9 U 84 0.26 0.21 397 0.16 0.10
Ni 317 226 176 399 97.5 97.5 0.10 0.40–0.14 0.26 0.21–0.06

220 270–110 48.0 54.2–34.8
Rb 155 10.1 8.61 500 4.01 1.53

13.1 8.68–4.32 6.85 3.71–1.08
Note: T, °C is the melt temperature, other symbols are as in Table 1. Italicized characters denote components whose average contents sig-

nificantly differ with a probability of more than 99% with allowance for the possible different degrees of fractionation (up to 20%
silicate phases and subordinate amounts of spinel and sulfide melt).
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H2O, Ti, and P contents in magmas (Fig. 3). Using the
K2O–H2O diagram (Fig. 3a), the melt compositions can
be subdivided into three groups: (I) a low-K group,
(II) a high-K and low-H2O group, and (III) a high-K
and high-H2O group. The boundary between fields I
and II + III runs at 0.2 wt % K2O, while the boundary
between fields II and III corresponds to 0.2 wt % H2O.
A similar situation is observed in the TiO2–H2O,
Ce−H2O, and P2O5–H2O diagrams (Figs. 3b–3d), but
only scarce data are available for Ce. Thus, the follow-
ing three main groups of ocean island basalts can be
distinguished: (I) low-K basalts enriched in P and Ti
and close to ocean-ridge basalts, (II) high-K basalts
enriched in Ce, P, and Ti and close to continental-rift
melts but differing in lower water content, and (III)
high-K compositions rich in water, Ce, P, Ti and close
to the continental rift melts. The average compositions
of these types of magmatic melts are shown in Table 3.

The distinguished melt groups are unequally distrib-
uted between magmatic complexes presented in our
database (Table 4). Only Hawaiian islands are more or
less abundant in all three types. Other islands are
strongly dominated by one of these types. This distribu-
tion points to a global heterogeneity of ocean-island
magmatic source. At the same time, the similar average
compositions of definite magma types in different com-
plexes suggest the existence of a limited number of the
geochemical types of their sources.

Figure 4 demonstrates the position of ocean-island
magmas in a SiO2–K2O diagram. The compositions of
field I in this classification diagram correspond to low-
K tholeiites, while those of fields II and III are high-K
subalkaline rocks that show SiO2 decrease with increas-
ing K2O content. These trends are opposite to the com-
positional variations caused by olivine fractionation.
A negative correlation between K2O and SiO2 is caused
by variations in the degree of garnet peridotite melting
at pressures higher than 30 kbar [60].

Now, let us consider the F and Cl contents in these
groups. Data on F are significantly scanty than those on
H2O and Cl. It is seen that the distribution of the data
points of the three groups in the F–K diagram (Fig. 5a)
differs from that in the K2O–H2O diagram (Fig. 3a).
First, the compositions of fields I, II, and high-F com-
positions of field III define a correlation line and over-
lap with the fields of mid-ocean ridges and continental
rifts, except tholeiite magmas of the Hawaiian Islands
[5].The average K2O/F ratio for ocean-island basalts
(Table 2) is about 9. The F content in field III strongly
varies at an almost constant K2O content. In addition,
compositional fields II and III nearly coincide. Low-K
melts of field I also have low F contents (<0.025 wt %)
and overlap with the low-F compositions of field III.
The high-K anhydrous compositions of field II are plot-

ted in the field of high-F magmas, while high-K hydrous
magmas III fall in the compositional field with wide
F variations. Practically all magmas containing more than
0.05 wt % F have high K2O content (K2O > 0.2 wt %).

Like other components, the F and H2O content are
not correlated (Fig. 5e). Field I occupies the left, low-F
part of the diagram, field II spans the low-water but
high-F part of diagram, while field III occupies the
high-H2O part of the diagram with wide F variations.
Figure 5c demonstrates relations between F and P2O5,
which are close in their degree of compatibility. The
K2O/F and P2O5/F ratios decrease with increasing
F content (Figs. 5b, 5d). It should also be noted that
similar correlations are observed for mid-ocean ridge
basalts (field MORB in the figures).

The variations of Cl content versus K2O, H2O, and
F are shown in Fig. 6. In terms of contents of similarly
compatible Cl and K (Fig. 6a), two groups with widely
ranging Cl contents are distinguished: low-K composi-
tions (K2O < 0.2 wt %, mainly field I) and high-K com-
positions (K2O > 0.2 wt %, fields II and III). Both of
these fields form an extended ellipse overlapping with
the compositional field of mid-ocean ridge magmas and
high-K and high-Cl field of continental rift basaltic
magmas. The K2O/Cl ratio varies from 0.1 to more than
100 (Fig. 6d). In spite of a wide scatter in the Cl con-
tent, this dependence is statistically significant with a
high probability. The high-K compositions of fields II
and III (Fig. 6a) define a lower angle of the Cl–K2O cor-
relation than the angle of the whole sampling; the
K2O/Cl ratio varies from more than 100 to 10 in field II
and from 10 to 1 in field III (Fig. 6d).

A similar correlation is also discernible for Cl and
H2O (Fig. 6b). The compositions of field I cover the
practically entire interval of Cl contents in the ocean
island basaltic magmas. Fields II and III define “anhy-
drous” and hydrous sampling sets, respectively. As a
whole, the compositions of ocean-island basaltic mag-
mas overlap with the mid-ocean ridge field and extend
toward higher H2O and Cl contents. The H2O/Cl ratio
(Fig. 6e) declines from almost 100 to less than 10 at the
average ratio of 17, which is lower than that in seawater.

No significant F–Cl correlation was found for either
ocean island magmas or fields I–III (Fig. 6c). However,
from fields of mid-ocean ridge to continental rift
basalts, most compositions show an increase in Cl and
F contents. Basalts from field II widely vary in Cl at an
almost constant F content.

Sulfur in ocean-island basaltic magmas shows a
more complex distribution, which is presumably
related to sulfide redistribution. First, S shows no corre-
lation with Dy and other HREE, as was observed for
mid-ocean ridge magmas [57]. Second, most ocean
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Fig. 3. Correlations between (a) K and H2O, (b) TiO2 and H2O, (c) P2O5 and H2O, and (d) Ce and H2O in ocean-island magmatic
melts. (1) Field I (low-K melts with K2O < 0.2 wt %); (2) field II: high-K melts with K2O > 0.2 wt % and low H2O contents
(H2O < 0.2 wt %); (3) high-K melts with K2O > 0.2 wt % and high H2O > 0.2 wt %; (4) depleted mantle; (5) primitive mantle; (6)
oceanic crust; (7) continental crust. Hereinafter, the shaded field corresponds to mid-ocean ridge melts, while the open field, to the
compositions of continental rift and hot spot melts.
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Table 3.  Average contents of major, volatile, and trace elements in three types of ocean-island magmatic melts

Compo-
nent

Average compositions of different types of magmatic melts

I (K2O < 0.2 wt %) II (K2O > 0.2 wt %, 
H2O < 0.2 wt %)

III (K2O > 0.2 wt %, 
H2O > 0.2 wt %)

n arithm. geom. n arithm. geom. n arithm. geom.

SiO2 465 49.73 49.72 188 50.86 50.85 518 49.93 49.89
1.24 1.27–1.88 1.41 1.44–1.39 2.18 2.27–2.17

TiO2 451 0.92 0.96 184 2.44 2.46 512 2.59 2.60
0.54 0.59–0.36 0.57 0.63–0.51 0.41 0.46–0.40

Al2O3 453 15.28 15.25 184 13.27 13.27 512 13.53 13.60
1.78 2.10–1.85 0.82 0.84–0.79 1.21 1.12–1.03

FeO 453 9.03 8.99 188 11.00 11.00 518 11.17 11.02
2.45 2.48–1.94 0.71 0.71–0.67 1.15 1.55–1.36

MnO 347 0.16 0.16 133 0.14 0.14 305 0.17 0.17
0.05 0.07–0.05 0.06 0.06–0.04 0.03 0.03–0.03

MgO 465 8.53 8.50 188 8.31 8.14 518 7.20 7.22
1.76 1.96–1.60 2.97 3.40–2.40 1.79 2.08–1.62

CaO 453 13.22 13.21 184 10.67 10.69 512 10.92 10.87
1.66 1.96–1.71 1.09 1.14–1.03 1.15 1.33–1.18

Na2O 451 1.96 1.92 184 2.33 2.33 512 2.44 2.44
0.46 0.50–0.40 0.24 0.23–0.21 0.54 0.49–0.41

K2O 465 0.07 0.07 188 0.41 0.40 518 0.53 0.53
0.06 0.11–0.04 0.15 0.12–0.09 0.28 0.23–0.16

P2O5 359 0.09 0.08 180 0.26 0.25 470 0.27 0.27
0.08 0.10–0.04 0.07 0.08–0.06 0.09 0.10–0.07

H2O 81 0.24 0.24 188 0.10 0.10 518 0.55 0.62
0.11 0.11–0.08 0.03 0.04–0.03 0.29 0.30–0.20

Cl 140 280 290 106 90 90 280 320 310
480 2470–260 70 80–40 280 360–170

F 15 230 190 104 450 470 145 450 410
210 260–110 220 200–150 530 860–280

S 106 1090 1060 179 370 340 412 1130 1120
460 620–400 340 520–200 460 590–380

CO2 66 170 100 113 100 50 385 210 120
280 200–60 170 180–40 370 420–90

Total 99.44 99.26 99.89 99.74 99.52 99.42
T, °C 166 1255 1255 16 1208 1206 147 1165 1165

38 38–38 94 97–89 40 40–39
Li 9 3.82 3.81 – – – 10 4.09 4.08

0.46 0.48–0.43 – – 0.40 0.42–0.38
Be 9 0.15 0.13 – – – 46 0.83 0.85

0.15 0.31–0.09 – – 0.20 0.15–0.13
B 30 0.52 0.58 – – – 36 1.78 1.78

0.28 0.40–0.24 – – 0.63 0.62–0.46
Sc 20 52.8 52.7 – – – 15 32.9 32.8

4.3 4.5–4.2 – – 3.8 3.9–3.5
V 122 230 235 6 348 343 22 282 286

114 150–93 76 86–70 114 180–110
Cr 156 397 313 6 94.6 89.0 49 235 275

502 380–170 106 260–66 245 560–180
Co 21 51.8 52.3 – – – – – –

7.5 10.4–8.7 – – – –
Ni 22 79.9 78.1 – – – – – –

26.0 28.2 – 20.7 – – – –
Rb 18 0.76 0.67 – – – 41 14.8 12.8

0.72 0.26 – 0.19 – – 11.7 9.7 – 5.5
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Table 3.  (Contd.)

Compo-
nent

Average compositions of different types of magmatic melts

I (K2O < 0.2 wt %) II (K2O > 0.2 wt %, 
H2O < 0.2 wt %)

III (K2O > 0.2 wt %, 
H2O > 0.2 wt %)

n arithm. geom. n arithm. geom. n arithm. geom.

Sr 146 100 101 6 1100 1130 60 439 442
52 57–36 1020 1240–590 205 290–175

Y 145 14.3 14.3 6 36.7 36.1 60 25.9 25.2
9.0 11.4–6.3 10.1 11.4–8.7 8.4 9.7–7.0

Zr 146 31.9 33.4 6 439 438 60 144 149
32.6 60.4–21.5 48 50–45 71 72–49

Nb 67 2.51 1.70 6 77.4 81.9 50 20.6 20.8
2.65 2.65–1.04 70.2 83–41 16.4 19.0–10.0

Ba 89 15.9 12.5 6 401 401 50 155 146
18.8 30.7–8.9 476 800–270 93 110–62

La 158 2.07 1.47 6 63.5 62.5 68 18.5 15.3
1.85 1.63–0.77 75.0 140–43 19.2 15.3–7.66

Ce 141 5.15 4.76 6 129 134 68 41.9 36.9
4.46 5.49–2.55 112 210–82 35.6 31.9–17.1

Pr 16 1.29 1.29 – – – 12 5.10 5.09
0.08 0.08–0.08 – – 0.56 0.60–0.54

Nd 141 4.89 4.72 6 67.7 84.0 68 22.9 22.0
3.76 5.17–2.47 42.0 58.2–34.4 13.4 13.6–8.4

Sm 157 1.86 1.61 6 12.4 15.0 68 5.70 5.64
1.39 1.47–0.77 5.7 8.1–5.2 2.68 3.11–2.00

Eu 141 0.75 0.67 6 3.62 4.30 50 2.06 2.07
0.51 0.43–0.26 1.73 2.53–1.59 0.46 0.52–0.42

Gd 36 4.57 4.67 – – – 40 6.20 6.17
2.91 3.83–2.10 – – 1.49 1.57–1.26

Tb 16 0.77 0.77 – – – 9 1.02 1.01
0.06 0.06–0.06 – – 0.14 0.14–0.12

Dy 141 3.01 2.83 6 7.85 8.27 67 5.02 5.20
2.01 2.43–1.31 2.41 3.76–2.59 1.66 1.87–1.38

Ho 16 1.12 1.12 – – – 12 1.07 1.06
0.07 0.07–0.08 – – 0.13 0.11–0.09

Er 141 1.94 1.76 6 3.80 4.00 65 2.53 2.50
1.21 1.33–0.76 1.46 1.44–1.06 0.86 0.94–0.68

Tm 16 0.47 0.48 – – – 9 0.38 0.38
0.03 0.04–0.04 – – 0.07 0.08–0.06

Yb 157 1.80 1.64 6 3.03 3.01 68 2.09 2.16
1.10 1.13–0.67 0.56 0.58–0.48 0.77 0.88–0.63

Lu 16 0.44 0.44 – – – 12 0.33 0.33
0.03 0.04–0.04 – – 0.06 0.06–0.05

Hf 21 1.87 1.73 – – – 39 4.13 4.14
0.32 0.37–0.31 – – 1.05 1.27–0.98

Ta 16 0.08 0.08 – – – 12 1.09 1.06
0.02 0.02–0.01 – – 0.17 0.18–0.15

Pb 20 0.26 0.30 – – – 12 0.78 0.98
0.09 0.11–0.08 – – 0.46 0.71–0.42

Th 27 0.08 0.08 – – – 14 1.02 0.95
0.04 0.05–0.03 – – 0.21 0.39–0.27

U 20 0.02 0.02 – – – 12 0.31 0.31
0.02 0.04–0.01 – – 0.05 0.06–0.05

Note: T, °C is the melt temperature. For other explanations, see Table 1.
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island compositions is plotted below the FeO–S corre-
lation line (Fig. 7), though many compositions are
higher in S than mid-ocean ridge magmas. The bulk of
ocean island melts plots in a narrow range of Fe con-
tents (10–13 wt %) at significant variations in S content
from a few hundreds ppm to 0.2 wt %. Only magma
compositions from field I show a weak positive correla-
tion of FeO with S (Fig. 7a) and a negative correlation
for CaO (Fig. 7b). The prevailing part of basaltic mag-
mas from field II is lower in S than magmas from field I,
while compositions of field III are characterized by the
wider variations in S content, partially overlapping with
fields I and II.

In the K2O–P2O5, K2O–Ce, P2O5–Ti2O, and K2O–
TiO diagrams (Fig. 8), field II overlaps field III, and all
compositions of ocean island basaltic magmas define a
single positive logarithmic correlations, in which field I
is located in the region of low K2O, TiO2, and P2O5 con-
tents, while fields II and III are in the region of high
contents of these elements.

Table 3 lists average compositions calculated for the
three aforementioned groups of ocean island melts,
which can be compared with the average compositions
of mid-ocean ridge melts (Table 2). Low-K basaltic
rocks from field I are similar to mid-ocean ridge mag-
mas but differ from them in lower contents of Ti, Na, K,
and P and higher contents of Mg and Ca. The average
compositions of fields II and III differ from that of field I
in elevated contents of Ti, Fe, Na, and P. Average com-
positions of fields II and III differ mainly by contents of
H2O, Cl and S, with the lowest average content of H2O,
Cl, and S (but not F) occurring in field II.

Table 5 presents the average ratios of volatile and
nonvolatile components in the distinguished types of
ocean-island melts, which were used, together with the
data of Table 2, to estimate the composition of the
sources of these magmas or plume mantle. However,
first we had to estimate how these compositions were
modified by near-surface processes (assimilation, vola-
tile loss, crystallization differentiation, and others). It
should be noted that the dispersion’s of the average
contents and their ratios for three magma types are
much more significant than the variations of these
geochemical parameters caused by the difference
between the primary (equilibrium with source) and dif-
ferentiated magmas. However, first, material under
consideration (melt inclusions and quenched glass) bet-
ter approximates the composition of natural magmas
than rocks themselves. Second, the correlations of vol-
atiles with nonvolatiles, for instance, Cl with K, F with
K and P, indicate that the behavior of incompatible
novolatile and volatile components is controlled by the
same processes. The most important of them are crys-
tallization differentiation, anatectic melting, and mix-
ing of magmas or their sources. These processes can

bring about the aforementioned global correlations.
Magma assimilation and degassing usually disturb cor-
relations between the components considered here. The

Table 4.  Number of determinations of melt inclusions and
quenched glasses for three types of magmatic melts in different
ocean islands and oceanic plateaus

Location
Type of magmatic melts

I II III

Iceland 218 31 49

Ontog Java plateau 77 – 5

Galapagos Islands 74 – –

Hawaii 40 425 681

Kerguelen 18 – 44

Canary Islands – 54 81

Tabuai Archipelago – 3 18

Reunion Island – 1 52

n = 1171

K2O
2

1

0
40 50 60

SiO2

Fig. 4. Variations in the K2O versus SiO2 content in ocean-
island magmatic melts. Symbols are shown in Fig. 3.
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Fig. 5. Variations in the F content versus (a) K2O, (e) H2O,
and (c) P2O5, and (b) the K2O/F ratio versus F and
(d) P2O5/F ratio versus F in the ocean island magmatic
melts. Symbols are shown in Fig. 3.
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Fig. 6. Variations in the Cl content versus (a) K2O, (b) H2O, and (c) F, and variations in (d) K2O/Cl ratio versus Cl, (e) H2O/Cl ratio
versus Cl, and (f) F/Cl ratio versus Cl in the ocean-island magmatic melts. Symbols are shown in Fig. 3.
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similar Mg contents of the average compositions of
fields I, II, and III (Table 3) indicate that crystallization
differentiation did not cause significant differences in
the average contents of volatiles and in their ratios to
nonvolatile components (Table 5). Conceivably, the
compositions of field II could be formed by the degas-
sing of magmas from field III (Fig. 3). However, given
low water contents in the melts of field II, the degassing
should occur almost at atmospheric pressure. At the

same time, magmas were erupted on the seafloor at sig-
nificant depths and were entrapped as melt inclusions at
high pressures. Hence, magma degassing could not lead
to the observed compositional difference between
fields II and III. Moreover, similar K2O–SiO2 correla-
tions in magmas predict the same degree of melting
during the formation of the parent magmas of fields II
and III (Fig. 4, Table 3). Therefore, the differences in
the average contents of volatiles (Table 3) and element
ratios (Table 5) are presumably related to the differ-
ences in source composition of these three magma
types, i.e., the difference in mantle plume composition.

A great number of data suggests the possibility that
basaltic magmas could assimilate brines, which origi-
nated through seawater splitting into a high-density
Cl-rich brine and a low-density low-Cr fluid. Therefore,
it is highly possible that our sampling already contains
magmas enriched in Cl due to assimilation. The low
probability of this process was mentioned in [57, 61].
Nevertheless, let us estimate its probability for ocean
island magmas as well as the global effect of this pro-
cess on the composition of ocean-island magmas. The
correlation of Cl with K2O and H2O shown in Fig. 6 on
a logarithmic scale cannot be related to brine assimila-
tion, because it should have led to an increase in the
Cl content at a constant K2O content and a decrease in
the H2O content, as was shown in [30, 36, and others].
The main correlation (Fig. 6) is presumably caused by
the mixing of two magmatic sources: one low-Cl, low-
K, and low-H2O, and others, rich in these components
[61]. The assimilation of Cl-rich seawater components
by ocean-island magmas could lead to a wide scatter
(within two orders of magnitude) in the Cl content at

n = 699(‡)

FeO
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5

n = 689
(b)

CaO
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15

7
0.01 0.1 1S0.01 0.1 1S

Fig. 7. Variations in the S content versus (a) FeO and (b) CaO in ocean island magmatic melts. Symbols are as in Fig. 3.

Table 5.  Ratios of the average contents of components in
ocean-island magmatic melts

Compo-
nents

Ratios of average contents of components

All melts I type II type III type

H2O/Cl 17 8.3 10 19 

H2O/F 7.3 13 2.1 15 

H2O/P2O5 1.6 3.0 0.4 2.4 

Cl/F 0.4 1.5 0.2 0.8 

K2O/H2O 1.2 0.3 4.0 0.9 

K2O/Cl 21 2.4 40 17 

K2O/F 9.0 3.7 8.5 13 

K2O/P2O5 2.0 0.9 1.6 2.0 

TiO2/H2O 4.5 4.0 25 4.2 

TiO2/Cl 76 33 250 81 

TiO2/F 33 51 52 63 

TiO2/K2O 3.6 14 6.2 4.9 

TiO2/P2O5 7.3 12 9.8 10 

P2O5/Cl 10 2.8 25 8.1 

P2O5/F 4.5 4.2 5.3 6.3 
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a constant content of K2O, within the scope of the gen-
eral correlation (Fig. 6a), thus causing an overestima-
tion of the average Cl content in ocean island magmas.
However, the question arises as to why the assimilation
of seawater components causes the global accumula-
tion of magma compositions around their average com-
position or the correlation line in Fig. 6 instead of an
even and random scatter. The doubt also stems from the

analysis of the Cl–K2O correlation in the magmas of
fields II and III (Fig. 6). This correlation is steeper than
the general correlation for all compositions and could
be explained by a significant role of Cl assimilation,
leading us to admit that this process is responsible for
the transition from field II to field III. This is hardly
possible, since such transition requires an increase in
the contents of K2O, H2O, S, and, possibly, Ti (Table 5).
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Fig. 8. Diagrams (a) K2O–P2O5, (b) Ce–K2O, (c) TiO2–P2O5, and (d) TiO2–K2O in ocean island magmatic melts. Symbols are as
in Fig. 3.
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It should be noted that the Cl content in magmas from
field III occasionally reaches 2 wt % at low contents of
incompatible elements, which underlay fairly exotic
models proposed to account for the formation of such
magmas, for instance, the anatexis of oceanic crust
under NaCl brine saturation [36]. We believe that these
problems can be resolved by uneven distribution of Cl,
K, H2O, and other components in the plume mantle
rather than by shallow-depth seawater assimilation by
magma. We admit that this heterogeneity can occur not
only on the scale of large domains of mantle plumes,
which characterizes the main correlation in Fig. 6, but
also on a smaller scale, especially for Cl. This was dem-
onstrated for melt inclusions in such typical within-
plate magmas as NaCl-rich kimberlites [62], for the Cl
balance in subduction zones [63], and for Cl isotope
composition of oceanic basalts [64], which indicates
that no less than 70 wt % Cl of the altered oceanic crust
participates in deep-seated mantle recycling. In this
context, we arrived at the conclusion that the three dis-
tinguished types of basaltic magmas characterizes three
types of mantle plume sources, while the compositional
variations of these magmas shown in Fig. 3 reflect the
heterogeneity of the mantle sources.

CONCLUSIONS

The ultimate aim of generalizing data on ocean
island magmas is to estimate the composition and
chemical structure of mantle plumes, which will be
considered in our ongoing paper. The results presented
in this publication are the factual basis for subsequent
modeling, and the most important of them are as fol-
lows:

(1) With regard for the insignificant difference in the
degree of differentiation, the compositions of melts in
inclusions in mineral and in quenched glasses can be
considered identical, including the content of water and
other volatiles.

(2) The average compositions of ocean-island mag-
mas differ from those of mid-ocean ridge magmas in
contents and ratios of some incompatible elements. At
the same time, the corresponding compositional fields
significantly overlap.

(3) Based on the K2O–H2O correlation, three types
of ocean island magmas are distinguished. These types
also differ with respect to other volatiles and trace ele-
ments. It is suggested that these differences are related
to the existence of several geochemically distinct
magma sources.

(4) The distinguished geochemical melt types are
unevenly distributed in space. In particular, the Hawaii
Archipelago contains all three types, whereas all other
considered complexes are strongly dominated by only
one of them.
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